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Considerable research interest in solution-processed semiconductors, including conjugated
polymers and colloidal quantum dots, has been primarily motivated by the desire to produce
optoelectronic devices using low-cost fabrication methods. Realization of this goal requires both
improvements in material properties, and an extensive understanding of the factors regulating
device operation and efficiency. This thesis is concerned with spectroscopically probing the
fundamental mechanisms of photoinduced interfacial charge transfer in polymer/quantum dot
composites, and exploring the role of quantum dot surface chemistry in governing the electronic
properties photovoltaic devices. Specifically, we study blends of conjugated polymers with low

band gap PbS quantum dots with applications to solar cells and photodetectors.



Quantum dot surface ligands play an important role in mediating the spatial and electronic
barrier for charge transfer at the donor/acceptor interface in bulk heterojunction polymer/quantum
dot blends. The first part of this thesis explores the effects of postdeposition ligand exchange on
the device performance and electronic properties of conjugated polymer composites with PbS
quantum dots. We tested a series of ligand exchanges with small bidentate organic molecules, and
inorganic iodide ions, and determined that the different treatments influence device performance
mainly through changes in open-circuit voltage and fill factor. We found that treatment with 3-
mercaptopropionic acid (MPA) yields the highest device efficiencies, and iodide treatment gives
the lowest efficiencies. Photoinduced absorption (PI1A) experiments showed that MPA treatment
results in both greater long-lived polaron populations and longer average polaron lifetimes. We
further employed transient photovoltage (TPV) and charge extraction (CE) techniques on solar cell
devices to determine that MPA treatment yields greater open-circuit voltages and higher charge
carrier densities by promoting longer carrier recombination lifetimes compared to the other ligand
treatments. We speculate that these observations are due to differences in carrier mobility and
lifetime, in addition to changes in quantum dot energy level alignment relative to the polymer with
the different ligands.

Interfacial charge transfer between donor and acceptor materials is a fundamental process
for the operation of bulk heterojunction solar cells. The second part of this thesis provides
verification of a hole transfer mechanism from photoexcited QDs to the organic host polymer in
polymer/quantum dot blends. We used PIA spectroscopy to show that selective excitation of the
PbS quantum dot species results in the formation of long-lived charges (polarons) on the polymer
chains due to the transfer of photoexcited holes. We also showed that higher photon-energy

excitation of both polymer and quantum dot components produces greater charge transfer yields



compared to selective excitation of the quantum dots with lower photon-energy. We hypothesized
that either electron transfer is more efficient than hole transfer, or that hole transfer efficiency is
wavelength-dependent, suggesting that the excess energy of “hot” (nonthermalized) excitations
facilitates hole transfer to the polymer.

Building on these results, we used transient absorption (TA) spectroscopy to investigate
the role of pump photon-energy on hole transfer rates in polymer/PbS quantum dot blends through
selective excitation of the quantum dot component at two different wavelengths. We showed that
higher photon-energy excitation of the blends produces a significantly greater prompt hole transfer
yield compared to lower photon-energy excitation, on timescales consistent with carrier cooling
rates in the quantum dots. This result provides direct evidence to support the hypothesis that the
excess energy of hot carriers in the quantum dots, resulting from excitation with higher photon-
energy, facilitates hole transfer to the polymer on subpicosecond timescales. Furthermore, we
demonstrate that relaxed carriers on the quantum dots can also transfer to the polymer, at slower

rates and with reduced efficiency.
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Chapter 1. AN OVERVIEW OF POLYMER/QUANTUM DOT
PHOTODIODES AND THE IMPORTANCE OF
QUANTUM DOT SURFACE INTERFACES

1.1 THESIS STATEMENT

This dissertation describes significant progress toward understanding the physical interactions
between near infrared-absorbing PbS quantum dots and semiconducting conjugated polymers,
with applications to next-generation solar cells. Chapter 2 investigates the effects of quantum dot
surface chemistry, modified through ligand exchange, on the electronic properties of
polymer/quantum dot solar cells. We determine that varying the QD surface ligands primarily
affects the device open-circuit voltage and fill factor. We use photoinduced absorption (PIA)
spectroscopy to probe the relative long-lived photoinduced charge transfer yields in blends with
the different ligand treatments, and further characterize the recombination dynamics in operational
devices using transient photovoltage and charge extraction techniques. Both methods indicate that
ligand treatments resulting in higher efficiency devices promote longer bimolecular charge carrier
recombination lifetimes and greater long-lived carrier populations under open-circuit conditions.
The study in Chapter 3 uses PIA to show direct evidence of hole transfer from photoexcited
guantum dots to the host polymer, providing verification of this pathway for photocurrent
generation. We also observe greater photoinduced charge transfer yields when both polymer and
QD components are excited with higher pump photon-energy, suggesting that either electron
transfer from the polymer is a more efficient pathway than hole transfer, or that hot
(nonthermalized) carriers on the QDs enable more efficient hole transfer. In Chapter 4 we use
transient absorption (TA) spectroscopy to demonstrate that excitation of the quantum dots with
higher photon-energy produces substantially greater hole transfer vyields at prompt
(subpicosecond) timescales compared to lower photon-energy excitation. Additionally, we show
that hole transfer from relaxed carriers on the quantum dots is a relatively slow, and less efficient
process. These results support the premise that the excess energy of hot carriers directly facilitates
more efficient hole transfer to the polymer. Finally, Chapter 5 summarizes the overall themes of

this work and provides suggestions for future studies.



1.2 MOTIVATION AND BACKGROUND

The aggregate global energy consumption for 2013 is estimated to an average power of ~12.3
TW, and is projected to increase due to population growth and rising demand for energy in
developing countries.! To accommodate the growing demand for energy and to reduce the
environmental impacts of air pollution and carbon dioxide emission, emerging energy technology
has increasingly focused on clean, renewable sources of energy. Solar energy is currently one of
the most promising renewable energy resources. In the United States, the use of solar has increased
by over ten-fold from 1.2 GW in 2008 to 13 GW in 2013.2 During this time, the levelized cost of
energy (LOCE) for solar power has decreased by up to 65%.* Established photovolatics based on
crystalline and polycrystalline materials such as silicon and CdTe are mature technologies that
have continued to improve in efficiency and fall in cost in recent years.>* However, wide-scale
implementation of solar technology requires factors other than device efficiency to be taken into
account such as energy payback time, environmental impact, and manufacturing cost and
scalability. As a result, much of the recent research in solar technology has focused on solution-
processable materials such as organic photovoltaics, colloidal nanocrystal quantum dots, and
organic/perovskite solar cells. These materials have the potential for wide scale, low-cost
implementation using mass production techniques such as roll-to-roll printing, which is where the
cost savings of these devices will likely be realized.

Among emerging photovoltaic technologies, colloidal semiconductor quantum dots (QDs) have
attracted considerable interest due to their ease of synthesis, solution processability, and tunable
electronic properties. Quantum dots are nanometer-scale semiconductor crystals that exhibit size-
dependent electronic structure due to the strong confinement of charge carriers in particles with
dimensions smaller than the material’s Bohr exciton radius. This property allows the quantum
dot’s absorption and emission profiles to be tailored through particle size, making QDs useful
materials for a variety of optoelectronic devices including photovoltaics, light emitting diodes
(LEDs), as well as photodetectors and imaging sensors.> Lead chalcogenide (PbS, PbSe) quantum
dots are of particular interest for use in solar cells because their absorption spectra extend through
the near infrared (NIR) spectral region, allowing broader harvesting of solar irradiation.

Organic photovoltaics (OPVs) based on m-conjugated polymers are another promising

technology for mass produced photovoltaics. These devices commonly employ bulk



heterojunction (BHJ) blends, in which charge carrier generation is driven by interfacial charge
transfer between the polymer donor and electron accepting fullerene molecules. While OPV
efficiencies have increased considerably in the last two decades due chiefly to advancements of
the donor polymer, less emphasis has been placed on exploring alternative acceptor materials.
Quantum dots are appealing as acceptor materials in OPVs due to their strong light absorption,
size-tunable band gaps, high charge carrier mobilities, and high dielectric constants (e ~ 17.2 for
PbS QDs)® for screening Coulombic forces between charge carriers. Hybrid blends of conjugated
organic polymers with inorganic semiconductor QDs attempt to realize these advantages in BHJ
solar cells. However, these polymer/QD devices have experienced limited success compared to
their all-organic counterparts, primarily due to difficulty controlling surface charge trapping states
on the QDs, and an incomplete understanding of the processes underlying free carrier generation
in hybrid systems. This thesis is concerned with studying the fundamental mechanisms governing
photoinduced charge generation in hybrid composites of conjugated polymers with PbS quantum
dots, as well as investigating the effects of altering the QD surface chemistry on device
performance and blend electronic properties. This chapter provides background information on
polymer/QD solar cells and a selective overview of QD surface properties.

1.3  ORGANIC AND QUANTUM DOT SOLAR CELLS

1.3.1  OPV Operating Principles and Performance Metrics

The operation of organic photovoltaic devices based on zm-conjugated polymers differs from
devices employing crystalline inorganic semiconductors. Light absorption in inorganic
semiconductors leads directly to the formation of free carriers, that can separate at p-n junctions
where they can diffuse to their respective electrodes under an applied electric field. In contrast,
photon absorption in organic materials forms Coulombically-bound electron-hole pairs, known as
excitons, due to their low dielectric constants (e~3-5).” Separation of the electron and hole is
facilitated at heterojunctions with an electron acceptor material using a staggered (type Il) band
alignment. Figure 1-1 shows a simplified schematic of the processes involved in OPV device
operation. First, photon absorption excites an electron in the donor material into the empty lowest
unoccupied molecular orbital (LUMO) level, leaving behind a hole in the highest occupied

molecular orbital (HOMO), to form an exciton. The exciton must subsequently diffuse to a



donor/acceptor interface, at which point the energy level offset between the donor and acceptor
LUMO levels is used to drive charge transfer. This energy difference must be sufficient to
overcome the exciton binding energy of ~300 meV. The free electron (hole) may then diffuse
through the acceptor (donor) material for extraction at the device electrodes.

Donor Acceptor

Figure 1-1. Schematic of OPV device operating principles, showing 1) photon absorption, 2)
exciton diffusion to a donor/acceptor interfacial site, 3) electron transfer from donor to acceptor,

4) charge extraction to the device electrodes.

Additionally, the exciton diffusion length in semiconducting conjugated polymers is on the order
of ~10 nm,®® limited by the low carrier mobilities and fast recombination lifetimes in these
materials. However, the absorber layer must be ~100 nm thick in OPVs to absorb sufficient light.
This limitation is overcome by the bulk heterojunction (BHJ) design, in which the films are cast
from a solution of mixed donor and acceptor, resulting in high interfacial area of intimately mixed
donor and acceptor, with nanoscale phase separation on the order of the exciton diffusion length.
Once separated, the charge carriers must travel through percolation networks for extraction at their

respective electrodes.
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Figure 1-2. a) Schematic of a typical thin film solar cell device structure, b) representation of
charge generation and transport in bulk heterojunction blends, and c) standard J-V characteristics
of a solar cell under illumination, indicating the open-circuit voltage (Voc), short circuit

photocurrent (Jsc) and maximum power point (Pwvax) used to calculate fill factor (FF).

Figure 1-2a and b show the typical design and operation of a bulk heterojunction (BHJ) solar
cell, in which the absorber layer is sandwiched between a transparent conductor, and a metal back
contact. The transparent electrode is typically a conductive oxide such as indium tin oxide (ITO)
or fluorine-doped tin oxide (FTO). The surface of this electrode is often modified with the
conductive polymer poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) to
smooth the ITO surface and improve hole extraction. Alternatively, the ITO surface can be
modified with a layer of high band gap metal oxide such as ZnO or TiO; to invert the device
polarity. In this case, a higher work function metal such as Au or Ag with a thin electron blocking
MoOsg interlayer is used as the back hole extracting contact. These inverted devices are of interest
due to their increased stability to degradation compared to devices using the typical
ITO/PEDOT/active layer/Al structure. %! Solar cell performance metrics are commonly acquired

by performing current-voltage measurements on devices under simulated solar irradiance with 100



mW/cm? intensity, as shown in Figure 1-2c. The primary figure of merit is the power conversion
efficiency (PCE), descried by the relation:

PCE — Jge XV x FF

where Pin is the incident illumination power, Jsc is the short-circuit photocurrent, Voc is the open-
circuit voltage, and FF is the fill factor, which is determined by the ratio of the maximum power
point (Pmax) to the product of Jsc and Voc. The device Jsc is related to the number of charges
produced in the active layer under no external bias, which depends on the active layer absorption
and quantum efficiency (electrons extracted per photons absorbed). The open-circuit voltage of

donor/acceptor solar cells is generally related to the energy difference between the donor material’s

ionization potential (HOMO) and the acceptor material’s electron affinity (LUMO).
1.3.2  Hybrid Polymer/QD Solar Cells

Hybrid polymer/quantum dot solar cells utilize active layers that are BHJ blends of conjugated
polymers with semiconductor QDs. Most of the research on these devices has utilized either CdSe
or PbS QDs. Since the early reports of CdSe/polyphenylenevinylene (PPV) solar cells,*? hybrid
device efficiencies have improved by utilizing more efficient donor-acceptor polymers such as
poly[2,1,3-benzothiadiazole-4,7-diyl[4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-
b']dithiophene-2,6-diyl]] (PCPDTBT).*** The QD shape can also influence performance, with
CdSe nanorods and tetrapods outperforming spherical QDs by directing electron transport along
the principle rod axis, thereby reducing the number of hopping events between nanocrystals prior
to charge extraction.'® *>1¢ The enhanced dielectric of QDs compared to organic materials has also
been shown to slow the recombination of charge carriers relative to all-organic systems.*’ Many
of the highest performing solar cells to date have focused on using low band gap PbS QDs, which
have the ability to absorb light into the near infrared to harvest a broader portion of the solar
spectrum.*®1° Polymer/quantum dot solar cell efficiency has also benefitted from improved surface
passivation techniques, that enhance interfacial charge transfer, improve carrier mobility in the QD
phase, and reduce recombination due to surface trap states.'® 20-23 While recent progress is
promising, polymer/QD devices typically have lower efficiencies than all-organic systems due to
the complicated interplay between the polymer and the QD surfaces, especially in regard to
incomplete passivation of surface trap states. Further progress with hybrid solar cells is largely



dependent upon the ability to balance the factors of quantum dot surface defects, energy level

alignment with the donor polymer, and film morphology.
1.4 QUANTUM DOT SURFACE CHEMISTRY

Due to their nanometer scale, quantum dots have inherently high surface area-to-volume ratios.
Therefore, many of their electronic properties are determined by the QD surface interface.
Quantum dot growth is largely controlled by large Lewis basic surfactant molecules such as oleic
acid, oleylamine, or trioctylphosphine. These native ligands form a dense capping layer on the QD
surface that maintains particle shape and solubility. However, the bulky native ligands inhibit
electronic interaction between QDs and must be exchanged for smaller ligands to decrease
interparticle distance and promote electronic coupling among the QDs, for use in electronic
devices. Understanding the relationship between QD surface chemistry and electronic properties
is therefore critical to using QDs in electronic devices. QD surface composition influences a
number factors, such as carrier mobility, trap state passivation, and frontier energy levels. This
section provides background on QD ligand exchange strategies and their influence over the

resulting device electronic properties.

1.4.1  Surface Dipole Effects

The interaction between a ligand and the surface atoms to which it is bound creates a dipole
on the quantum dot surface. The strength and direction of this dipole depends on a combination of
the ligand’s intrinsic dipole moment and the nature and strength of the bond to the QD surface
atom(s). The strength and orientation of the surface dipoles can play an important role in the
relative energy levels of the QD band edges. Ligand exchange does not alter the QD band gap, but
rather shifts the vacuum level, and in turn the valence (VB) and conduction band (CB) levels due
to differences in the electrostatic environment of charge carriers that cross the QD-ligand
interface.?* Lewis basic ligands have interfacial dipole moments oriented from the negatively

charged ligand toward the positively charged metal atom on the QD surface, causing the energy



levels of the QD to shift down in energy. Brown et al. demonstrated that in PbS QD films, ligand
exchange with iodide ions shifts the QD band edges ~0.9 eV lower compared to ligand exchange
with benzenethiol, a difference which is close to the QD band gap of ~1.23 eV.?* The substantial
differences in frontier energy levels can have an important impact on QD device properties,
particularly with hybrid polymer/QD devices that rely on staggered heterojunctions for carrier
generation. For example, Greaney et al. demonstrated that devices using blends of poly-3-
hexylthiophene (P3HT) with CdSe QDs had improved Voc when using tert-butylthiol ligands
compared to pyridine ligands.?! The high dipole moment of the tert-butylthiol ligands was found

to shift the QD band edges to give improved band alignment with the host polymer.
1.4.2  Ligand Exchanges for QD Optoelectronic Devices

The primary goal of ligand exchanges in QD optoelectronic devices is the replacement of
bulky native ligands with small molecules or ions to reduce interparticle spacing in QD films.
Excluding other changes, carrier mobility in QD films increases exponentially with decreasing
inter-dot distance. For device applications, solid-state ligand treatments have been a common
approach to achieve thorough exchange of the native ligands using a wide variety of ligands,
without the difficulties of solvent compatibility and particle solubility involved with solution-
based exchanges. This process is carried out by depositing thin films of QDs either through spin-
coating or dip-coating.?®2® The films are subsequently exposed to a solution of the new ligand in
an orthogonal solvent such as methanol or acetonitrile, resulting in rapid ligand exchange that
renders the film insoluble. The volume reduction associated with reducing the inter-dot distance
causes significant cracking, motivating the use of a “layer-by-layer” approach in which this
process is repeated multiple times with thin layers of quantum dots to fill voids in the previous
layer, to yield smooth, uniform films.?’

Much of the early work with QD solar cells utilized ligand exchange with small bidentate
organic molecules with thiol or carboxylic acid head groups, such as 1,2-ethanedithiol (EDT), 3-
mercaptopropionic acid (MPA), and benzenedithiol (BDT) molecules. Exchange with halide salts
led to even higher efficiencies due to high carrier mobilities and superior passivation from the
small ions.?® The current record efficiencies have been achieved using a thicker layer of iodide-
treated QDs topped with a thin layer of EDT-treated QDs.?** The differences in the QD band

edge energy due to electrostatic effects allow the EDT-treated layer to serve as a barrier for



electrons at the hole extracting contact. Hybrid polymer/QD solar cells rely on the same ligand
exchange methods used in all-QD devices. Solution-based ligand exchange strategies have also
been explored to avoid some of the drawbacks of film treatments such as film cracking and
structural disorder.'® However, ligand exchange in polymer/QD blends has the added complexity
of regulating interfacial charge transfer and recombination between donor and acceptor species,
and is investigated in Chapter 2.



Chapter 2. EFFECTS OF LIGANDS ON CHARGE GENERATION
AND RECOMBINATION IN HYBRID
POLYMER/QUANTUM DOT SOLAR CELLS

Adam E. Colbert, Wenbi Wu, Eric M. Janke, Fei Ma, and David S. Ginger

2.1 INTRODUCTION

Bulk heterojunction (BHJ) blends of inorganic semiconducting quantum dots (QDs) with
conjugated polymers are of interest for their potential use in low-cost photovoltaic applications*?
17,19-21,23,31-38 gnd infrared-sensitized photosensors.> 3 The use of QDs as acceptor materials allow
potential advantages over fullerene acceptors such as strong light absorption, tunable band gaps,
and high dielectric constants to screen Coulombic attraction between charge carriers.'” 21 4° ead
chalcogenide (PbS, PbSe) QDs are of particular interest due to their high carrier mobilities and
broad light absorption that can be tailored with particle size for energy conversion through the near
infrared (NIR). Despite recent advances in solar conversion efficiency,®# 13 the performance of
hybrid polymer/quantum dot solar cells continues to lag behind both their all-organic!! and all-
inorganic?® 28-2%:41-43 gnalogs.

As-synthesized QDs are typically capped in long chain alkyl ligands, such as oleic acid or
trioctylphosphine oxide, which are necessary to control particle growth and maintain solubility.
However, these ligands are electrically insulating and inhibit charge separation at the polymer/QD
interface and charge transport between QDs. Efficient charge generation and transport relies upon
exchange of the native ligands with small molecules, which decreases interparticle spacing and
enhances the dielectric environment and electronic coupling between QDs.?* ¢ The chemical
identity of the ligands controls the net surface dipole of the QDs, leading to significant shifts in
valence band (VB) and conduction band (CB) energy levels.?* These energy level shifts must be
taken into consideration with hybrid solar cells, in order to maintain a staggered type Il
heterojunction between the polymer donor and the QD acceptor species.

Quantum dots have intrinsically high surface area-to-volume ratios, making them
susceptible to deep trap states from unpassivated surface ions that serve as recombination centers

for charge carriers.*° Recent advances in QD depleted heterojunction solar cells have been realized



largely by enhanced surface passivation through advancements in ligand exchange techniques.?®-
29, 41-42 Similar surface passivation strategies with organic small molecules such as pyridine have
also been shown to improve the performance of lead halide perovskite solar cells through
passivation of surface trap states, reducing recombination losses due to non-radiative decay
pathways.*>*® Hybrid solar cells have the added challenge and opportunity managing charge
dissociation and recombination at the polymer/QD interface. Much as in all-organic solar cells,
rapid charge dissociation with slow recombination is desired. Understanding how to effectively
manage this interface through QD surface modification is thus an important part of optimizing
hybrid devices, and may provide insights into strategies for managing the balance of dissociation
and recombination in other materials systems.

To this end, we examine the effects of post-deposition QD surface modification on
photocarrier recombination in hybrid composites of poly((4,8-bis(octyloxy)benzo(1,2-b:4,5-
b"dithiophene-2,6-diyl)(2-((dodecyloxy)carbonyl)thieno(3,4-b)thiophenediyl)) (PTB1) and PbS
quantum dots. We employ ligand exchanges with various bidentate aliphatic thiol and carboxylic
acid functionalized organic ligands including 1,2-ethanedithiol (EDT), 3-mercaptopropionic acid
(MPA), and malonic acid (MA), in addition to inorganic halide ions using tetrabutylammonium
iodide (TBAI). We use photoinduced absorption (PIA) spectroscopy to optically probe the
generation and recombination of long-lived (us-ms) photogenerated charged species in these
blends. We also use transient photovoltage (TPV) and charge extraction (CE) techniques to
determine the differences in carrier recombination rates and charge densities in the hybrid solar
cells with different quantum dot ligands. We find that ligand exchanges yielding superior device
performance correlate to higher long-lived charge generation yields and longer charge carrier

recombination lifetimes under open-circuit conditions.
2.2  EXPERIMENTAL DETAILS

2.2.1 Photoinduced Absorption (P1A) Spectroscopy

Quasi-steady state and frequency-dependent PIA measurements were collected using
standard lock-in techniques as we have described previously.3! 4’ The excitation source was a 447
nm LED (1030 mW Luxeon Rebel; LXML-PR02-A900), and was modulated at a frequency of

200 Hz with an Agilent 33120A arbitrary waveform generator through a home-built driver circuit.



The probe beam was a monochromated 100 W tungsten-halogen lamp, which was monitored with
a dual-band Si/InGaAs photodetector (ThorLabs, DSD2) with spectral sensitivity from 500-1700
nm. For each wavelength measured, the fractional changes in probe beam transmission (AT) were
detected by a Stanford Research Systems SR830 lock-in amplifier, and normalized to the total
probe beam transmission (T) to yield the reported PIA signal as AT/T. Each measured value of T
was corrected for sample photoluminescence by recording data with the probe beam blocked. The
phase of the lock-in was set using scattered pump light to make the measured signal entirely in the
positive x-channel. Signal persisting longer than one duty cycle of the pump is represented in the
quadrature (y-channel) signal that is opposite in sign to the x-channel (in-phase) signal. The data
presented in the main text is the x-channel data scaled by the total signal magnitude R = (x? + y?)*?
— in this manner the displayed intensities are proportional to the total signal R, but retain the phase
(indicating absorption or bleach). The full PIA spectra can be found in Appendix A, Figure A- 1.

2.2.2  PbS Quantum Dot Synthesis

PbS QDs were synthesized using a modification of the protocol from Hines and Scholes.*
The lead precursor was prepared in a three-neck flask with 450 mg (0.6 mmol) PbO, 14 g 1-
octadecene (ODE), and 1.2 g (4 mmol) oleic acid. The mixture was stirred under vacuum at 100°
C for at least 1 hr, turning the solution clear. The flask was placed under flowing nitrogen gas and
the temperature was reduced to 90° C. Meanwhile, the sulfur precursor was prepared in a second
3-neck flask with 4 g ODE and 210 pL hexamethyldisilathiane (HMDS). The sulfur precursor was
rapidly injected into the hot lead precursor, turning the solution black over the course of several
seconds. Immediately following injection, the heating mantle was switched off, and the flask was
left to slowly cool on the heating mantle. The product was isolated from the unreacted precursors
by precipitation with acetone followed by centrifugation. The product was then cleaned in ambient
air by dissolving the precipitated QDs in ~2 mL hexanes and precipitating once with acetone, and
twice with methanol. The precipitated QDs were dried under flow of nitrogen gas.

A solution-based ligand treatment with butylamine was performed prior to blending the
PbS QDs with the polymer in order to enhance device efficiencies, and is explained in Appendix
A (see Figure A- 2). Butylamine treatment was achieved by dispersing the dry QDs in ~2 mL
butylamine, followed by sonication for 30 min, then precipitation with isopropanol and

centrifugation. The process was repeated once (for a total of two treatments). Finally, the QDs



were dried under nitrogen flow and transferred into a nitrogen glove box and dispersed in
anhydrous 1,2-dichlorobenzene. The QD solution was filtered through a 0.45 um PTFE syringe
filter prior to use. This treatment results in a broadening of the QD first exciton peak, accompanied
by a small blue-shift of ~15 nm. We speculate that this observation indicates the partial removal
of surface atoms from the QDs, possibly as Pb-oleate complexes to maintain charge balance. While
the amount of butylamine on the QD surfaces following the exchange remains unclear, the FTIR
spectra of the QD films show a decrease in the C-H stretching intensity of approximately 28%
following butylamine treatment when comparted to as-synthesized QDs (result not shown),

indicating only partial exchange of the native ligands.
2.2.3  Preparation of TiO; Electrodes

Zirconium-doped (5 at %) TiO2 films of ~100 nm were prepared using a sol-gel method
described by Liu et al.*>*° Briefly, 5 mL titanium (1V) n-butoxide and 0.35 mL zirconium (1V) n-
butoxide (80% solution in butanol) were added to a mixture of 4 mL triethanolamine and 20 mL
ethanol under magnetic stirring in air for 1 hr. A mixture of glacial acetic acid (5 mL) and deionized
water (5 mL) were added dropwise to the flask and stirred for an additional 1 hr. The solution was
filtered (0.45 um pore size, PTFE) and stored in a vial. Prior to spin coating, ITO substrates were
sonicated sequentially in 2% Micro-90 detergent, deionized water, acetone, then isopropanol for
several minutes each. Films were spin-coated at 3000 RPM, then annealed on a hotplate at 500° C
for 1 hr.

224 Device Fabrication

All device fabrication was performed in a nitrogen glove box to avoid oxygen and water
contamination. PTB1 polymer (1-Material) was dissolved in 1,2-dichlorobenzene at a
concentration of 10 mg/mL and stirred at 70° C until fully dissolved. The polymer/QD blend
solution was made by mixing the PTB1 and PbS QD solutions in a 1:9 (w/w) ratio, such that the
final concentration of the QDs was 62 mg/mL and the final concentration of polymer was 6.9
mg/mL. After stirring on heat for at least 1 hr, the blend solution was filtered and spin-coated on
the ITO/TIO2 substrates at 1000 RPM for 90 s. Post-deposition ligand exchange was performed
based on previous reports,® 202! and verified by grazing angle attenuated total reflectance FTIR on

QD-only films (Appendix A, Figure A- 3). Ligand exchange solutions were prepared by



dissolving the ligands in anhydrous methanol at a concentration of 10 mM. The films were placed
on the spincoater, and ~150 pL of the ligand exchange solution was pipetted on the film surface
and allowed to sit for 60 s (or 15 s in the case of halide exchanges). The films were spun dry and
the ligand treatment was repeated once and the sample was spun dry again. The film surface was
then washed by pipetting pure methanol on the surface and spinning dry after 10 s. Finally,
electrical contacts of MoOx (10 mM) and Ag (100 nm) were applied by thermal evaporation under
vacuum; MoOx was typically deposited at a rate of 0.5 A/s, and Ag at a rate of 1 A/s. The PTB1/PbS
QD films used for PIA studies were prepared under identical conditions on glass slides, without

electrodes.
2.2.5  Device Testing

The device J-V characteristics were measured under simulated AM 1.5 solar illumination
in a nitrogen glove box. The proper intensity was determined using a known photocurrent value
for a calibrated Si photodiode masked with a 1.30 mm? aperture identical to those used for the
devices. The dependence of Jsc on light intensity was determined by holding the device at Jsc
(zero bias) under simulated solar illumination, and using a series of neutral density filters to vary

the light intensity.
2.2.6  Transient Photovoltage and Charge Extraction Measurements

TPV and CE measurements were conducted using a home-built system modeled after
detailed literature descriptions.>®>2 Completed devices were mounted in a home-built vacuum
chamber under active vacuum (<20 mtorr). The devices were biased using constant white light
illumination, provided by a white LED (Bridgbelux BXRA-56C9000-J) driven by a DC power
supply, while the device was held at open circuit using a buffer with a 500 GQ effective impedance.
Voltage transients were generated with a blue LED (447 nm) pulsed at 2 Hz (4 ps width, 20 ns
edge) with a home-built LED driver circuit and an Agilent 33210A 10 MHz function/arbitrary
waveform generator, and measured by a Textronix TDS 2024B oscilloscope. CE measurements
used a home-built driver to pulse the white LED while holding the device at open circuit to build
carriers within the device. The white light was then turned off while simultaneously switching the
device to short circuit, and the extracted current was shunted through a 511 Q resistor. The

oscilloscope was used to measure the corresponding voltage transient. The data was post-processed



to convert the voltage transient to current volume using Ohm’s law, the device thickness, and mask
area. The charge carrier density (n) is then calculated via integration of the transients and dividing
by the charge of an electron. The values obtained were then corrected for losses due to charge
recombination. This was necessary because the bimolecular charge recombination lifetime is on
the same timescale as the lifetime for charge extraction from the device at high light intensities
(>100 mW/cm?) (Appendix A, Figure A- 4). The methods used for the corrections are found in
Appendix A.

2.3 RESULTS AND DISCUSSION

We studied bulk heterojunction (BHJ) blends of PbS QDs with the low band gap polymer
PTB1 blended in a 1:9 (w/w) ratio. Figure 2-1a shows the absorption spectra of PTB1 and PbS
QDs (in tetrachloroethylene) and a PTB1/PbS QD blend film after post-deposition treatment with
3-mercaptopropionic acid (MPA). The first exciton transition of the PbS QDs is located at A = 900
nm (~1.38 eV) in solution, corresponding to a QD size of roughly 3-4 nm.>*>4 The blend clearly
shows contributions from absorption from both polymer and QD components. To study the
influence of the QD ligands on the hybrid blends, we performed post-deposition ligand exchanges
on films prepared under identical conditions with the series of ligands shown in Figure 2-1b. These
treatments involved exposing the polymer/QD film to a methanol solution of the new ligand,
resulting in exchange for the native QD ligands, as described in the Experimental section. The
chemical structures of the ligands used in this study are shown in Figure 2-1b. In order to elucidate
the effect of having both thiol and carboxylic acid functional groups on MPA molecules, we also
tested a 1:1 mixture of EDT and MA. To ensure that the ligand treatments are not significantly
interacting with the polymer component of the films, we measured the absorbance of neat polymer
films before and after ligand treatment (Appendix A, Figure A- 5). We see no observable changes
in steady-state absorption of the polymer post-ligand treatment, indicating that the polymer is

chemically unaltered.
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Figure 2-1. (a) Solution absorption spectra of PbS QDs (black, solid line) and PTB1 (blue, circle
markers) in tetrachloroethylene, and a thin-film absorption spectrum of PTB1/PbS QD blend film
(red, dashed line) after post-deposition ligand exchange with MPA. (b) Chemical structures of the
PTB1 polymer and the ligands employed in this study.
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Figure 2-2. (a) Dark and (b) light J-V curves for PTB1/PbS QD devices subject to different ligand
exchanges: MPA (red circles), TBAI (purple diamonds), EDT (blue squares), and a 1:1 mixture of
EDT and MA (green triangles).

Table 2-1. Summary of Average Device Performance®

ligand Jsc Voc FF (%) | PCE (%)
MPA 11.02+£043 |048+0.01 [(47x1 2.49 £0.10
EDT 13.07+£0.39 [0.28+0.02 |44+1 1.61+0.10
EDT/MA | 11.81+0.38 |0.32+0.02 [40+1 151+0.11
lodide 12.00+0.20 |0.21+0.01 |40+1 1.00 £ 0.05

@The values reported here are the averages and standard deviations of the mean of 16 different
pixels (from 4 different devices) for each ligand type.

Figure 2-2 shows the J-V characteristics of the hybrid devices with different ligand
treatments in the dark (a) and under AM 1.5 simulated solar illumination (b). The average device

performance characteristics are given in Table 2-1. Importantly, changing the QD ligands



primarily influences the device open-circuit voltage (Voc) and fill factor (FF). Small enhancements
in the average short-circuit photocurrent (Jsc) are observed for TBAI and EDT exchanges
compared to MPA, which we attribute to enhanced light absorption in films using those ligands.
We found that MPA treatment gave the highest power conversion efficiency (PCE) of the series,
primarily due to the substantially higher Voc’s of the MPA-treated devices. Ligand exchange with
TBAI resulted in the lowest performance of the series with Voc values less than half of that
obtained from MPA devices, while EDT devices fall in between. The 1:1 mixture of EDT and MA
results in similar performance to EDT-only devices, while exchange with malonic acid alone (not
shown) results in poor diode performance and very little photocurrent generation (Appendix A,
Figure A- 6). The low conductivity of MA-only devices in forward bias is consistent with the
results of Zarghami et al. that show lower carrier mobilities in PbS QD films treated with oxalic
acid, compared to those treated with monodentate carboxylic acid ligands of similar size.>> We
speculate that the poor electronic properties of PbS QDs treated with small dicarboxylic acid
ligands may be predominantly from structural disorder of particle packing within the QD domains
following ligand exchange, on the basis that carboxylate binding groups do not introduce
electronic defects within the QD band gap, and the molecules are similar in size and structure to
EDT and MPA. Our results differ from the case of all-PbS QD devices, in which incorporation of
halide treatments have produced some of the highest efficiency devices to date.?82% 4% %6 Direct
comparison of MPA and EDT treatments in depleted heterojunction devices show that MPA
treatment offers a small improvement in Voc and a substantial enhancement in photocurrent
relative to EDT treatment.®’

The strength of the QD-ligand surface dipole moment can shift the vacuum energy, and
subsequently, the quantum dot valence band (VB) and conduction band (CB) energy levels by
altering the electrostatic environment of electrons and holes transferred across the QD/ligand
interface. The changes we observe in Voc are at least partially consistent with the expectations
based on the shift in QD band levels relative to the polymer levels due to differences in the net
surface dipole of the QDs following ligand exchange (MPA < EDT < TBAI).?* As the net surface
dipole of the ligand increases, both valence band (VB) and conduction band (CB) energy levels of
the QDs are pushed to deeper values,? leading to greater losses in Voc as the energy difference
between the donor polymer’s ionization potential and the quantum dot CB edge is decreased (as

shown in Appendix A, Figure A- 7). To examine the differences in device performance between



different QD ligand exchanges in greater detail, we study the recombination characteristics of

charge carriers in the devices under short circuit and open circuit conditions.
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Figure 2-3. Dependence of short-circuit current density (Jsc) on incident light intensity for devices
with MPA (red circles) and TBAI (purple squares) ligand exchanges.

Figure 2-3 shows the dependence of device Jsc as a function of incident light intensity for
devices with the highest (MPA) and lowest (TBAI) PCE. We fit the data to a power law according
to the relationship J = 1%, where J is photocurrent and I is the incident light intensity. Charges at
short circuit are rapidly swept out of the device, and the parameter o = 1 when all carriers are swept
out prior to recombination.® Values of a below unity indicate non-first order recombination
processes occur at short circuit, which can result for a variety of reasons including bimolecular
recombination, space-charge effects, or differences in mobility between the electrons and holes.>®
We observe very similar light intensity dependence for the Jsc of all the ligands, with o~ 0.9 for
all devices (see Table A- 1 in Appendix A). The data comparing all ligand treatments is shown
without fits in Appendix A, Figure A- 8. These data indicate that the recombination dynamics at
short-circuit for the hybrid devices are independent of the ligand identity, and only weakly

dependent on light intensity.
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Figure 2-4. a) Quasi-steady state PIA spectra of PTB1/PbS QD films treated with MPA (red
circles), TBAI (purple diamonds), EDT (blue squares), and a (1:1) EDT/MA mixture (green
triangles). b) Pump modulation frequency dependence of the differential transmission (-AT/T)
monitored at the 1.1 eV polaron peak. Decay parameters (t and y) were found from dispersive fits
according to the inset model.

We use photoinduced absorption (P1A) spectroscopy to study the dynamics of long-lived
(us-ms) charges in the polymer/QD blends. Since there are no electrical contacts to the films, we
expect these PIA measurements to probe intrinsic recombination dynamics in bulk of the film at
Voc. Figure 2-4a shows the PIA spectra of PTB1/PbS films treated with the series of different
ligands shown in Figure 2-1b. The spectra have been scaled by the absorbed photon flux at the
excitation wavelength (®aps/mol cm s, allowing comparison of long-lived polaron yields based
on PIA signal magnitudes. The spectra show the ground-state bleach of the polymer from 2.25-1.6
eV. The positive absorption feature located at ~1.1 eV is attributed to polarons on the PTB1 chains,

as described previously for this system.*” We observe long-lived polaron formation only in blends



treated with MPA and TBAI. The polaron yield (corrected signal magnitude at the polaron peak)
for MPA treatment is approximately twice the yield measured for TBAI treatment. No signal is
observed for blends treated with EDT or the EDT/MA mixture. Interestingly, films treated only
with MA do show formation of polarons (see Appendix A Figure A- 1), while the EDT/MA
mixture shows no PIA signal, consistent with EDT-only treatment.

Figure 2-4b shows the dependence of the PIA signal at the polaron peak (1.1 eV) on the
pump modulation frequency. The faster roll-off characteristics of the MPA blend indicates longer
average polaron lifetimes compared to the TBAI blend. These data were fit with a dispersive
lifetime model to determine the kinetics of the measured species.®® The lifetime parameters
obtained from the fits were © = 10 ms and © = 3 ms for MPA and TBALI treatment, respectively.
Taken together, the PIA data shows that blends treated with MPA exhibit both higher charge
generation yields and longer recombination lifetimes than blends treated with TBAI. These trends
in carrier lifetime help explain the higher Voc and FF of the devices treated with MPA. Since the
maximum Voc is limited by the degree of quasi-Fermi level splitting obtained under illumination,
longer free carrier lifetimes allow greater charge populations to accumulate, leading to higher
obtainable open circuit voltages.®

To further investigate the differences in charge recombination in operational solar cells
under open-circuit conditions, we employ transient photovoltage (TPV) and charge extraction
(CE) techniques. Briefly, the device is held at open-circuit while biased using constant white light
illumination which creates a background carrier density, n. A weak perturbation light pulse is used
to create a small excess of charge carriers to the significantly larger background level. This is
measured as a small perturbation to the voltage output, and can be fit with a single exponential
decay function to extract the small perturbation (pseudo-first-order) carrier decay lifetime Tan.®
CE is a complementary technique that can be used to measure the charge carrier densities (n) at

light intensities matching those used in the TPV experiment.>°-5
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Figure 2-5. Carrier recombination lifetime (tas) as a function of (a) Voc and (b) charge carrier
density (n) and (c) incident light intensity for PTB1/PbS QD solar cells treated with MPA (red
circles), TBAI (purple diamonds), EDT (blue squares), and a (1:1) EDT/MA mixture (green
triangles).



Figure 2-5a shows the charge carrier decay lifetimes as a function of Voc for devices
treated with the series of ligands from Figure 2-1b. We observe that at each value of Voc, MPA
exhibits the longest lifetimes, followed by EDT, then TBAI. The EDT/MA treatment, again, had
very similar characteristics to the EDT-only device. We observe similar characteristics for the
measured recombination lifetimes as a function of charge carrier density (Figure 2-5b).
Importantly, this result shows that for matched charge densities, the recombination lifetimes
observed for MPA treatment are one-to-two orders of magnitude longer than those obtained for
EDT and TBAI in devices at open circuit.

Notably, the trends in recombination lifetime ligand treatments obtained from transient
photovoltage data in Figure 2-5 are in good agreement to those obtained by fitting the
photoinduced absorption frequency-dependence data in Figure 2-4b. Both trends are therefore
self-consistent in explaining the higher Voc and FF of the MPA treated devices as arising from
reduced non-geminate recombination in these films. We note that a previous study from Jeong and
coworkers reports longer excited state lifetimes of PbS QDs exchanged with EDT (t = 93 ps)
compared to MPA (t = 31 ps).>’ However, that work measured the decay rate of excited carriers
in PbS QD films from shallow trap states to the ground state using time-resolved infrared (TRIR)
spectroscopy. In contrast, here we are measuring bimolecular recombination lifetimes of free
carriers at interfacial sites between donor and acceptor species where MPA exchange yields longer
lifetimes than EDT exchange. We also note that the trend in carrier recombination rates is opposite
that of the driving force for recombination (i.e. MPA treatment has the highest driving force for
recombination but the longest carrier lifetimes). In the absence of other changes, this might suggest
that recombination in this system is a Marcus inverted process in which the recombination rate is
reduced with increasing driving force. However, we speculate that differences in trap state density
and mobility between the different ligands may play the dominant role in the recombination of
carriers we measure here.

As expected the differences in TPV lifetime as a function of Voc or n are larger than the
differences in average polaron recombination lifetimes determined spectroscopically using PIA,
which differ by a factor of about three. Because carrier recombination rates depend on light
intensity at Voc, and PIA data was collected for all samples under matching pump intensity, we
accordingly compare the TPV lifetimes as a function of background white light intensity as shown

in Figure 2-5c. This demonstrates that the differences in recombination rates between ligand



exchanges obtained via TPV are similar in scale to the average polaron decay rates measured in
PIA. The remaining differences between PIA and TPV experiments may be the result of
differences in interfacial recombination, or internal field and carrier profiles in the completed
devices compared to the films used in PIA.>2

2.4  CONCLUSIONS

We compared the effects of a variety of PbS surface treatments including MPA, EDT, MA,
and TBAI on the performance of PbS/PTB1 solar cells. We obtained the best overall device
efficiencies using MPA as a ligand and found that ligand chemical identity influences the
photovoltaic performance of devices primarily through Voc and fill factor. The recombination
dynamics under short circuit conditions show only a small deviation from first-order kinetics that
are independent of ligand identity. However, under open-circuit conditions, both photoinduced
absorption measurements on blended films and transient photovoltage measurements on devices
show that ligand treatments resulting in lower Voc values exhibit faster carrier recombination rates,
while the MPA treatment gave the longest carrier lifetimes, thus explaining the higher Voc and FF
of the MPA-treated devices. This work highlights the opportunity of using QD ligand selection to

tailor recombination Kinetics at the donor/acceptor interface in hybrid polymer/QD solar cells.



Chapter 3. HOLE TRANSFER FROM LOW BAND GAP QUANTUM
DOTS TO CONJUGATED POLYMERS IN
ORGANIC/INORGANIC HYBRID
PHOTOVOLTAICS

Adam E. Colbert, Eric M. Janke, Stephen T. Hsieh, Selvam Subramaniyan, Cody W. Schlenker,
Samson A. Jenekhe, David S. Ginger

3.1 INTRODUCTION

Blends of conjugated polymers with inorganic nanoparticles are promising as solution
processable materials both for large area, low cost solar cells, 213 1517, 19-21, 31-32,62-63 41 150 for
high efficiency infrared photodetectors and image sensors.> ** ® However, the highest efficiencies
of organic/inorganic hybrid photodiodes®® 921 32. 83,65 have tended to lag behind those of all-
organic (polymer/fullerene) bulk heterojunction diodes.'! 668 Despite this performance gap,
inorganic hybrids have several potential advantages, particularly for infrared light harvesting at
precisely tailored energies, as might be desirable in a tandem solar cell, or an infrared sensor.
Understanding the mechanistic details of how these blends convert light into current is thus an
important step towards rationally engineering better performing devices.

Generally, polymer/quantum dot composites are believed to operate as hybrid bulk
heterojunctions.t? 17 1932 1n a hybrid bulk heterojunction, light absorption by the organic host
creates neutral excitons which are dissociated to free charges by electron transfer to the inorganic
nanoparticles. Direct evidence for photoinduced electron transfer from the polymer to the quantum
dots following excitation of the polymer host (or both the polymer and quantum dots) has been
obtained in a number of polymer/quantum dot blends using both steady-state!” 3132 59 and

ultrafast?® 3% 64.69-71 spectroscopy experiments.
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Figure 3-1. Possible charge separation pathways in semiconducting polymer/quantum dot blends.
(a) photoexcitation of the polymer followed by electron transfer to the quantum dot. (b)
photoexcitation of the polymer followed by energy transfer of the exciton to the quantum dot, and
subsequent hole transfer to the polymer. (c) photoexcitation of the quantum dot followed by hole

transfer to the polymer.

However, other pathways for photocurrent generation exist (Figure 3-1).12 When the bandgap
of the quantum dots is smaller than the bandgap of the organic host, photocurrent could also arise
due to light absorption by the polymer followed by energy transfer to the low-bandgap quantum
dots. Likewise, the quantum dots could directly absorb the incident light. Both processes produce
an exciton on the quantum dot. At that point, photocurrent could arise either via hole transfer from
the quantum dot to the polymer (process b and c in Figure 3-1), or alternatively via direct
separation of the electron-hole pair in the quantum dot phase due to band bending near the contacts
(an internal Schottky diode). Indeed, quantum dot Schottky diode devices can produce large
photocurrents even in the absence of any polymer.?” 7275

The possibility for hole transfer from the quantum dots to the polymer (process c in Figure
3-1) has been recognized since the earliest reports of photovoltaic action in polymer/quantum dot
blends.!? 31 Although photoluminescence quenching has been reported in polymer/quantum dot
blends with low band gap quantum dots,3® 6465 there has been little evidence to confirm that hole

transfer from the quantum dots to the polymer host actually produces long-lived charges in binary



blends. Here, we provide direct spectroscopic evidence that hole transfer produces long-lived
charges in a hybrid polymer/quantum dot bulk heterojunction composite. Furthermore, we quantify
the relative hole polaron yields following direct excitation of the polymer and quantum dots in the
solid blend films.

3.2 EXPERIMENTAL DETAILS

3.21  PbS Quantum Dot Synthesis and Halide Treatment

Colloidal PbS QDs were synthesized using a modified procedure described by Hines and
Scholes.*® Surface passivation by a partial oleate-to-iodide ligand exchange was performed in-situ
based on the work of Ning et al.*® The lead precursor was prepared by mixing PbO (0.446 g, 2.00
mmol), oleic acid (1.6 g, 5.66 mmol), and 1-octadecene (ODE) (14 g) in a three-neck flask and
stirring under vacuum at 105° C for at least 1 hr. After the solution turned clear, the flask was
placed under nitrogen flow and the temperature was increased to 165° C. Meanwhile, iodide and
sulfur precursors were prepared in separate three-neck flasks. For the iodide precursor, oleylamine
(0.8 g, 3 mmol) and tetrabutylammonium iodide (TBAI) (200 mg, 0.55 mmol) were added to a 25
ml flask 3-neck flask and degassed under vacuum. While stirring under vacuum, the iodide
precursor was heated to 200° C for 1 hr. Subsequently, the temperature was reduced to 50° C,
vacuum was ceased and the flask remained under nitrogen flow. The sulfur precursor was prepared
in a separate three-neck flask by addition of 210 puLL (1 mmol) Hexamethyldisilathiane (HMDS) to
4 g of ODE under nitrogen gas flow. The sulfur precursor was rapidly injected into the hot lead
precursor solution. Upon injection, heat to the reaction flask was immediately switched off and the
mixture was left on the heating mantle to slowly cool.

Once the temperature of the reaction solution reached 70° C, 0.75 mL of the contents of the
iodide precursor flask was injected into the PbS colloid flask and stirred under flow of nitrogen for
20 min. The quantum dot product was isolated from the unreacted precursors by precipitation with
acetone followed by centrifugation. The product was cleaned in ambient air by dissolving the
precipitate in a minimal volume of hexanes and precipitating once with acetone and twice with
methanol. The final product was dried under nitrogen and transferred to a glovebox where it was

dissolved in anhydrous chlorobenzene.



3.2.2  ZnO Nanocrystal Synthesis

Colloidal ZnO nanocrystals were prepared in ambient atmosphere using an adaptation of
procedures described elsewhere.’® 767 Briefly, zinc acetate dihydrate (5.25 g, 24 mmol) was
dissolved in 200 ml methanol by stirring at 60° C and subsequently reacted via dropwise addition
of 100 mL of 0.4 M KOH in methanol. The mixture was stirred under mild refluxing conditions
for 2 hr. The resulting opaque white colloid was isolated from unreacted precursors by
centrifugation at 1200 rpm. The isolated nanocrystals were cleaned 3 times by addition of 10 mL
methanol, agitation by vortexing, and centrifugation, discarding the supernatant between cycles.

Finally, the ZnO nanocrystals were dispersed in chloroform at a concentration of ~80 mg/mL.
3.2.3  Device and PIA Sample Fabrication

Pre-etched 1.5 cm? substrates of indium tin oxide (ITO) coated were cleaned by sonication in
acetone followed by isopropanol for 30 min each. ITO substrates were then cleaned by air plasma
treatment for 10 minutes. ZnO was immediately spin-cast from a chloroform solution at 2500 rpm
to give a ~65 nm coating of ZnO nanocrystals (as measured by profilometry). Coated substrates
were then annealed at 250° C for 30 minutes in air, then cooled to room temperature. All
subsequent sample preparation steps were performed in a nitrogen glovebox. A 20 mg/mL solution
of PDTPQx-HD was prepared in anhydrous chlorobenzene and stirred at 50° C for at least 4 hr. A
blend solution was prepared by mixing the PbS and PDTPQXx-HD solutions in a 1:9 (w/w) ratio,
and stirring at 50° C for at least 4 hr. PDTPQx-HD/PbS active layers were then spin-cast on ZnO
coated ITO by a 2 seconds at 1200 rpm followed by 1 minute at 1800 rpm. PDTPQx-HD/PCBM
blends were prepared in a similar manner by mixing the PDTPQx-HD solution with a 40 mg/mL
solution of PCs:BM in chlorobenzene in a 1:1 (w/w) ratio. For PIA samples, films were spin cast
under the same conditions onto glass microscope slides. Spin-cast films were treated with 3-
mercaptopropionic (MPA) to remove insulating oleate ligands and passivate the surface according
to a procedure adapted from the literature.?> %! Films were treated with a 1 mmol solution of MPA
in anhydrous methanol three times by coating the film surface with the solution, waiting for 1
minute, then blowing the film dry with a stream of nitrogen. The films were subsequently washed
with anhydrous methanol and blown dry three times to remove residual quantum dot ligand.

Photovoltaic device back contacts of MoOs (10 nm)/Ag (100 nm) were and were deposited by



consecutive thermal evaporations from a base pressure of less than 5x107 torr. Individual pixels

were defined by a shadow mask.
3.24  Photovoltaic Device Measurements

Photocurrent spectra were obtained with a monochromated tungsten-halogen lamp and measured
with a Keithley 2400 source measure unit. External quantum efficiency (EQE) values were
calculated using calibrated silicon (OSI optoelectronics) and indium gallium arsenide (Thorlabs)
photodiodes. The calibrated photodiodes and the device pixels were masked with identical 1.22

mm? active areas. The devices were held under active vacuum during device testing.
3.25  Photoinduced Absorption Measurements

PIA and frequency-dependence measurements were acquired using standard lock-in techniques
detailed elsewhere.3" 4’ The 2.77 eV (447 nm) excitation source was a light-emitting diode (LED;
Luxeon Rebel, 700 mW, LXML-PR01-0425) equipped with a 550 nm long pass filter to block
pump light from entering the detector. The 1.95 eV (635 nm) pump was an LED (Luxeon Rebel,
700 mW, LXM2-PD01-0040) equipped with a 700 nm long pass filter. Both LEDs were powered
with a home-built driver circuit. The LEDs were modulated by an Agilent 33120A arbitrary
waveform generator. The 1.27 eV (975 nm) excitation source was a 1000 mW laser diode
(ThorLabs L975P1WJ), modulated with an optical chopper (Stanford Research Systems SR540).
Quasi-steady-state measurements were conducted with a pump modulation frequency of 200 Hz.
The probe beam was a monochromated 100 W tungsten halogen lamp and was monitored with
with a Si/InGaAs dual-band photodetector (ThorLabs, DSD2) with sensitivity ranging from 500-
1700 nm in the case of quasi-steady-state measurements, or an amplified Si photodiode (ThorLabs
PDA36A) with sensitivity up to 1100 nm in the case of frequency-dependence measurements. At
each measured probe energy, fractional changes in probe beam transmission (A7) were detected
with a Stanford Research Systems SR830 lock-in amplifier which were normalized to the probe
beam transmission (T), and corrected for sample photoluminescence by recording data with the
probe beam blocked. Values are reported as normalized negative differential transmission (-47/7).
The phase of the lock-in was set using reflected pump light such that the signal was entirely in the
positive X-channel (in-phase). The Y-channel (quadrature) detector is 90° phase lagged from the

X-channel. Samples were held under active vacuum during PIA measurements.



3.3 RESULTS AND DISCUSSION

As a model system, we study blends of PbS quantum dots with the host polymer poly(2,3-
bis(2-(hexyldecyl)-quinoxaline-5,8-diyl-alt-N-(2-hexyldecyl)-dithieno[3,2-b:2",3'-d]pyrrole)
(PDTPQx-HD). This blend has previously been shown to form a bulk heterojunction with PbS
quantum dots.!” 32 To facilitate charge transfer between the polymer electron donor and the
quantum dot electron acceptors, we treated the quantum dot surfaces with a hybrid passivation
scheme adapted from recent works by the Sargent group for fabricating PbS colloidal quantum dot
photovoltaics.* % The quantum dots were first solution-phase halide treated with
tetrabutylammonium iodide (TBAI). APDTPQx-HD/PbS (1:9 w/w) blend was then spin-cast from
anhydrous chlorobenzene, and the films were subsequently treated with a 1 mM solution of 3-
mercaptopropionic acid (MPA) solution in anhydrous methanol as detailed in the Appendix B. The
hole transfer mechanism was investigated using quasi-steady-state photoinduced absorption (PIA)
spectroscopy.t” 3132 4. 59 Eilms for PIA experiments were prepared on glass substrates and
fabricated under the same conditions as the photovoltaic devices.
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Figure 3-2. (a) Absorbance spectra of PbS in tetrachloroethylene, (b) Pristine PDTPQx-HD thin
film (blue diamonds), and PDTPQx-HD/PbS-hybrid passivated thin film (red circles). (¢) EQE
spectrum for a PDTPQx-HD/PbS-hybrid passivated bulk heterojunction blend device. The gray
regions highlight the polymer absorption maximum (~1.94 eV) and the PbS quantum dot exciton

peak (~1.05 eV). The inset shows the device structure.

Figure 3-2a and 3-2b compare the absorbance spectra of PbS solutions and pristine

PDTPQx-HD films with the polymer/PbS blend film used for photovoltaic device and PIA



measurements. The PbS quantum dots used in these experiments have a quantum confined exciton
absorption (Eg = 1.07 eV, 4 nm diameter), while the pristine PDTPQx-HD film begins absorbing
at ~1.55 eV, and has an absorption maximum at 1.94 eV. As expected, the first exciton absorption
peak of the PbS quantum dots in the solid blend film is slightly redshifted (~0.2 eV) from the
exciton peak in solution due to dielectric and close-packing effects of the quantum dots in films,
and the post-deposition ligand treatment. The blend also shows a pronounced shoulder at ~2.0 eV,
corresponding to the position of the PDTPQx-HD absorption peak.

Figure 3-2c shows the external quantum efficiency (EQE) spectrum from a PDTPQx-
HD/PbS photovoltaic device with the structure (ITO/ZnO (65 nm)/active layer/MoOx (10 nm)/Ag
(100nm)) with a peak EQE reaching 15%. The spectrum shows contributions to the device
photocurrent from both polymer and quantum dot species with a clear quantum dot exciton peak
at ~1.05 eV, and a shoulder around ~2.0 eV due to the polymer absorption peak. We interpret this
spectrum as evidence that the device functions as a bulk heterojunction in which photogenerated
excitons dissociate via charge transfer at the donor/acceptor interface. The photocurrent observed
at energies below the polymer band gap (~1.7 eV) arises only from light absorbed by the PbS
quantum dots. The source of this photocurrent could arise from either hole transfer from the QDs
to the polymer, or from direct exciton dissociation in the QD percolation networks (acting as
Schottky diode pathways). To determine whether the hole transfer mechanism is possible in these
blends, we used photoinduced absorption to determine whether selective excitation of the quantum
dots leads to the formation of positively charged polarons on the polymer.
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Figure 3-3. X-channel (in-phase) photoinduced absorption spectra normalized to the positive
polaron transition peak at 1.18 eV. (a) shows the PIA spectra for PDTPQx-HD/PCBM (control)
using excitation at 2.77 eV (blue circles), and 1.27 eV excitation (black squares). (b) MPA-treated

PDTPQx-HD/PbS excited with 2.77 eV (blue circles), 1.97 eV (red diamonds), 1.27 eV (black
squares).

Figure 3-3a compares PIA spectra of a reference PDTPQx-HD/ [6,6]-phenyl C60 butyric
acid methyl ester (PCe1BM) blend under 2.77 eV (blue circles) and 1.27 eV (black squares)
photoexcitation. Sample excitation with the 2.77 eV pump shows a characteristic HOMO-LUMO
bleach feature between 1.2-1.6 eV, and a broad induced absorption feature from 0.9-1.6 eV, in
accordance with previously reported data.” 32 We attribute these features to the formation of long-
lived positive charge carriers (polarons) on the polymer chains resulting from charge transfer
between electron donor and acceptor species. Importantly, we note that the 1.27 eV pump does not
produce any detectable PIA signal, since neither PDTPQx-HD nor PCBM absorb at 1.27 eV in the



ground state (Appendix B, Figure B- 2). The band at 1.6 eV has previously been assigned as an
electroabsorption (EA) feature,!’ although a detailed understanding its physical origins is beyond
the scope of this work. The pump modulation-dependence of the EA and polaron features for
PDTPQx-HD/PCBM are shown in Appendix B (Figure B- 3).

Figure 3-3b compares PIA spectra of a hybrid passivated PDTPQx-HD/PbS blend under
2.77 eV (blue circles), 1.97 eV (red diamonds) and 1.27 eV (black squares) photoexcitation (Un-
normalized spectra are found in Appendix B, Figure B- 4). Since the MPA ligand treatment does
not affect the polymer (section B5 in Appendix B), we attribute the observed polaron formation to
charge transfer between polymer and quantum dot species. The 2.77 eV and 1.97 eV pumps excite
both the PDTPQx-HD polymer and the PbS quantum dots. The observed polaron spectra could
thus arise from any of the pathways shown in Figure 3-1. However, the 1.27 eV pump excites
only the PbS quantum dots. We observe a polaron spectrum on the polymer following this selective
photoexcitation of the PbS that is virtually identical to that obtained by photoexciting the PDTPQx-
HD in the polymer/fullerene blend. This result demonstrates that pathway c in Figure 3-1 is
possible, and provides direct spectroscopic evidence of hole transfer from quantum dot to polymer
in a hybrid bulk heterojunction composite. The ground-state bleach of the quantum dot first
excitonic transition at the optical band gap (Eg = 1.07 eV) overlaps the polaron shoulder, and is

hidden by the polymer polaron absorption (section B6 in Appendix B).
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Figure 3-4. PIA pump modulation frequency dependence of the PDTPQx-HD/PbS sample from
Figure 3-3b, measured at the polaron transition peak (1.18 eV) with 2.77 eV (blue circles), 1.97
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Next, we examine the recombination kinetics of long-lived polarons formed in PDTPQXx-
HD/PbS blends by measuring the PIA signal dependence on pump modulation frequency. Figure
3-4 compares the pump modulation dependence of the PIA signal from Figure 3-3a at all 3 pump
energies. The probe energy was fixed at 1.18 eV to monitor the pump frequency-dependence of
the polaron transition. Figure 3-4 shows that the modulation dependence, and hence the polaron
lifetime distribution, is virtually identical regardless of excitation wavelength. This result indicates
that, at least on microsecond-to-millisecond timescales, the distribution of occupied polaron sites
on the polymer is relatively insensitive to the formation history (excitation of the polymer, or
excitation of the quantum dot phase). Fitting a dispersive lifetime model,}®?° the frequency
dependence of the PI1A signals at each excitation wavelength gave similar lifetime (1) distributions
of 1= 0.25 ms and dispersion parameter (y) of y = 0.67 (see Appendix B, Figure B- 7).

Finally, we note that the data in Figure 3-2, Figure 3-3, and Figure 3-4 allow us to estimate
the ratio of long-lived charge carriers generated following excitation of the polymer or quantum
dots. To do so, we make the assumption that the polaron yield in each species is independent of
excitation wavelength (in other words, that hole transfer from the quantum dots to the polymer is
the same if the quantum dots are excited at 1.27 eV, 1.97 eV, or 2.77 eV), and that the total polaron
signal is thus a linear superposition of charge generated by charge transfer from photoexcited PbS
to the polymer, and from photoexcited polymer to the PbS. Knowing the (unnormalized) PIA
signal magnitudes, the pump fluences, and absorbance spectrum of the film, we can then calculate
the relative polaron yields of the polymer and quantum dot components at matched excitation
densities (see section B8 of Appendix B). Doing so, we estimate that ~2.5X as many long-lived
polymer polarons are produced per photon absorbed by PDTPQx-HD compared with photons
absorbed by the PbS quantum dots (under the assumption that hot electron transfer processes are
negligible). This result is qualitatively consistent with our previous observation that the internal
quantum efficiency (collected photocurrent per photon absorbed) in blends of this polymer with
PbS quantum dots is higher for photons absorbed in the visible rather than in the infrared.®? Various
mechanisms could be invoked to explain the relative difference in polaron yields following
excitation of the quantum dots or excitation of the polymer. One explanation could be the larger
driving force for electron transfer from the photoexcited polymer to the quantum dots than for

holes from the photoexcited quantum dot to the polymer (-0.52 eV vs. -0.27 eV) (see Appendix B



Figure B- 10). Another possibility is that the hole transfer yield depends on excitation wavelength.
At higher excitation energies, the relative yield of hole transfer might go up due to hot holes
transferring from the PbS to the polymer (which would appear as higher yield of polymer-to-PbS

electron transfer in our calculation).
3.4 CONCLUSIONS

In summary, we have used photoinduced absorption spectroscopy to observe hole transfer in
a hybrid infrared-sensitive polymer/quantum dot bulk heterojunction blend. We have obtained
direct spectroscopic evidence of long-lived hole transfer from the quantum dot species to the
organic polymer host. In the future, we anticipate that studies of hole transfer from quantum dots
to polymer hosts may help us to better understand the importance of driving force and hole transfer
in polymer/fullerene solar cells as well.”®" Interestingly, the relative yield of long-lived polarons
following IR photoexcitation of the quantum dots seems to be lower than when the polymer is
excited directly in the visible. This observation may help explain the somewhat lower internal
quantum efficiencies that these blend exhibits when excited in the infrared rather than the visible,
and could point the way towards improved efficiencies. At present, the reason for this discrepancy
remains an open question for future study, although it is possible that both driving force and hot

electron transfer processes®®®! could play a role.



Chapter 4. SUBPICOSECOND PHOTON-ENERGY-DEPENDENT
HOLE TRANSFER FROM PBS QUANTUM
DOTS TO CONJUGATED POLYMERS

Adam E. Colbert, Erin Jedlicka, Wenbi Wu, and David S. Ginger

4.1 INTRODUCTION

In addition to potential applications in solution-processable light-emitting diodes®?#* and solar
cells,** 18 & guantum dot/conjugated polymer composites represent an interesting model system
for studying the effects of driving force,3” 8 morphology,®’# and surface chemistry!® 212240 gp
charge transfer and recombination processes in the condensed phase. For instance, in the context
of organic solar cells, photoexcitation of an organic material generates bound excitons, which has
motivated the use of heterojunctions to separate electrons and holes at donor/acceptor interfaces.
The dynamics governing the efficiency of free carrier generation in the resulting bulk
heterojunction (BHJ) solar cells has been the subject of extensive research in both
polymer/fullerene®-°2 and polymer/quantum dot blends.3+3° 8¢ 93 Considerable interest centers on
the degree to which excess energy associated with nonthermalized “hot” excited states influence
free carrier generation. Some studies have highlighted the role that above-gap excitation plays in
the formation of free carriers.®: % However, other studies show that the internal quantum
efficiency (IQE) of devices using various polymer/fullerene blends is relatively constant,’® 97-%
even out to the low energy charge transfer (CT) state,®? suggesting that the generation of hot
carriers is not necessary for efficient charge separation.

In the case of colloidal semiconductor quantum dots (QDs), hot carrier dynamics are of interest
for their importance in multi-exciton generation (MEG)-1% and hot carrier extraction.91-1% The
well-separated energy levels of highly confined QDs may serve to reduce carrier relaxation rates
that occur through phonon emission.!® Despite the predicted “phonon bottleneck,” carrier
relaxation times for lead chalcogenide (PbS and PbSe) QDs have been reported within the range
of 0.2-6 ps.102 105106 Some studies have attributed the fast intraband relaxation observed in QDs to
the dissipation of energy through surface ligand vibrational modes. %" These cooling rates can

also result from Auger-assisted relaxation, whereby the excess energy of the electron is transferred



to the hole, followed by rapid relaxation via phonon emission due to the larger hole density of
states.1%-1%° However, PbS and PbSe QDs have demonstrated efficient ultrafast (<100 fs) electron
transfer to TiO; films that can compete with carrier relaxation times, 101103

Relative to bulk heterojunctions incorporating organic fullerene molecules as the acceptor
material, less is understood about the process of charge generation in polymer/quantum dot blends.
Recent studies have demonstrated ultrafast charge transfer in polymer/QD systems through
selective excitation of either the donor polymer® or the QD component.!® However, the role of hot
carriers and energetic driving force for charge transfer in QD/organic heterojunctions has been less
studied.®* 37119 previous work from our group demonstrated the IQE in a polymer/PbS QD device
decreases at lower photon energies.®> We have also shown spectroscopic evidence that long-lived
photoinduced charge transfer yields increase with higher photon-energy in blends of PbS QDs with
poly(3-hexylthiophene-2,5-diyl) (P3HT).3* While these results suggest that hot carriers in
photoexcited PbS QDs promote more efficient hole transfer, they are only able to provide indirect
evidence.

In this work, we directly probe hot hole transfer in a polymer/QD blend on timescales consistent
with carrier cooling rates in the QDs. We build on previous steady-state photoinduced absorption
(PIA) measurements, using the same P3HT/PbS-QD system.3* The films in this study use
postdeposition ligand exchange with halide ions to promote interfacial charge transfer and
electronic coupling among the QDs. We selectively excite only the QDs in these samples at either
750 or 900 nm, and probe the resulting P3HT bleach in the visible region. Our results indicate that,
per photon absorbed, the higher photon-energy (750 nm) pump yields a greater population of
photoexcited holes transferred to the polymer at all timescales. Importantly, we show that the
higher photon-energy pump has a significantly greater hole transfer yield appearing within the first
several picoseconds than the lower energy excitation, providing direct evidence that excess energy
above the QD bandgap can facilitate charge transfer to the polymer on timescales competing with
carrier cooling.1%

We prepared samples by blending poly(3-hexylthiophene-2,5-diyl) (P3HT) with PbS quantum
dots (1:9 w/w ratio) in 1,2-dichlorobenzene, and spin casting the blend solution on glass substrates
in a nitrogen glove box. A postdeposition ligand exchange was subsequently performed by
pipetting a methanol solution of tetrabutylammonium iodide (TBAI) onto the surface of the film,

and spinning dry after 30 s. TBAI was chosen over the previously reported 3-mercaptopropionic



acid (MPA) treatment, as TBAI treatment showed improved signal and cleaner spectra in the
transient absorption experiments. Sample films for transient absorption were encapsulated in a

nitrogen glove box by adhering a glass cover slide to the sample film with epoxy.
4.2 EXPERIMENTAL DETAILS

4.2.1  Sample Fabrication

PbS quantum dots were synthesized using air-free Schlenk line techniques, following a
modified version of the hot-injection synthesis reported by Hines and Scholes.*® Briefly, the lead
precursor was prepared in a 3-neck flask with PbO (450 mg), oleic acid (1.2 g), and 1-octadecene
(14 g). The mixture was degassed at 100° C under continuous stirring for 1-2 hours, then placed
under nitrogen flow and cooled to 75° C. The sulfur precursor was prepared in a separate 3-neck
flask by degassing 4 g of 1-octadecene at room temperature for 20 min. The flask was then placed
under nitrogen flow and 210 pL of bis(trimethylsilyl) sulfide (TMS).S was added to the flask, and
stirred to mix. The TMS solution was rapidly injected via syringe into the lead precursor flask and
left on heat for 5 minutes. The heat was then turned off, and the flask was left to slowly cool to
room temperature. The product was cleaned first by precipitation with acetone followed by
centrifugation. The QDs were dispersed in a minimal amount of hexanes, and cleaned by
precipitation followed by centrifugation, once with acetone, and twice with methanol. The
precipitated QDs were then dried under nitrogen flow. A solution ligand treatment with butylamine
was performed by dispersing the QDs in ~3 mL of butylamine, followed by sonication for 30 min.
The QDs were precipitated with isopropanol and collected via centrifugation. This treatment was
repeated once, and the final product was dried under nitrogen flow, transferred into a glove box,
and dissolved in 1,2-dichlorobenzene (DCB).

Solutions of poly(3-hexylthiophene-2,5-diyl) (P3HT, Rieke Metals, P200) were prepared
using a concentration of 40 mg/mL in DCB, and stirred at 65° C to dissolve. The polymer was then
blended with the quantum dot solution in a 1:9 (w/w) ratio, and stirred for at least 1 hr. at 65° C.
Prior to deposition, the blend solution was filtered to remove particulates (PTFE, 0.45 um pore
size). The solution was spin-cast on clean glass substrates at 2500 rpm for 60 s. lodide ligand
exchange was subsequently performed by coating the film surface with a tetrabutylammonium

iodide (TBAI) solution (10 mM, in anhydrous methanol) while on the spin coater. After 30 s the



samples were spun dry and rinsed once with methanol, and again dried by spinning. The samples

were encapsulated in the glove box by adhering glass cover slides to the sample face with epoxy.
4.2.2  Transient Absorption Measurements

Time-resolved absorption measurements were conducted using an Ultrafast Systems Helios
(UV-NIR) femtosecond transient absorption (TA) spectroscopy system. The Helios system utilizes
fiber-coupled CMOS (350-800 nm) and InGaAs (800-1600 nm) spectrometers for visible and NIR
detection, respectively. Pump and probe pulses were derived from the output of a Coherent Libra
Ti:Sapphire regenerative amplifier (1 kHz, 50 fs) with an output of 4 mJ/pulse at 800 nm. A small
portion of the Libra output was routed through a delay line, adjusted with neutral density filters
and irises, and focused onto a sapphire crystal to generate white light continuum probe pulses.
Separate crystals were used for visible and NIR probe pulses. The probe beam was split before
reaching the sample to provide a reference signal, monitored with a separate detector to account
for fluctuations in laser intensity. The 750 and 900 nm pump beams were generated with an optical
parametric amplifier (Coherent OPerA Solo), and filtered with narrow (+/- 10 nm) band pass
filters. The incident excitation intensities of the 750 and 900 nm pump beams were approximately
15 and 19 pJ/cm?, respectively.



4.3 DiscussIiON

)
S

T T T T T T T i

= P3HT/PbS-QD Blend
w— Neat P3HT
= = Neat PbS Film

Absorbance (au)

400 600 800 1000 1200
b) Wavelength (nm)

o
(=)

o
(%3]

—8— 505 nm pump

Normalized -AT/T

—&— 685 nm pump

4
o
I

|

08 10 12 14 16 18 20
Energy (eV)
Figure 4-1. (a) Thin film absorbance spectra of a P3HT/PbS blend after postdeposition ligand
exchange with TBAI (black), and neat P3HT (red) and PbS (gray, dashed) films. (b) Quasi-steady
state photoinduced absorption spectra of a P3HT/PbS blend using 505 nm (blue circles) and 685
nm (red squares) excitation. Filled symbols represent the x-channel (in-phase) portion of the signal,

and open symbols show the y-channel (out-of-phase) portion.

Figure 4-1a shows the absorbance spectra of a P3HT/PbS-QD composite film after ligand
exchange with TBAI, along with the absorbance of both neat P3HT and PbS-QD films. The
quantum dot first exciton peak appears at ~900 nm (1.38 eV), corresponding to ~3 nm diameter
particles.>® 11 We chose smaller PbS quantum dots because they yield a greater measureable signal
compared to larger quantum dots in quasi-steady state photoinduced absorption (P1A) experiments
on blends with P3HT.3* 47 Figure 4-1b shows PIA spectra of such a P3HT/PbS composite film
with both selective QD excitation, and excitation of both components, confirming that these

iodide-passivated P3HT/PbS-QD composites undergo efficient charge transfer by measuring the



long-lived (us-ms) excited states on the polymer following photoexcitation. The low energy peak
at 1.27 eV (980 nm) corresponds to the formation of polarons on the polymer chains, and we
attribute the broad peak at ~1.65 eV (750 nm) to an electroabsorption (EA) feature, as previously
reported for P3HT.1" 34 % The data in Figure 4-1b show that selective excitation of only the
guantum dots in the blend at 685 nm yields the same optical signatures of polarons on the polymer
chains obtained when exciting both polymer and quantum dot components at 505 nm. These results
show that, at long times, selective excitation of the QD component leads to the same polymer
polaron species as direct excitation of the polymer.

To examine wavelength-dependence of hole transfer on the sub-picosecond timescale
associated with carrier cooling in the PbS QDs, we used transient absorption (TA) spectroscopy to
compare the hole transfer dynamics when exciting only the QD phase of the blend at both 750 and
900 nm. At sub-nanosecond timescales, the TA spectra in the NIR region are dominated by the
bleaching of the first exciton transition of the QDs in the 800-1100 nm region (see Appendix C
Figure C- 1a). This bleach directly overlaps with the polymer polaron absorption transition at
~980 nm, making it difficult to detect hole transfer to the polymer using this feature. Instead, we
monitor the polymer ground state bleach in the visible region. While this signal partially overlaps
with a competing QD feature, we are able to fit the data to extract the polymer bleach dynamics as

discussed below.
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Figure 4-2. (a) Transient absorption spectra of a neat PbS-QD film excited at 750 nm, and (b)
normalized Kinetic traces of the QD induced absorption feature at 590 nm for data taken with 750

nm (blue circles) and 900 nm (red squares) excitation.

Figure 4-2a shows the TA spectra of a neat TBAI-treated PbS-QD film excited at 750 nm. The
black dashed trace is a Gaussian function to approximate the QD spectra when fitting the TA
spectra of the blend. The QDs exhibit an induced absorption feature in the visible region centered
at ~590 nm which has previously been attributed to the red shift of higher energy bands induced
by the presence of the 1S exciton.'%? Excitation at 900 nm yields the same spectral feature, shown
in Appendix C, Figure C- 1. The kinetics of this feature, probed at the 590 nm maximum, are
shown in Figure 4-2b for both 750 and 900 nm excitation. The signal shows the same behavior
with both pump wavelengths, and decays completely between 1-2 ns. Because we aim to monitor
the evolution of the P3HT ground state bleach in the same spectral region, we therefore account
for this competing quantum dot induced absorption signal in measurements made on the

polymer/QD blends.
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Figure 4-3. Transient absorption spectra of a P3HT/PbS-QD blend excited at (a) 750 nm and (b)
900 nm. Dashed lines indicate fits to the data. c) Kinetic traces of the polymer bleach signal (at
610 nm) extracted from the fits for 750 (blue) and 900 nm (red) excitation.

Figure 4-3a and b are the key data from this study, and show the TA spectra for the P3HT/PbS
blend taken with 750 and 900 nm photoexcitation, respectively. Both spectra show peaks
corresponding to the polymer bleach in the range of 450-630 nm. The PIA feature in the polymer
spectrum at ~670 nm has been previously attributed to contributions from more delocalized
polarons''? and electroabsorption at the band edge.*™® The spectra at longer (ns) time delays, after
the quantum dot PIA feature has predominantly decayed, are similar between the two different
pumps as shown in Appendix C Figure C- 2. The polymer bleach arises from depopulation of the
polymer ground state by hole transfer from the PbS quantum dots. We verify that the 750 nm pump
does not directly excite the polymer by showing that a neat P3HT film pumped at this wavelength
does not yield TA signal from the polymer ground-state bleach (see Appendix C Figure C- 3). We
emphasize that, because the polymer has a higher bandgap than the PbS quantum dots, and because
only the QDs were excited, observation of a polymer bleach provides convincing evidence of
charge transfer from QD to polymer.

In addition to the polymer bleach, both spectra show some contribution at early times from the
QD induced absorption discussed above (Figure 4-2). We therefore fit the data in Figure 4-3a and
4-3b as a linear combination of the P3HT bleach and PbS induced absorption (dashed lines in
Figure 4-3a and b). The resulting fits describe the spectra well at all but the earliest times (< 1 ps).
The reference spectra used for the fitting are shown in Appendix C Figure C- 4, along with the
raw spectra from which they are derived. At times earlier than 1 ps, the spectra cannot be
represented as a simple superposition of long-time polymer bleach and QD induced absorption



(Appendix C Figure C- 5), suggesting that additional species may be present at these earliest
times. The fit residuals are significantly greater within the first several hundred fs than at times
>1 ps, after which the fits accurately represent the data. In addition to the instrument response
during the first few hundred fs, the QD induced absorption is also evolving as the carriers cool.
Correlated electron/hole pairs might also form at the QD/polymer interface and evolve at early

114 hut would

times, as have been proposed to explain some features in polymer/fullerene blends,
require significant additional study in these QD/polymer blends. Probing the dynamics on the sub-
ps timescales should thus prove interesting for future studies.

Figure 4-3c compares the kinetic traces of the polaron (polymer bleach signal) for data obtained
with 750 and 900 nm excitation, after removing contributions from the quantum dot feature. The
raw data for these traces is shown in Appendix C, Figure C- 6. The pump intensities were adjusted
to produce matched excitation densities, enabling quantitative comparison of the relative signal
magnitudes. Figure 4-3c shows that the 750 nm pump produces a larger polymer bleach, indicative
of greater hole transfer yields from the photoexcited QDs to the polymer. This result is consistent
with our previous steady-state results with PIA indicating larger photoinduced carrier populations
at higher excitation photon energies.®* At longer times, the dynamics of the polymer bleach signal
are similar for both pump wavelengths. We note that the signal grows in over the course of the
first few hundred picoseconds, and reaches a plateau by ~1 ns. These slower dynamics of the
relaxed carriers at longer times are consistent with the relatively slow (picosecond-nanosecond)
hole transfer rates observed from CdSe QDs to a hole-accepting solution-processable
polyphenylenevinylene derivative (MDMO-PPV).110

Importantly however, the higher energy (750 nm) pump exhibits a significant yield of prompt
hole transfer to the polymer at times as early as 1 ps, with roughly 60% of the signal appearing at
early times, and the remaining 40% growing in over longer times. In contrast, excitation of the
sample at 900 nm shows minimal signal at 1 ps time delay, with almost all of the polaron-induced
polymer bleach growing in over the first nanosecond. This dramatic difference in early-time yields
between the two excitation photon energies provides direct support for the hypothesis that hot hole
transfer accounts for the differences in yield of long-lived charges in blends of quantum dots and
conjugated polymers. Based on the UV-Vis spectra of the PbS QDs, the 750 nm pump should
excite the tail of the QD 1Px-1Pe transition, or the symmetry forbidden 1Py-1S, transition in the

QDs, both of which should produce hot holes, while the 900 nm pump primarily excites the lowest



energy first exciton (1Sp-1Se) transition.!t 115116 \We speculate that the higher photon-energy
pump may produce more rapid charge transfer either because the excess energy facilitates the
structural distortion associated with polaron formation on the polymer,®® 7 or because shorter
wavelength excitation produces higher energy holes on PbS that are more delocalized, and thus
leak out further into the polymer matrix.'%* 18 In either case, these results provide important
confirmation that most of the charge transfer events to the polymer following higher energy
excitation occur within the timescale of carrier cooling in PbS QDs, and that hole transfer from
carriers in relaxed states on the QDs to the polymer is comparatively slow. Future studies should
also seek to differentiate between the effects of excess energy of the hot carriers, and the indirect
effect of excess energy on the delocalization of the hole wavefunction on the QD, perhaps by
varying both the QD size and systematically varying the excitation energy. Studies with additional
polymer hosts with different frontier energy levels, and different degrees of structural rigidity and
reorganization energy would also be interesting to explore the coupling between driving force and

reorganization energy.*®
4.4  CONCLUSION

In summary, we present transient absorption measurements on a model P3HT/PbS-QD blend
that shows a greater yield of photoinduced hole transfer with higher energy excitation. While the
behavior between the two pump wavelengths is similar at longer timescales, the higher energy
pump exhibits a greater prompt overall yield of holes on the polymer, notably in the first several
picoseconds. This result provides direct spectroscopic evidence that hot carriers on the quantum
dots facilitate charge transfer to the polymer, leading to improved free carrier generation. These
findings show that both hot and relaxed carriers can be transferred from QDs to a host polymer,
albeit at different timescales and with different efficiencies, and inform the design requirements of

polymer/QD solar cells and hot carrier collection schemes.



Chapter 5. CONCLUSIONS AND FUTURE WORK

The work in this thesis has shown significant progress toward understanding the factors
regulating free carrier generation and recombination in polymer/quantum dot solar cells. The study
detailed in Chapter 2 examined the effect of postdeposition ligand exchange on polymer/QD
device performance. We found that different QD surface ligands influence device performance
primarily through changes open-circuit voltage and fill factor, with 3-mercaptopropionic acid
(MPA) treatment resulting in the highest devices efficiency, and iodide treatment the lowest.
Photoinduced absorption (PIA) and transient photovoltage experiments both demonstrate that
ligand treatments with better device efficiency exhibit longer carrier recombination lifetimes and
greater long-lived carrier populations under open-circuit conditions. These findings indicate that
QD surface chemistry plays an important role in controlling bimolecular recombination losses that
reduce device Voc. We attribute the improved device performance with MPA treatment in part to
the greater observed mobility-lifetime products of photogenerated charge carriers observed with
this ligand treatment in neat PbS quantum dot films.>” Furthermore, we speculate that the reduced
Voc and fill factor observed with halide ions may partially result from the dipole-induced shift in
QD band levels relative to the polymer energy levels with halide treatment.

This study demonstrates the challenge and opportunity of using QD surface modification
to enhance polymer/QD device properties. The differences in solar cell performance in this study
are in contrast to QD-only devices with PbS, where halide ligand treatments exhibit some of the
best device performances to date.?®>*° This indicates that in addition to effective trap state
passivation and high mobility-lifetime products for carriers generated within the QDs,
polymer/QD devices have the added requirements of finding ligand treatments that result in
favorable energy level alignment with the donor polymer and promote longer bimolecular
recombination lifetimes at open-circuit. Future studies should seek to understand the role of dipole-
induced band level shifts, perhaps by using a more systematic series of ligands such as various
benzenedithiol derivatives. Additionally, investigating the differences in these ligand exchanges
using electron tomography would be useful in determining whether some of the differences
observed in this work are related to film morphology following postdeposition ligand exchange.

The work in Chapters 3 investigated the role of hole transfer in polymer/QD blends. We

used PIA to show that selective excitation of the quantum dot component yields the optical



signature of long-lived charge carriers on the polymer, providing direct evidence that photoexcited
QDs are able to generate free carriers via hole transfer to the polymer. While this supports the
hypothesis that polymer/QD blends operate as bulk heterojunctions, other work from our group
suggests that in some cases these blends may operate as partial Schottky-diode solar cells, in which
excitons on the QD phase may directly yield free carriers independent of the polymer.3* 3" The
degree to which these mechanisms are responsible for the overall carrier generation in devices is
currently unknown, and likely depends on properties of the donor polymer, quantum dot ligands,
and film morphology. Future studies should seek to determine the factors that regulate these
mechanisms of device operation by studying hole transfer and energy transfer yields in blends
using donor polymers with different frontier energy levels, and varying QD sizes.

Additionally, we found that excitation of both polymer and QD species with a higher
photon-energy pump resulted in greater polaron yields than lower photon-energy excitation, where
the QDs were selectively excited. This observation indicates that hot carriers on the QDs may
facilitate more efficient hole transfer. The study in Chapter 4 used TA spectroscopy to probe the
photon-energy dependence of hole transfer in polymer/QD blends on the subpicosecond timescales
of carrier cooling in the QDs. We showed that higher pump photon-energy exhibits a substantially
greater prompt hole transfer yield to the polymer compared to lower photon-energy excitation,
demonstrating that the excess energy associated with the higher photon-energy pump facilitates
greater hole transfer efficiency to the polymer. We also determined that relaxed carriers have
relatively slow transfer rates and reduced efficiency. Future work should focus on distinguishing
between the influence of the excess energy of hot carriers from the concomitant effect of increased
hole delocalization, by varying both QD size and excitation energy. Furthermore, studying the
relationship between the polaron yields with different photon-energy pumps and device internal
quantum efficiency in blends using polymer hosts with different frontier energy levels would
provide insight into the role of energetic driving force in achieving free carrier generation. In
conclusion, polymer/QD composites offer a promising route for next-generation solar cells and
photodetectors, that are compatible with low-cost manufacturing techniques such as roll-to-roll
printing. This work provides insight into the relationship between device performance and QD
surface chemistry, as well as a more complete understanding of the operational mechanisms and

factors influencing free carrier generation in polymer/QD blends.



APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER 2

Al. PHOTOINDUCED ABSORPTION

Figure A- 1 shows both X- and Y-channel PIA data for samples exhibiting PIA signal.
Although the MA ligand exchanged devices show negligible photocurrent generation, the PIA data

for MA shows substantial generation of long-lived polarons on the polymer chains.
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Figure A- 1. Quasi-steady state PIA spectra of PTB1/PbS QD films treated with MPA (red), TBAI
(purple), and a malonic acid (gray). Filled symbols represent x-channel data and unfilled symbols

represent y-channel data.

A2. LIGAND EXCHANGE PROCESSES

Preparation of solar cells in this study involved a two-step ligand exchange process. The
first step was a solution-based treatment with butylamine (BAm) performed prior to mixing with
the polymer (see Experimental section of the main text). The second step is the post-deposition
ligand exchange involved in this study. Figure A- 2 compares the external quantum efficiency
(EQE) of devices fabricated either using as-synthesized oleic acid capped QDs (PbS-OA) or BAm-
treated QDs (PbS-BAm). Devices fabricated using PbS-OA and a post-deposition ligand exchange
with MPA show low EQE and short-circuit photocurrent (Jsc). Devices incorporating PbS-BAm
with no post-deposition ligand exchange show similar low EQE, and the devices also suffer poor

diode rectification. However, devices using PbS-BAm in addition to post-deposition ligand



exchange with MPA have significantly enhanced photocurrent and good diode behavior. These
data show the importance of utilizing both solution-based ligand treatment with BAm, as well as

post-deposition ligand exchange on the polymer/QD film.
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Figure A- 2. a) External quantum efficiency (EQE) values for devices fabricated with PbS-OA
and post-deposition treatment with MPA (blue), PbS-BAm with no post-deposition treatment
(black), and PbS-BAm after post-deposition ligand exchange with MPA (red). b) J-V
characteristics of the same devices under AM 1.5 simulated solar illumination.

A3. LIGAND EXCHANGE VERIFICATION

We verify ligand exchange using attenuated total reflectance infrared spectroscopy
performed films of neat PbS QDs, by observing reduced intensity of C-H stretching modes
following ligand exchange as shown in Figure A- 3. The vibrations at 2925 cm™ and 2854 cm*

are assigned to vasym (C-H) and vsym (C-H), respectively. Each QD film was prepared on a glass



substrate under identical conditions. The apparent decrease in these vibrational modes indicate

effective removal of native oleate ligands following the ligand exchanges used in this study.
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Figure A- 3. Infrared analysis of PbS QD films untreated (black) and after ligand exchange with
MPA (red), EDT (blue), TBAI (purple), malonic acid (gray).

A4. CHARGE CARRIER DENSITY CORRECTIONS

The measured charge carrier density values (n) were corrected for losses due to charge
recombination during charge extraction (CE). This is necessary because the bimolecular
recombination lifetimes approach the same timescale as the lifetime for charge extraction from the
device at high light intensities (> 100 mW/cm?) as shown in Figure A- 4a. The losses in carrier
density that occur over the course of CE are calculated using the quantum yield (QY) for charge

extraction according to the equation

1

_ TCE
R U
TPV ' 1CE

where t7py is the carrier recombination lifetime measured with TPV and tce is lifetime of the
corresponding CE transients. The measured values of n are subsequently divided by the QY to
correct for recombination losses that occur over the timescale of CE. We assume trpv to be
constant, likely leading to over-estimates of losses due to recombination when trpy is fast. This is
because the rate of recombination decreases (trpv increases) during the course of charge extraction,
as the carrier concentration is depleted. The original and corrected data are shown in Figure A- 4b
and c, respectively.
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Figure A- 4. a) Normalized voltage transients for TPV (red) and CE (black) for a MPA-treated
device under the same background white light illumination (~300 mW/cm?), and comparison of
small perturbation charge carrier recombination lifetime (tan) VS charge carrier density n, before

(b) and after (c) correcting for losses incurred during carrier extraction.



AS. LIGAND EXCHANGE CONTROL

We verify the ligand exchanges we perform in this study are not chemically altering the
polymer by measuring the steady-state absorbance spectra of neat polymer films treated with the
ligand exchange solutions as shown in Figure A- 5. We see no changes in film absorption after

the ligand treatment relative to the untreated film.
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Figure A- 5. Absorbance spectra of neat PTB1 films before and after treatment with ligand

exchange solutions.

A6. J-VCHARACTERISTICS OF ALL DEVICES

The J-V characteristics of malonic acid (MA)-only treated devices are compared to the
other ligands used in this study in Figure A- 6. The MA-only devices show poor rectification and
little photocurrent under illumination, making it too difficult to perform TPV and CE

measurements.
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Figure A- 6. (a) Dark and (b) light J-V curves for PTB1/PbS QD devices subject to different ligand
exchanges: MPA (red circles), TBAI (purple diamonds), EDT (blue squares), and a 1:1 mixture of
EDT/MA (green triangles), and MA (gray stars).

A7. ENERGY LEVEL DIAGRAM

The net surface dipole of the PbS QDs is determined by the difference between the intrinsic
dipole of the ligand and the interface dipole between the QD surface atoms and the ligand
molecules. The change in surface dipole of the QDs shifts the vacuum level, and the valence band
(VB) and conduction band (CB) levels of the QDs, accordingly. Both band edges are shifted by
the same energy, so the QD band gap remains unaffected. Here we use values for the QD valence
band reported by Brown et al., and approximate the conduction band values by adding the optical
band gap of the QDs (E¢°" = 1.38 eV) used in this study. Figure A- 7 compares the band levels of
the PTB1 polymer with those of PbS QDs with different surface ligands. A rough estimate for the
possible device open-circuit voltage can be determined from the difference between the ionization



potential of the donor species (polymer) and the CB of the acceptor species (PbS QDs). This energy
difference (and the upper estimate for device Voc) is reduced with increasing net surface dipole
(MPA < EDT < TBAI).
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Figure A- 7. Energy level diagram for the band edges of PTB1 polymer and PbS QDs treated with
the different ligands used in this study as reported in the literature, obtained using cyclic

voltammetry (CV) and ultraviolet photoelectron spectroscopy (UPS), respectively.

A8. DEPENDENCE OF Jsc ON LIGHT INTENSITY

The dependence of device short-circuit current on incident light intensity for all ligand
treatments are shown in Figure A- 8. The fit parameters (o) are shown in Table A- 1. This data
shows similar characteristics for all ligand treatments, demonstrating that the QD surface ligand
has little effect on the recombination dynamics at short-circuit. The deviation of a from unity
shows that there are small non-first order recombination dynamics that occur at short circuit for

these devices.
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Figure A- 8. Dependence of Jsc on incident light intensity for devices (shown without fits) treated
with MPA (red circles), EDT (blue squares), EDT/MA (green triangles), and iodide (purple
diamonds).

Table A- 1. Average Values for the Fit Parameter o?

ligand exchange | average a.

MPA 0.90 +0.01
EDT 0.91+0.01
EDT/MA 0.90£0.01
lodide 0.88 + 0.01

@The values reported are the averages and standard deviations of the mean from four pixels,

each from different devices.



APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 3
B1. PDTPQX-HD SYNTHESIS

Poly(2,3-bis(2-(hexyldecyl)-quinoxaline-5,8-diyl-alt-N-(2-hexyldecyl)-dithieno[3,2-
b:2',3"-d]pyrrole) (PDTPQx-HD) was synthesized as reported previously.!” The polymer structure

is shown below.
CgHq7 CgH17

CeH 13_>_<_<C6H 13
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Figure B- 1. Chemical structure of PDTPQx-HD

B2. ABSORBANCE OF PDTPQX-HD/PCs1BM

Supporting information Figure B- 2 shows the thin film absorbance of the PIA sample
used to obtain the data in Figure 3-3a of the text. The sample shows no absorbance for energies
lower than ~1.4 eV, resulting in the lack of signal in the P1A spectrum for this sample when excited
at1.27 eV.
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Figure B- 2. PDTPQx-HD/PCs:BM thin film absorbance spectrum. The sample consisted of a 1:1
(w/w) ratio bulk heterojunction blend of PDTPQx-HD/PCe¢1BM.

B3. MODULATION-DEPENDENCE OF POLARON AND
ELECTROABSORPTION FEATURES
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Figure B- 3. Modulation dependence of the 1.6 eV (blue squares) electroabsorption and 1.2 Ev

polaron (red circles) spectral features of a PDTPQx-HD/PCBM blend under 2.77 eV excitation.



B4. NORMALIZED IN-PHASE AND QUADRATURE PIA
SPECTRA OF PDTPQX-HD/PBS
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Figure B- 4. Un-normalized PIA spectra of the PDTPQx-HD/PbS sample from Figure 3-3b in the
main text, acquired under 2.77 eV (blue circles), 1.97 eV (red diamonds), and 1.27 eV (black
squares) excitation. Filled symbols correspond to X-channel (in-phase) signal and hollow symbols
represent Y-channel (quadrature) signal. No significant changes in lineshape or the ratio of X-

channel to Y-channel signal occur between the different excitation energies.

BS. THIOL TREATMENT OF PDTPQX-HD/PCBM AND NEAT
PDTPQX-HD: NO SIGNIFICANT CHANGES IN PIA SPECTRA

To ensure that the post-deposition 3-mercaptopropionic acid (MPA) treatment of the
PDTPQx-HD/PbS samples did not cause significant morphological changes or chemical doping
of the polymer phase, we treated PDTPQx-HD/PCBM and neat PDTPQx-HD films with a 1 mM
solution of MPA in anhydrous methanol. Figure B- 5a shows that the PIA spectrum of PDTPQ-
HD/PCBM is not affected by the thiol treatment. Accordingly, modulation-dependence of the
polaron feature shown in Figure B- 5b shows no significant differences in recombination lifetime
resulting from MPA treatment. Furthermore, the neat polymer also shows no effects from the thiol

treatment in the PIA and absorbance spectra as shown in Figure B- 5¢ and B-5d, respectively.
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Figure B- 5. (a) PIA spectra of PDTPQx-HD/PCBM before (blue circles) and after (red squares)
MPA-treatment. Filled symbols represent the X-channel (in-phase) portion of the data, and unfilled
symbols represent the Y-channel (quadrature) portion of the data. (b) Modulation-dependence of
PDTPQx-HD/PCBM before (blue circles) and after (red squares) MPA-treatment. (c) X-Channel
PIA and (d) absorbance spectra of neat PDTPQx-HD before (blue lines) and after (red lines) MPA-

treatment.

B6. PHOTOINDUCED ABSORPTION OF NEAT PBS

Figure B- 6 compares the PIA spectra of neat solution halide-treated PbS quantum dots
before and after post-deposition treatment with 1 mM MPA against the PIA spectrum of a
PDTPQx/PbS. A weak bleach feature can be seen at the optical band gap of the quantum dots
(~1.07 eV), corresponding to bleaching of the first excitonic transition (}Sh to 1Se). The magnitude
of the signal is seen to increase slightly following MPA treatment. The quantum dot bleach
overlaps the shoulder of the PDTPQx-HD polaron transition, and is therefore not observed in the

polymer/quantum blend PIA spectrum.
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Figure B- 6. X-channel PIA spectra of neat (solution TBAI-treated) PbS before (blue diamonds)
and after MPA-treatment (red circles), and MPA-treated PDTPQx-HD/PbS (green squares)

under 2.77 eV excitation.

B7. DETERMINATION OF POLARON LIFETIMES FROM PIA
PUMP MODULATION-DEPENDENCE

The dependence of PIA signal on pump modulation frequency can be used to determine an
average polaron lifetime. Figure B- 7 displays traces for the three different pumps (2.77 eV, 1.97
eV, and 1.27 eV) fit using the dispersive recombination equation shown in the figure inset.!” %
The dispersive fit parameters are nearly identical for the three different curves, with nearly

identical lifetime (1) distributions of T =~ 0.25 ms, and dispersion parameters (y) or y =~ 0.67.
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Figure B- 7. Modulation frequency dependence of the PIA signal (AT/T) monitored at the 1.85

eV polaron transition with varying pumps: 2.77 eV (blue circles), 1.97 eV (red diamonds), and
1.27 eV (black squares). Fit parameters (t and y) were determined by dispersive fits of the data to
the inset model (solid lines) as a function of modulation frequency f = w/(2x).

B8. CALCULATION OF RELATIVE POLYMER AND
QUANTUM DOT POLARON YIELDS

Figure B- 8a shows the dependence of the polaron PIA signal magnitude, R = ((X? +
Y?)¥2)on absorbed pump flux for PDTPQx-HD/PbS with 1.27 and 1.97 eV excitation. The
relative pump power at each point was determined by measuring the photocurrent of a calibrated
silicon photodiode through an aperture cut to the probe spot size. The pump spot size was larger
than the probe spot size, and therefore, only the portion of the pump spot overlapping the probe
beam was measured. The relative flux (photons/s) was then calculated using the calibrated diode’s
spectral responsivity and the known pump photon energy. The total absorbed photons per second
(Dabs) for each pump intensity was subsequently determined based on the photon flux and the film
optical density at the corresponding excitation wavelength.



40F - 5F T T T L |
o
=
30 ATIT=10" @), s 4 1
kS
- e 3 i
= 20 %) 000000000000 00 00 00 00000 000
< i ok ]
10 g
_ § 052 . |
ATT=4X10°0 | 2 1
o
0 1 1 1 1 Ok 1 1 1 B
0 10 20 30 40 0 5 10 15 20
a) Absorbed Photons/s (X 10'%) b) Absorbed Photons/s (X 10°)

Figure B- 8. (a) Dependence of the PIA signal on absorbed pump photon flux (®ans) for the
PDTPQx/PbS polaron transition under 1.97 eV (red diamonds) and 1.27 eV (black squares)
excitation. The data were fit with power law curves, with the fit equations inset under the respective
curve. (b) Ratio of polaron yields from polymer and quantum dot light absorption under 1.97 eV
excitation, calculated at varying absorbed photon flux.

Figure B- 8b shows that the calculated ratio of polaron yields (AT/T per photons/s
absorbed) generated from polymer and quantum dot components remains constant with changing
excitation intensity. The 1.27 eV pump data was interpolated at each measured value of the 1.97
eV pump to compare the AT/T values for the two different pumps with the same number of
absorbed photons. Figure B- 9 shows the absorbance spectra of the quantum dots and
polymer/quantum dot blend (in solution), normalized to the quantum dot exciton peak. The
difference between the two spectra was used to determine the fraction of photons from the 1.97
eV pump absorbed by the quantum dot species. As discussed in the text, we assume that the
observed polaron yield is independent of the excitation wavelength. Since the polaron signal
generated by 1.27 eV excitation originates only from quantum dot absorption, we used the
interpolated 1.27 eV pump data and the percentage of quantum dot light absorption at 1.97 eV to
calculate the expected quantum dot polaron yield under 1.97 eV illumination (for small values of
AT/T, AT/T is directly proportional to the absorbance). The polymer polaron yield was then
determined using the difference between the total PIA signal and the calculated quantum dot

polaron yield.
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Figure B- 9. Absorbance spectra of the PDTPQx-HD/PbS blend solution (used to fabricate films
for device and PIA data) (red line) and the PbS quantum dots (dashed black line) in
tetrachloroethylene, normalized to the quantum dot exciton peak. The inset compares the
normalized absorbance of neat PDTPQx-HD (blue line) to the difference spectrum of the blend

and quantum dots (dashed green line).

B9. ENERGY LEVEL DIAGRAM

We determined the driving force for photoinduced electron transfer using the excited state
ionization energy (the potential necessary to oxidize the photoexcited material) of the polymer
donor species as described in the literatue.”® We calculate the polymer excited state ionization
energy (IEqv+/m#) from the ground state ionization energy IEw+ ) and the singlet exciton energy
E°" according to Equation 1 below.

IEm+ %) = 1Em+ vy + EgOP (1)

This approximation accounts for the binding energy of the exciton, considering the driving force
for charge separation (4Eeiec) in terms of exciton dissociation to a ground-state acceptor, according
to Equation 2.

AEeiec = EAm o [Acceptor] - IEw+ /M= [Donor] — (2)

This approximation is not used for the hole transfer process due to the low exciton binding energy
of the inorganic nanocrystals. In this case, the driving force for charge separation (4Enoe) Was

approximated by the energy difference of the polymer and quantum dot ground state ionization



energies. Figure B- 10 shows the estimated energies for determining the driving force of
photoinduced charge separation. We calculate the driving forces for electron and hole transfer to
be -0.52 eV and -0.27 eV, respectively.
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Figure B- 10. Energy levels for calculating the driving force for photoinduced (a) electron transfer
and (b) hole transfer in PDTPQx-HD/PbS composites. The black line indicates the donor excited
state ionization energy (IEqu+ %), blue lines represent ground state ionization energies (IEq+m)),
and thin red lines show ground state electron affinities (EAwm m-)).



APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER 4

C1. NEAT PBS QD TRANSIENT ABSORPTION DATA
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Figure C- 1. Transient absorption spectra of a neat PbS quantum dot film. (a) Visible and NIR
spectra under 750 nm excitation, and visible region spectra excited at (b) 750 nm and (c) 900 nm.

Figure C- la shows the TA spectra of a neat PbS-QD film post-deposition treated with
tetrabutylammonium iodide (TBAI) in the visible and near infrared (NIR) regions using 750 nm
excitation. The prominent feature in the NIR region is attributed to a bleaching of the quantum dot
first exciton transition (1Sp-1Se). Figure C- 1a and C-1b compare the TA spectra in the visible
region of the neat QD film excited at 750 and 900 nm, respectively. The QD spectrum in this
region does not show dependence on pump photon energy. Black dashed traces show the Gaussian

approximation to the data used in fitting the polymer/QD blend spectra.



C2. COMPARISON OF LONG-TIME TA SPECTRA (750 VS. 900
NM EXCITATION)

[— == 000 NnmM Pump =
750 N Pump [\\d

—_

o

Normalized AA (x'IO‘S)
I
|

1
N
1
]

500 600 700 800

Wavelength (nm)
Figure C- 2. Comparison of TA spectra at ~1 ns time delay for a P3HT/PbS blend pumped at
750 nm (blue) and 900 nm (red), normalized at 670 nm.

C3. TRANSIENT ABSORPTION OF NEAT P3HT
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Figure C- 3. Transient absorption spectra of a neat P3HT film excited at (a) 750 nm and (b) 450
nm

We demonstrate that the 750 nm pump does not directly excite the polymer by verifying
that a neat P3HT film does not exhibit TA signal when pumped at this wavelength, as shown in
Figure C- 1a. The TA spectra resulting from direct excitation of the neat polymer at 450 nm is

shown in Figure C- 3b.



C4. TRANSIENT ABSORPTION DATA FITS
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Figure C- 4. Fixed reference spectra used to fit the raw transient absorption data of the P3HT/PbS-
QD blends. The polymer bleach is shown in red and overlaid with the smoothed spectrum in black;
the quantum dot induced absorption feature is shown in blue, with the Gaussian approximation

(black curve) for comparison.

The raw transient absorption data was approximated as a linear combination of two fixed
reference spectra, representing the polymer bleach and QD induced absorption features shown in
Figure C- 4. For the polymer reference spectrum, we used a spectral slice at ~4 ns time delay of
the P3HT/PbS-QD blend excited at 750 nm, that was smoothed with a Savitzky-Golay algorithm
in Igor Pro. At this time delay, the quantum dot PIA feature has fully decayed, leaving only signal
from the long-lived polymer ground state bleach. The reference spectrum for the QD induced
absorption feature was approximated with a Gaussian function, as smoothing the raw data
introduced additional structure to the spectrum due to the low signal-to-noise ratio of the neat QD
spectra collected with the same excitation intensities used for the polymer/QD blend TA
experiments. Fits to individual spectra were obtained using a linear combination of the two fixed
reference spectra according to the following expression:

Fit(A) = A*bleach(A) + B*Gaussian())
where A and B are coefficients for the polymer (bleach) and QD (Gaussian) reference spectra,
respectively. We minimized the sum of squared residuals between the fit and the raw spectra in
the wavelength range of 450-800 nm by floating the A and B coefficients. This algorithm is

performed for spectra at each time delay in a given data set, while tracking the fit coefficients. The



kinetic data in Figure 4-3 of the main text is generated by multiplying the polymer reference
spectrum by its fitting coefficient (for each time delay) and plotting the resulting AA values of the
~610 nm feature as a function of time.

CS5. EARLY TIMESCALE P3HT/PBS TA SPECTRA
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Figure C- 5. Early-time TA spectra of a P3HT/PbS film pumped at 750 nm. Dashed lines
indicate fits to the data using the method described above.

C6. RAW TA DATA OF P3HT/PBS-QD BLENDS
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Figure C- 6. Raw transient absorption spectra of a P3HT/PbS-QD blend (postdeposition treated
with TBAI) for (a) 750 nm and (b) 900 nm excitation, and (c) the corresponding Kinetic traces of
the polymer bleach feature at 610 nm.
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