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M olecules affect the electronic properties of many emerging materials, ranging from organic thin film transistors and light

emitting diodes for flexible displays to colloidal quantum dots (CQDs) used in solution processed photovoltaics and
photodetectors. For example, the interactions of conjugated molecules not only influence morphological and charge transport
properties of organic photovoltaic (OPV) materials, but they also determine the primary photophysical events leading to charge
generation. Ligand—nanocrystal interactions affect the density and energetic distributions of trap states, which in turn influence
minority carrier transport in CQD photovoltaics. Therefore, it is critical for scientists to understand how the underlying molecular
structures and morphologies determine the electronic properties of emerging materials.

Recently, chemists have used vibrational spectroscopy to study electronic processes in emerging materials, and been able to
directly measure the influence molecular properties have on those processes. Time-resolved vibrational spectroscopy is uniquely
positioned to examine molecular species involved in electronic processes because it combines ultrafast time resolution with
measurement of the vibrational spectra of molecules. For instance, molecules at the electron donor/acceptor interfaces in OPV
materials have unique vibrational features because vibrational frequencies of molecules are sensitive to their local molecular
environments. Through ultrafast vibrational spectroscopy, researchers can directly examine the dynamics of charge transfer (CT)
state formation and dissociation to form charge separated states specifically at donor/acceptor interfaces. Vibrational modes of
ligands are also sensitive to their bonding interactions with nanocrystal surfaces, which enables chemists to directly probe the
molecular nature of charge trap states in colloidal quantum dot solids. Because of the ability to connect electrical properties with
the underlying molecular species, scientists can use ultrafast vibrational spectroscopy to address fundamental challenges in the
development of emerging electronic materials.

In this Account, we focus on two applications of vibrational spectroscopy to examine electronic processes in OPV and CQD
photovoltaic materials. In the first application, we examine archetypal classes of electron acceptors in OPV materials and reveal
how their molecular structures influence the dynamics and energetic barriers to CT state formation and dissociation. In the second
application, we discuss the surface chemistry of ligand—nanocrystal interactions and how they impact the density and energetic
distribution of charge trap states in CQD photovoltaic materials. Through direct observations of the vibrational features of ligands
attached to surface trap states, we can obtain valuable insights into the nature of charge traps and begin to understand pathways
for their elimination. We expect that further examination of electronic processes in materials using ultrafast vibrational
spectroscopy will lead to new design rules in support of continued materials development efforts.

1. Introduction

Many emerging electronic materials targeting high through-
put low temperature processing are molecular in nature.
Examples include organic semiconductors for organic thin
film transistor, light emitting diode, and photovoltaic appli-
cations in which the active electronic materials consist of
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conjugated molecules'? or polymers.>* Inorganic material
systems involving molecular moieties include colloidal
quantum dot or nanocrystalline systems in which molecular
ligands are used to passivate dangling bonds and control
crystal growth.> Molecular ligands used in nanocrystalline
systems are typically exchanged or removed to achieve
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desirable material properties such as dense packing and
high charge carrier mobility.

The utilization of molecular species either as active ma-
terials or as precursors causes the structure and character-
istics of molecules to figure prominently in the electronic
properties of many emerging materials.° 8 Electrical tech-
niques have long existed to characterize with high sensitivity
charge carrier mobilities, defect state densities, and their
energeticdistributions in materials. However, the techniques
do not provided detailed information about the molecular
species that give rise to these properties. Ultraviolet, X-ray,
and electron microscopy techniques commonly used to
characterize materials are capable of providing chemically
specific information. These techniques examine majority
species in materials and as such have limited applicability
to examine defects that are typically minority species.

Ultrafast infrared spectroscopy is uniquely positioned to
examine molecular species in emerging electronic materials
because it combines ultrafast time resolution with measure-
ment of vibrational spectra of materials.®~'! The method is
not a replacement for traditional electrical characterization
techniques but provides unique complementary informa-
tion to draw closer the link between underlying molecular
structure and the corresponding electronic properties. A
summary of infrared spectroscopy techniques to examine
fundamental charge separation, transport, and trapping
processes in functional electronic materials has recently
been reported.'? This Account focuses on applications of
the techniques to address (1) the influence of molecular
structure on fundamental charge carrier dynamics in organic
photovoltaic (OPV) materials®® and (2) the surface chemistry
of ligand—nanocrystal interactions and the influence that
the associated trap states have on charge transport in
colloidal quantum dot (CQD) photovoltaics.®”

2. Charge Carrier Dynamics in OPVs

To date, fullerenes are unique in their ability to function as
acceptors in high efficiency organic solar cells.'® Consider-
able effort has focused on the development of alternatives
to fullerenes as electron acceptors because the anticipated
cost structure for manufacture of organic solar cells is more
favorable if fullerenes can be replaced. Numerous promising
alternative acceptors have been identified, but none have
led to devices with power conversion efficiencies that ap-
proach those achievable with fullerene-based electron
acceptors.'?

In an effort to identify the origins of the apparent unique-
ness of fullerenes as electron acceptors in organic solar cells,
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FIGURE 1. (A) Molecular structures of select organic semiconductors
used to examine the influence that electron acceptor structure has on
photocurrent generation in OPV materials. (B) Energy filtered transmis-
sion electron microscopy image representing a sulfur map of a 1:1 by
mass P3HT:PCBM polymer blend. The polymer forms crystals imbedded
in an amorphous mixture of the polymer and fullerene. (Adapted with
permission from ref 8. Copyright 2012 American Chemical Society.)

solvatochromism assisted vibrational spectroscopy (SAVS)'>
was used to examine the primary events leading to charge
separation in materials containing two archetypal classes
of electron acceptors, fullerenes, and perylene diimides,
blended with the conjugated polymer donot, regioregular
poly(3-hexylthiophene) (P3HT, Figure 1A).2 The fullerene
derivative examined in the study, [6,6]-phenyl-Cg;-butyric
acid methyl ester (PCBM, Figure 1A), represents the class of
pseudo-three-dimensional electron acceptors that have
been successfully utilized in organic solar cells. In contrast,
the perylene diimide derivative, bis-tertiarybutylphenyl sub-
stituted perylene diimide (BTBP-PDI, Figure 1A), represents
pseudo-two-dimensional electron acceptotrs.
Understanding how electron acceptor structure influences
the mechanisms of charge photogeneration in organic solar
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FIGURE 2. lllustration of the ultrafast SAVS approach to measure
formation and dissociation dynamics of CT states specifically at inter-
faces in OPV materials. Following optical excitation, the dynamics of CT
state dissociation are examined through the time-dependent evolution
of the vibrational frequencies in the system. The SAVS approach enables
unambiguous observation of charge transfer state (D" —A~) formation
and subsequent dissociation to form charge separated states (D*- - -A™).
(Adapted from ref 15.)

cells requires detailed investigation of electronic processes
in materials such as that represented in the energy filtered
transmission electron micrograph appearing in Figure 1B.'%"7
The image reveals an intricate network of electron/donor—
acceptor interfaces where several processes occur that
strongly influence the efficiency of photocurrent generation.
The processes, represented in Figure 2, include light absorp-
tion to form excitons, electron transfer at donor/acceptor
interfaces to form charge transfer (CT) states, and dissociation
of CT states to form charge separated (CS) states.'®'®

The SAVS approach takes advantage of the sensitivity of
vibrational modes to their local molecular environments*°
to directly examine charge carrier dynamics specifically
at interfaces. This sensitivity causes molecules at electron
donor/acceptor interfaces that are involved in the formation
of CT states to be distinguishable from molecules involved in
CS states through differences in their vibrational frequencies.
The cartoon in Figure 2 depicts this sensitivity and its use to
directly examine charge separation. Because CT states ini-
tially form at donor—acceptor interfaces,'® electrons occupy
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FIGURE 3. Transient visible pump-infrared probe spectra of (A) P3HT:
PCBM polymer blend measured at 300 K and (B) P3HT:BTBP-PDI
polymer blend measured at 325 K. Carbonyl bleach features due to
electron transfer from photoexcited P3HT to the acceptors are super-
imposed on broad polaron absorptions. The time dependent shifts of
the carbonyl bleach center frequencies to lower values are highlighted
by the dashed curves. (Adapted with permission from ref 8. Copyright
2012 American Chemical Society.)

acceptor molecules having unique vibrational frequencies
due to solvatochromism. As electrons dissociate from CT
states to form CS states, they occupy molecules having lower
vibrational frequencies. This process gives rise to transient
vibrational features exhibiting time-dependent frequency
shifts that can be monitored to directly measure the time
scales for CT state dissociation.®

The ultrafast SAVS approach consists of several ultrafast
vibrational spectroscopy techniques used in concert. Two-
dimensional infrared®' and other infrared pump—probe
techniques® are used to characterize the dynamics of vibra-
tional modes of molecules in their ground electronic state
potentials. Photophysical and photochemical processes are
examined through the frequency evolution of vibrational
modes using ultrafast visible pump-infrared probe experi-
ments.® To date, the SAVS approach has been applied to
electron acceptors with carbonyl vibrations. Molecules with
other vibrational modes can now be examined opening
opportunities to study a wide array of organic semiconduc-
tor systems.

Ultrafast infrared transient absorption spectra measured
around 300 K at several time delays following visible ex-
citation of polymer blends incorporating PCBM and BTBP-PDI
appear in Figure 3A and B, respectively.? The conjugated
polymer, P3HT, serves as the electron donor in both systems.
The spectra exhibit broad electronic transitions characteristic
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FIGURE 4. Time dependent carbonyl bleach center frequencies obtained from P3HT:PCBM (A) and P3HT:BTBP-PDI (B) polymer blends versus the
corresponding time delays for several temperatures. The inset in panel A demonstrates that charge separation occurs on the nanosecond time scale in
the P3HT:PCBM blend. Plots of the logarithms of the average rates of charge separation versus inverse temperature in the P3HT:PCBM and P3HT:
BTBP-PDI are displayed in panels C and D, respectively. Schematic diagrams of the influence of molecular structure on the delocalization of electronic
wave functions and free energy barriers to charge separation are displayed in panels E and F for the PCBM and PDI blends with P3HT. The data suggest
that PDI molecules with two-dimensional topology exhibit stronger Coulomb forces and larger reorganization energies to charge separation in
comparison to fullerenes that have three-dimensional topology. (Adapted from ref 12.)

of polaron absorptions in conjugated polymers that are
superimposed onto transient vibrational features of the car-
bonyl stretch modes of the acceptors. The transient vibra-
tional spectra, termed carbonyl bleach features, arise from the
depletion of neutral ground state acceptor molecules due to
electron transfer from P3HT. The dashed curves in both sets of
transient absorption spectra highlight the time evolution of
the center frequencies of the carbonyl bleach features. The
shift of the carbonyl bleach spectra toward the equilibrium
center frequencies has been shown to result from CT state
dissociation at electron donor/acceptor interfaces to form CS
states.>'®

2.1. Influence of Acceptor Structure on Barriers to
Charge Separation. The influence that acceptor structure
has on free energy barriers to charge separation in OPV
materials can be examined by temperature dependent
measurements of the charge separation process using
SAVS.2 Figure 4A and B displays the time-dependent center
frequencies of the carbonyl stretch modes of PCBM and BTBP-
PDI in their respective blends with P3HT plotted versus the
corresponding time delays at which the transient spectra were
measured. In both cases, the time dependent frequency shifts

are indicative of the time scale for charge separation. Approx-
imate barriers to charge separation are obtained from analysis
of the temperature-dependence of charge separation rates in
both systems. Figure 4C and D represents the logarithms of the
average rates plotted versus inverse temperature for the PCBM
and BTBP-PDI blends with P3HT, respectively. The logarithms
of the average rates of charge separation in the P3HT:PCBM
blend appearing in Figure 4C are temperature invatiant within
experimental precision indicated by the error bar. The data
demonstrate that charge separation occurs by an activation-
less pathway in accord with temperature dependent measure-
ments of charge photogeneration in P3HT:PCBM photovoltaic
devices. >3

In contrast to the weak temperature dependence ob-
served in the PCBM polymer blend, the rate of charge
separation in the blend of P3HT with BTBP-PDI depends
sensitively on temperature, indicating that the process oc-
curs via a thermally activated pathway.? An approximate
activation energy of 0.1 eV is obtained by consideration of
the slope of the line formed by the lowest temperature data
points. This value for the activation energy should only be
considered approximate given the limited data set from
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which it is obtained. The transition from stronger to weaker
temperature dependence between 200 and 300 K occurs
when the time scale of charge separation approaches the
free-induction decay time of the carbonyl vibrational modes.
Frequency shift dynamics occurring faster than the free-
induction decay time affect the spectrum of the vibrational
mode rather than the time-dependence of the center fre-
quency. The SAVS approach is currently being extended to
examine other vibrational modes with broader spectral
linewidths that will enable exploration of faster charge
separation.

The observation of distinct bartiers to charge separation
in the P3HT:PCBM versus P3HT:BTBP-PDI polymer blends
can be understood in terms of the influence of molecular
topology on delocalization of electronic wave functions as
represented in Figure 4E and F. Prior temperature dependent
measurements of electron transfer rates demonstrate that
increased delocalization leads to weak temperature de-
pendence®*?> because of the smaller associated reorgani-
zation energies.”>2° Increased delocalization also gives rise
to more distributed charge distributions within CT states
such that the Coulomb binding energy of electron hole
pairs is smaller. Applied specifically to the PCBM system,
electrons transferred to PCBM molecules are capable of
delocalizing over the entire conjugated framework of the
fullerene. Because fullerenes are comparatively large (each
is about 1 nm3), electron delocalization onto only a few
molecules enables extended charge densities that are close
to the Coulomb capture radius of ~10 nm when energetic
disorder is taken into account.'®

In contrast, the conjugated framework of BTBP-PDI mol-
ecules is smaller, planar, and anisotropic. As represented in
Figure 4F, the smaller, planar structure requires that electron
density be delocalized over many more PDI molecules to
obtain similar delocalization of charge distributions as can
be achieved with fullerenes. X-ray diffraction studies indi-
cate that BTBP-PDI molecules are not highly crystalline in
blends with P3HT® but are more crystalline than PCBM.*’
Although the electronic coupling between PDI molecules
can on average be greater than between fullerenes
(as seen in the faster charge separation dynamics in BTBP-PDI
system), the coupling strength between anisotropic mole-
cules depends sensitively on both intermolecular distances
and angles.?® Consequently, planar conjugated molecules
are less able to accommodate disorder while still supporting
charge delocalization and efficient charge transport.

2.2. Influence of Acceptor Structure on Photovoltaic
Devices. The observation of distinctly different energetic
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FIGURE 5. Comparison of -V curves of photovoltaic devices measured
under 100 mA/cm? simulated solar illumination (curves labeled light)
and under dark (curves labeled dark) conditions. The upper and lower
panels represent data measured in devices containing P3HT:PCBM and
P3HT:BTBP-PDI polymer blend active layers, respectively.

barriers to charge separation in the P3HT:PCBM versus the
P3HT:BTBP-PDI polymer blends suggests that Coulomb
forces are stronger and reorganization energies are larger
in the BTBP-PDI system. A key prediction based on this
conclusion is that charge recombination (geminate and
bimolecular) should be more pronounced in the P3HT:
BTBP-PDI polymer blend than in the P3HT:PCBM blend.
The light and dark current—voltage (I-V) curves (Figure 5)
measured in optimized organic solar cells fabricated using
the P3HT:PCBM (upper panel) and P3HT:BTBP-PDI (lower
panel) polymer blends are consistent with this prediction.
The data reveal a 20-fold reduction in photocurrent in the
P3HT:BTBP-PDI device. It is understood that the photocur-
rent collected from a solar cell is determined by a number of
factors including light absorption, exciton splitting, CT state
dissociation, and charge transport. However, the observa-
tion of 20-fold reduction in photocurrent provides confirma-
tion that indeed charge generation and transport are
significantly reduced in the P3HT:BTBP-PDI polymer blend.

The shapes of the /—V curves in Figure 5 can be further
interpreted using a model proposed by Giebink and co-
workers?%3° who showed that electrical properties of OPV
devices such as open-circuit voltage (Voo and fill factor (FF)
are strongly influenced by electron donor/acceptor electro-
nic coupling and by competition between CT state dissocia-
tion and recombination (termed polaron pair recombina-
tion*?39). Indeed, improvements of the Voc and FF of
organic solar cells have been correlated with lower electro-
nic coupling and greater energetic disorder specifically at
donor/acceptor interfaces.3'? Viewing the -V curves
in Figure 5 from this perspective, the lower Voc of the
P3HT:BTBP-PDI devices suggest stronger donor/acceptor
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FIGURE 6. (A) Time-resolved infrared spectra of PbS CQD films passivated by EDT, MPA, and Br~ measured 500 ns following optical excitation of the
bandgap of the films. Narrow vibrational features are superimposed onto broad electronic transitions. (B) Cartoon illustrating the origin of trap-to-band
transitions giving rise to the broad electronic transitions observed in the spectra. (C) Comparison of the band gap transition energies with the corresponding
average mid-IR transition energies of PbS CQD films treated with various ligands. (D) Schematic diagram illustrating the origin of trap-to-band transitions in
quantum dots. The large ligand-related scatter coupled with the appearance of ligand vibrational features indicate that trap-to-band transitions are
responsible for the broad electronic transitions appearing in panel A. (Adapted from refs 6 and 7 (Copyright 2012 American Chemical Society)).

electronic coupling and less efficient CT dissociation in
comparison to the PCBM system (from consideration of their
excited state energy levels). The SAVS studies provide in-
dependent support for this interpretation. The faster CT state
dissociation observed in the P3HT:BTBP-PDI polymer blend
indicates that BTBP-PDI molecules are more strongly
coupled to each other and by extension to neighboring
P3HT conjugated segments. The observation of activated
charge separation in the P3HT:BTBP-PDI system and inter-
pretation in terms of more localized charge distributions is
consistent with stronger Coulomb forces that bind hole/
electron pairs to donor/acceptor interfaces, leading to lower
net efficiency of CT state dissociation. Because device per-
formance can depend on many variables that are not al-
ways controlled, it is generally difficult to interpret the
shapes of I-V curves in terms of specific molecular interac-
tions. This example highlights the type of complementary
information obtained from SAVS studies that enables de-
tailed interpretation of /—V curves in terms of specific influ-
ences that acceptor molecular structures have on the
electrical properties of OPV materials.

3. Charge Trapping in Colloidal Quantum Dot
Photovoltaics

Colloidal quantum dot or nanocrystal materials combine
favorable properties of near-IR absorption, delocalized
wave functions, and high dielectric permittivity of inorganic

semiconductors with the solution processability and
flexibility of organic or hybrid materials.>®> The need to
maximize electronic overlap of nanocrystals while simulta-
neously minimizing the density of surface defect states for
efficient charge transport creates new opportunities to un-
derstand and control the interaction of ligands with nano-
crystal surfaces>* A number of strategies have been
explored in an effort to achieve this balance in metal
chalcogenide CQD materials.®3>~38 These efforts have
yielded dramatic gains in majority carrier field effect mobi-
lities in CQD films.3” However, minority carrier mobilities,
that strongly affect photovoltaic device performance, indi-
cate further improvements are needed in surface passiva-
tion for continued development of CQD materials as high
efficiency photovoltaics.333>3¢ Because it can be challen-
ging to characterize the extent of ligand exchange in nano-
crystalline materials,>® new experimental methods are
needed to correlate the density and energetic distribu-
tion of surface defect states with the underlying ligand-
nanocrystal interactions that give rise to those states.®”
TRIR spectroscopy was recently combined with electrical
measurements to examine charge recombination lifetimes
and carrier mobilities of PbS CQD photovoltaic materials and
to correlate those properties with the undetlying ligand-
nanocrystal interactions.®” The transient infrared spectra
appearing in Figure 6A were measured at 500 ns time delay
following 532 nm excitation of PbS CQD films treated with
Vol. 46, No. 7 = 2013
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1,2-ethanedithiol (PbS-EDT), 3-mercaptopropionic acid
(PbS-MPA), and bromide ions (PbS-Br). In all cases, the PbS
films were deposited under conditions identical to state
of the art photovoltaic devices used for the electrical
measurements.

Two principal spectroscopic features appear in each
spectrum: broad electronic transitions covering the mid-
infrared (mid-IR) region and narrow vibrational features
corresponding to functional groups of the ligands. The
sequence of light—matter interactions giving rise to these
features is summarized schematically in Figure 6B. First,
excitons are created by bandgap excitation of the PbS CQDs
resulting in electrons and holes in delocalized states of the
nanocrystals. Excitons can relax radiatively or nonradia-
tively back to the ground electronic state or dissociate via
interdot electron transfer to form free carriers that move
through the film or become trapped. The latter trapping
process is depicted in Figure 6B as the dashed diagonal
arrow (subsequent recombination or re-emission to band
states are not shown). The broad electronic transitions
appearing in Figure 6A arise from mid-IR excitation of
trapped carriers (electrons in the case of p-doped films) back
into core states of the nanocrystals. These transitions,
termed trap-to-band transitions,® are depicted as the solid
diagonal arrow in Figure 6B.

3.1. Assignment of Trap-to-Band Transitions. Assign-
ment of the broad mid-IR electronic transitions appearing in
Figure 6A to trap-to-band transitions rather than intraband
transitions is based on lack of correlation of the mid-IR
transition energies with the bandgaps of the PbS CQDs and
on the appearance of transient vibrational features of the
ligands.” Figure 6C represents a collection of average mid-IR
transition energies measured in PbS CQD films treated with a
variety of small ligands plotted versus the corresponding
bandgap transition energies of the films. The data labels
correspond to the acronyms for the ligands used to treat the
films: EDT = 1,2-ethanedithiol, PrDT = 1,3-propanedithiol;
BuDT = 1,4-butanedithiol; PeDT = 1,5-pentanedithiol; HDT =
1,6-hexanedithiol; 1,2-BzDT = 1,2-benzenedithiol; 1,4-BzDT =
1,4-benzenedithiol; MPA = 3-mercaptopropionic acid;
Br— bromide; and Cd—Br=bromide treated films pretreated
with Cd-tetradecylphosphonic acid. The data reveal little or
no correlation that would be expected between the mid-IR
and bandgap transitions if the mid-IR transitions arose from
intraband transitions such as those observed in colloidal
solutions of CdSe quantum dots.**4!

Instead, the variation of mid-IR transition energies of the
PbsS films is dominated by the nature of the ligands used to
1544 = ACCOUNTS OF CHEMICAL RESEARCH
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passivate the PbS surfaces possibly via mixing of surface and
core states.*? Consequently, the broad electronic transitions
appearing in Figure 6A are assigned to trap-to-band transi-
tions in which electrons (holes) are excited from localized
states associated with the ligands back into delocalized core
states of the quantum dots.” The vertical arrows connecting
the below-gap states labeled AE in Figure 6D represent
schematically the trap-to-band transitions observed in the
PbS CQD films.

The appearance of narrow vibrational features in
Figure 6A provides further support of the trap-to-band
transition assignment. Excitation of electrons or holes from
localized surface trap states to core states of the CQDs
changes the charge distributions experienced by the surface
bound functional groups of the ligands. The effect is most
pronounced in the MPA treated PbS films because the
carboxylate group is a strong infrared chromophore and is
directly attached to the quantum dot surfaces. The narrow
negative-going vibrational features in the PbS-MPA spec-
trum around 0.18 eV (1405 and 1520 cm ') correspond to
the vibrational spectra of carboxylate groups attached to Pb
sites* before electrons (holes) are localized in the vicinity of
the ligands. After localization, the spectra of the carboxylate
groups shift to lower frequency giving rise to the positive-
going peaks on the lower frequency side of the negative-
going features. PbS CQD films treated with other ligands
exhibit similar perturbations specific to their vibrational
spectra due to the localization of charge carriers near their
surfaces.

Importantly, the initial amplitude of the trap-to-band
transitions appearing in Figure 6A are correlated with the
measured band-tail density of states below the conduction
band in PbS CQD films treated with EDT,*> MPA,3¢ and Br—®
ligands. The band-tail density of states in the films, obtained
from zero-bias capacitance measurements, reveal a 20-fold
reduction in the trap state density comparing EDT and
Br~ passivated PbS CQD films. The trap-to-band transition
intensities exhibit a 10-fold reduction comparing the same
films, further supporting the assignment of the transitions
to the absorption of trap carriers in the nanocrystalline
materials.

3.2. Ligand—Nanocrystal Interactions Influence Electri-
cal Properties. The ability to probe trap-to-band transitions
in PbS CQDs provides opportunities to understand how
ligand-nanocrystal interactions affect the electrical properties
of the corresponding photovoltaic materials. For example,
the time-dependent amplitudes of trap-to-band transitions
can be used as a direct measure of charge recombination
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FIGURE 7. (A) Kinetics traces measured at the peaks of trap-to-band
transitions of PbS CQD films following optical excitation indicating
the dynamics of charge recombination. (B) Plot of the average charge
recombination lifetimes versus the average trap energies measured
from transient infrared spectra of the corresponding films. (C) Plot of
the minority carrier (electron) mobility of PbS CQD films versus the
average charge trap energy of the films. The reduced charge trap
density of the Br~ passivated film results in a 20-fold increase in the
mobility-lifetime product in comparison to the EDT treated film.
(Adapted from ref 6.)

dynamics.” Kinetic decay traces appearing in Figure 7A
represent the dynamics of charge recombination in EDT,
HDT, MPA, and Br~ treated PbS CQD films following band-
gap excitation of the films. The average charge recombina-
tion lifetimes of films are displayed in Figure 7B versus the
corresponding average trap energy. The data reveal that
the average charge recombination lifetime is correlated
with the average charge trap depth in PbS nanocrystals.
Importantly, there is a 10-fold reduction of the charge
recombination lifetime comparing the Br— and EDT treated
films.

Thin film transistor measurements of PbS CQD films
passivated by EDT, MPA, and Br~ demonstrate that the
minority carrier mobility increases 200-fold comparing
EDT and Br~ treated films (Figure 7C).° The variations among
the charge recombination lifetimes and charge carrier mo-
bilities are anticorrelated as expected for diffusion controlled
bimolecular charge recombination processes. However,
the increase in electron mobility is much greater than the
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FIGURE 8. (A) Infrared absorption spectra PbS CQD films passivated by
MPA and Br~ ligands. (B) Transient infrared absorption spectra of the
corresponding PbS CQD films measured 500 ns following bandgap
excitation. The Br~ treated film exhibits a vibrational feature around
1300 cm™" indicating that residual organic species closely associated
with charge traps remain in the film.

corresponding decrease in charge recombination lifetime of
the Br~ passivated PbS CQD films. These findings indicate
that ligand—nanocrystal interactions, tuned by the choice of
passivating ligands and material processing conditions,
strongly impact the mobility-lifetime products of CQD
materials.” The improvements in charge trap density and
electron mobility comparing EDT, MPA, and Br~ passivated
films are associated with significant gains in power conver-
sion efficiency ranging from 2% for EDT treated devices>® to
6% for Br~ treated devices.®

Time-resolved infrared spectroscopy is uniquely posi-
tioned to identify molecular species in materials that are
associated with defects through their vibrational modes.
An example highlighting this capability is represented in
Figure 8. The infrared absorption spectra appearing in
Figure 8A were measured in MPA and Br~ treated PbS CQD
films. The spectrum of the MPA treated film exhibits vibra-
tional features that are characteristic of the organic ligand.
The absence of vibrational features in the spectrum of the
Br~ treated film results from ligand exchange chemistry that
is designed to replace all organic ligands with the Br~ ions®
such that all vibrational modes of the material are expected
to be low frequency. Represented in Figure 8B are time-
resolved infrared spectra of the MPA and Br~ treated PbS
CQD films measured 500 ns after 532 nm excitation. The
transient spectra of both films exhibit broad trap-to-band
transitions with superimposed narrow vibrational features.
In the case of the MPA treated film, the appearance of the
vibrational features is expected and indicates the perturba-
tion of carboxylic vibrational modes of the ligands by charge
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trapping. Surprisingly, narrow vibrational features are also
observed in the Br~ treated film even though no organic
species are supposed to be present in the film. The appear-
ance of this feature indicates that residual organic species
remain in the film and that they are closely associated with
charge traps. These findings suggest that more complete
removal of residual organic species will decrease the density
of charge traps with corresponding improvements in elec-
tron mobility, CQD film density, and device power conver-
sion efficiency.

4. Conclusions and Future Directions

The emergence of materials targeting solution phase or low
temperature processing is creating new opportunities to
understand the influences that molecular structure and
composition have on electronic properties of materials.
The example material systems described here highlight
some of the capabilities that come with the use of infrared
spectroscopy to probe the nature and dynamics of transient
electronic species through their vibrational features. For
OPVs, the sensitivity of vibrational modes to their local
molecular environments provides opportunities to probe
electronic processes specifically at electron donot/acceptor
interfaces and to elucidate the influence that molecular
structure and crystallinity have on the primary events lead-
ing to photocurrent generation. In colloidal quantum dot
photovoltaics, vibrational modes of ligands are sensitive to
ligand—nanocrystal interactions and local electrostatic po-
tentials. Probing the vibrations of ligands provides a means
to correlate the density and energetic distribution of charge
traps to the underlying ligand—nanocrystal interactions. It is
expected that the examples included in this Account will
motivate continued development of vibrational spectrosco-
py techniques to understand and ultimately control the
influences that molecular structures have on electronic
processes in emerging materials.
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