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ABSTRACT: State-of-the-art organic photovoltaic (OPV) materials are composed of
complex, chemically diverse polymeric and molecular structures that form highly
intricate solid-state interactions, collectively yielding exceptional tunability in
performance and aesthetics. These properties are especially attractive for semi-
transparent power-generating windows or shades in living environments, greenhouses,
or other architectural integrations. However, before such a future is realized, a broader
and deeper understanding of property stability must be acquired. Stability during
operating and environmental conditions is critical, namely, material color steadfast-
ness, optoelectronic performance retention, morphological rigidity, and chemical
robustness. To date, no single investigation encompasses all four distinct, yet
interconnected, metrics. Here, we present a multimodal strategy that captures a
dynamic and interconnected evolution of each property during the course of an
accelerated photobleaching experiment. We demonstrate this approach across relevant
length scales (from molecular to visual macroscale) using X-ray photoelectron spectroscopy, grazing-incidence X-ray scattering,
microwave conductivity, and time-dependent photobleaching spectroscopies for two high-performance semitransparent OPV
blends—PDPP4T:PCA,,.BM and PDPP4T:IEICO-4F, with comparisons to the stabilities of the individual components. We present
direct evidence that specific molecular acceptor (fullerene vs nonfullerene) designs and the resulting donor—acceptor interactions
lead to distinctly different mechanistic routes that ultimately arrive at what is termed “OPV degradation.” We directly observe a
chemical oxidation of the cyano endcaps of the IEICO-4F that coincides with a morphological change and large loss in
photoconductivity while the fullerene acceptor-containing blend demonstrates a significantly greater fraction of oxygen uptake but
retains 55% of the photoconductivity. This experimental roadmap provides meaningful guidance for future high-throughput,
multimodal studies, benchmarking the sensitivity ofthe different analytical techniques for assessing stability in printable active layers,
independent of complete device architectures.

A Multimodal Approach >

Aesthetics Performance
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1. INTRODUCTION as the retention (or loss) of PCE over time. However,
comparisons between studies—even ones involving the same
active layer—are challenging due to the diversity in device
architectures (active layer compositions, contact selections,
encapsulation strategies, environmental, and stress-testing
conditions) and the undetermined effects of film processing
and additives. Postmortem quantitative analysis of buried
interfaces and the ambiguity in deciphering mechanistic insight
from a current—voltage curve continue to be major hurdles.
Alternatively, chemical degradation studies on the components
of'the active layer alone can provide mechanistic context, such
as photocatalyzed oxygen addition to molecular frameworks.

Organic photovoltaics (OPV) have advantages of being
lightweight, flexible, and offer synthetic control of properties
such as color and transmissivity.l Manufacturing scalability,
low energy payback times, and excellent color-tunability
attributes have made these devices extremely attractive for
portable and point-of-use solar applications, such as solar tents,
windows, and PV-integrated greenhouses.2-5 Efficiencies
continue to improve, with certified single junctions approach-
ing 18% power conversion efficiency (PCE) to date,6
capitalizing on five decades of multidisciplinary research into
structure—property design rules for OPV materials. Of
particular note is the historic development of nonfullerene
acceptors (NFAs), which provide additional degrees of Received:  June 30, 2021
freedom in chemical tunability compared to fullerene
predecessors.7

The final frontier for OPV commercialization is stability,
particularly as NFAs have introduced new complications
toward its understanding.§ Generally, OPV stability is defined
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Figure 1. (a) Multimodal approach to OPV active layer degradation and applied techniques including UV—visible absorption, time-resolved
microwave conductivity (TRMC), X-ray photoelectron spectroscopy (XPS), and grazing-incidence X-ray diffraction (GIXD). (b) Chemical

structures of PDPP4T, IEICO-4F, and PC60BM (left to right).

Yet, these quantifiable investigations struggle to provide device
context, often ignoring the role of chemically induced traps to
reduction in efficiencies and/or underlying changes in
microstructure. Herein, we bridge the disparate device and
chemistry approaches and focus on the complex, intercon-
nected factors of stability. We define stability as a deviation to
reference in four specific criteria: intrinsic molecular chemistry
(both inter- and intramolecular chemical/thermal/photo-
stability as alterations to chemical bonds), blend morphology
stability (the dynamic physical arrangement of the mixed
semiconductors), retention of optoelectronic processes (ex-
citon dissociation, charge mobility, carrier lifetime), and color
steadfastness—all of which are interrelated and translate to and
have an impact on performance, application, and operating
lifetime.

Figure la shows the schematic overview of applying a
multimodal approach that disentangles all four of the
previously believed inextricable property—performance rela-
tionships (material color steadfastness, optoelectronic perform-
ance retention, chemical robustness, and morphological
rigidity) for a set of neat and blended OPV heterojunctions
during accelerated photoabsorption stress testing.

Our measurement toolbox includes: (i) accelerated degra-
dation as both a function of photon flux and time in the
ambient environment, coupled with in situ absorptance
measurements (UV—vis) to track color changes; (ii) time-
resolved microwave conductivity (TRMC) to assess changes in
photoconductivity and the dynamic excited state processes
involved in photoinduced charge generation and transport;
(iii) X-ray photoelectron spectroscopy (XPS) to capture any
potential intrinsic chemistries at the inter-and intramolecular
levels; and (iv) grazing-incidence X-ray diffraction (GIXD), or
scattering, to monitor intermolecular packing and blend phase
changes. This information must be known to anticipate how
new structures and blend compositions may fare during

operation over time and collectively examining these data
enable us to bridge the gap between device and chemistry
degradation studies.

Ambient photobleaching and in situ absorptance measure-
ments (i) are accomplished via the automated in situ
photobleaching spectrometer (AIPS), which has been
previously described.9 In brief, the AIPS affords simultaneous
photobleaching of multiple films in ambient with automated
transmission and reflection measurements taken periodically.
Where the AIPS affords a real-time in situ monitoring of color
changes, the other tools in our multimodal capability are
discrete, necessitating samples at specific degradation setpoints
for characterization. The optoelectronic performance (ii) of
the blends was quantified via TRMC, which requires samples
to be placed in the path of both a pulsed laser and a
microwave, but allows for photoconductivity measurements of
films on bare substrates, consistent with the other experimental
methods. TRMC is a laser-pump microwave-probe technique
that monitors the time-resolved evolution of photoinduced
carrier generation and recombination dynamics in stand-alone
films, ie., a film that is deposited on bare quartz with no
electrical contacts or extraction layers present.10,11 For this
study, we rely on TRMC data to complement and inform a
deeper understanding of how the optoelectronic properties of
each blend film were affected by the accelerated photo-
bleaching experiment with respect to the additional changes
that were characterized using our multimodal approach. The
chemical environments (iii) of neat and blended films are
investigated using XPS, necessitating the collection of
photoelectrons in ultrahigh vacuum. Chemical analysis of the
materials demonstrates the key spectroscopic signatures of
each molecular component in the core levels as well as enables
some insight into bond breakage and/or formation in the
materials. Finally, morphological characterizations (iv) are
made by combining the results of two GIXD techniques that
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Figure 2. (a) FA vs wavelength progression for neat PDPP4T over 20 h of ambient light exposure, (b) PDPP4T FA vs APD and exposure time at
the 0—! transition peak wavelength (715 nm), (c) FA vs APD of PDPP4T and blends at 715 nm, and (d) color changes throughout exposure.

require synchrotron radiation due to the low scattering profiles
of organics. The techniques are grazing-incidence wide-angle
X-ray scattering (GIWAXS), informing on the intermolecular
spacings of semicrystalline regions in the neat and blended
films, and grazing-incidence small-angle X-ray scattering
(GISAXS), which gives the average size of domains in the
blended heterojunctions. Combining these methods, we
strategically demonstrate the power of such a multimodal
approach using prototypical materials that have potential in
semitransparent OPV applications.

First, we focus on a low-band-gap polymer poly[2,5-bis(2-
octyldodecyl)pyrrolo[3.,4-c]pyrrole-1,4(2H,5H)-dione-3,6-
diyD)-alt-(2,2";5',2";5",2""-quaterthiophen-5,5"'-diyl)]
(PDPP4T), shown in Figure Ib. This donor polymer was
chosen as it is commercially available, has demonstrated a high
hole mobility,I” represents a modern push-pull polymer
design, and has redox levels that favor high charge separation
probabilities with our common acceptors (PC60BM and
IEICO-4F), all of which are expected from high-efficiency
OPV systems. The highest molecular orbital of~5.2 eV should
result in an intrinsically stable ground state to oxygen
reactions, while we hypothesize that the 4.0 eV LUMO
could participate in photooxidation of the excited state.l'
Additionally, we note the unique reporter sulfur atoms on the
push unit relative to the nitrogen atoms on the pull unit,
enabling localized information on chemical degradation via
XPS.

To give broader context to both historical and emerging
blended architectures, PDPP4T was paired with PC60BM and
IEICO-4F. These two heterojunctions represent two viable
options for semitransparent device applications covering both
approaches to accomplish the same: blending with an acceptor

that absorbs more UV (PC60BM) vs one that absorbs more
NIR (IEICO-4F). In either case, power conversion efficiencies
of 5.62% for PDPPAT with a fullerene (PC70BM) and 9.13%
for IEICO-4F blendsll,15 have been published, and we note
that devices have already been engineered with nearly
complete visual transparency while retaining reasonable
efficiencies as demonstrated by Lee et al. for PDPP4T:IEI-
CO-4F (5.7%).11 We demonstrate that our approach uniquely
captures the fullerene vs NFA interactions within the host
polymer, desirable aesthetics but different absorption profiles,
and significantly different innate chemical reactivities and
morphological packing tendencies.

While a number of possible mechanisms exist in degradation
of organic semiconductors (radical propagation, oxygen
addition, residual catalyst effects),I”16 in the application of
our multimodal approach, we quantify degradation against the
number of photons absorbed by the sample, rather than
focusing on time passed, to account for the differences in
absorption profiles and intensities between samples. This
allows us to both quantify the chemical degradation
hypothesis, where light is considered a reactant, and give
context to thermally assisted diffusion leading to micro-
structure instabilities. A number of demonstrations exist
whereby the donor is stabilized by pairing with an accept-
or, "I'~l" although we have also observed that this is not
always the case.ll

In the following sections, we describe a path to understand
degradation especially in this category of OPV materials (i.e.,
where aesthetics matter as much as if not more than
performance), yet the multimodal approach is not limited to
semitransparent OPV. Our findings and multimodal approach
lay foundational groundwork for use-inspired and targeted
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investigations of OPV material stability that in turn enables a
more informed decision-making process when selecting or
designing OPVs for applications that require robust long-term
performance and aesthetics.

2. RESULTS AND DISCUSSION

2.1. Aesthetics—Photobleaching via AIPS. We selected
to degrade the organic semiconductor materials in ambient
conditions using the AIPS system as an accelerated
degradation protocol. Monitoring the photobleaching kinetics
is a high-level approach to qualitatively evaluate changes in
optical bandgap and observe indications of chemical and/or
microstructural instability as optical transitions in the donor
and acceptors evolve during light soaking. In general, OPV
materials stored in inert, dark conditions predominantly exhibit
minimal color change, whereas materials exposed to con-
tinuous photon dosing (light soaking) in ambient display rapid
lightening and/or decolorization in a matter of hours to days.
These generalizations have been used to argue in support of a
photo-assisted decomposition mechanism involving oxygen,
predominantly assumed to be interacting with the excited state
of the donor material.I3 We therefore monitor the absorption
profiles and intensities of the neat and blended films while
exposed to continuous illumination in ambient.

Figure 2a shows the fractional absorptance (FA) changes of
neat PDPP4T over 400—1000 nm as a function of time. The
primary absorption features of PDPP4T were completely lost
after 20 h of exposure, illustrating the unstable nature of the
neat donor materials. Comparative changes in FA for the pure
acceptor films (PC60BM and IEICO-4F) as well as the blends
are given in the Supporting Information (Figures SI—S5).

In Figure 2a, as-cast PDPP4T (¢ = 0, APD = 0) has a
maximum at 780 nm (1.59 eV), attributed to the 0—0 vibronic
transition and a slightly higher-energy/lower-wavelength
shoulder at 715 nm (1.73 eV) associated with the 0—I
transition. There is also a high-energy transition at ~440 nm
(~2.8 eV) that is due to intrinsic DPP (pull unit)
chromophore absorption, to be differentiated from the lower-
energy O—I transition of the full repeat unit.21-24 The 0—0
transition, while theoretically forbidden, occurs due to the
intricacies of intermolecular interactions, disorder, and
relaxations that occur with Ji—Jj stacking of polymer
chains.25-27 We note that no Jr—r stacking was detectable in
GIWAXS for the polymer, either as-cast or partially degraded.
However, we observe an initial 0—0:0—1 ratio of 1.07. With
photobleaching, disruption of the 0—O0 transition advances
more rapidly than that of the O0—I transition and eventually
results in a 0—0:0—1 less than I.

We focus herein on the 0—I transition of PDPP4T at 715
nm to elucidate the impact of photodegradation on the
intrinsic absorption mechanism of the donor and to allow for
direct comparison to polymer color change when incorporated
in the blended heterojunctions. Specifically, PC60BM absorp-
tion is negligible at 715 nm and the absorption feature of
IEICO-4F is stable in this region (Figures S2 and S3). Figure
2b shows the FA of PDPP4T at 715 nm vs time and APD for
comparison, where the APD was calculated using the spectral
output from the illumination source and the transient FA
spectra. For studies focusing on light as a reactant, APD is a
better choice, as it allows for comparison between materials
that absorb differently (both spectrally and intensity). More
explicitly, materials photodegraded for the same amount of
time may have absorbed drastically different photon doses, and

www.acsami.org Research Article

thus would have different probabilities of degradation iflight is
a reactant.

Figure 2c shows the comparative FA of the polymer 0—I
transition wavelength (715 nm) in 1:1 blend ratios with either
acceptor. For context, the color changes throughout exposure
time as calculated from absorptance data are given in Figure
2d. In both cases, we observe that the acceptors suppress
photodegradation of PDPP4T, hypothesized to be due to
donor—acceptor charge transfer competing with radical-
initiated photooxidation of the donor excited state, with
absorptance loss of neat PDPP4T being significantly reduced
in blends. Both acceptors stabilize the 0—I transition of the
donor to the same degree past 10 X 1024 photons m-2 and
both materials in the blends were still contributing to the color
and absorption even after 120 h of exposure (Figures S4 and
SS).

We highlight two phenomena in Figure 2c: differences in the
initial rate of PDPP4T 0—I| peak loss, a reduction for the
IEICO-4F blend and increase for the PC60BM blend relative to
neat PDPP4T, and eventual stabilization in both blends after
~30% FA loss. This photodosing window suggests that in both
blends, a certain favorable kinetic pathway is retained which
favors photobleaching. One rationale is to attribute the lost
chromophores to a near-pure amorphous phase of the donor.
Photogenerated radicals in this phase have no proximal
acceptor to be scavenged by and charge transfer to a different
phase is less efficient due to the lack of crystallinity. The rate of
PDPP4T FA loss in the IEICO-4F blend exhibited a clear
initial reduction in slope compared to neat PDPP4T and
eventual stabilization to ~70% FA past 10 X 1024 APD where
neat PDPP4T had lost all absorbing capability. Interestingly,
the initial (0—2 X 1024 APD) rate of FA loss for PDPPAT in
the PC60BM blend was greater than that of neat PDPP4T, but
then slowed and as in the case ofthe IEICO-4F blend, became
stable around 70% FA past 10 X 1024 APD. We ascribe these
differences to the convolution of two key attributes of the
blends: relative D:A mixing and participation of the A in
absorption of the photobleaching spectrum.

Fullerene derivatives with relatively low electron affinities
have been demonstrated to catalyze photooxidation through a
mechanism; Hoke et al describe this as “both the polymer and
fullerene donate photogenerated electrons to diatomic oxygen
to form the superoxide radical anion which degrades the
polymer”.18 It is possible this mechanism is occurring here but
we readily note in the study by Hoke et al, PC60BM had the
highest EA of fullerenes considered and was demonstrated to
stabilize degradation. Alternatively, as discussed in the
microstructure section below, the as-cast PC60BM blend had
domains of pure acceptor, indicating some degree of phase
segregation, whereas the IEICO-4F blend was highly mixed.
This implies there is a greater fraction of the photooxidation-
susceptible, near-pure, amorphous PDPP4T in the fullerene
blend to start. We observe that the acceptor domain sizes for
both blends were equivalent by the d-degraded setpoints,
which explains why the two blends’ FA curves converge to
~70% FA. In tandem, the IEICO-4F absorption spectrum
overlaps with that of PDPP4T, implying that some fraction of
the APD resulted in radicals generated in the relatively stable
acceptor and not the donor, effectively removing that fraction
of light as a reactant for donor photooxidation. In contrast,
PC60BM only absorbs in the near UV and has marginal overlap
with PDPP4T. Since the photobleaching spectrum is
predominately visible to near-IR (Figure S6), nearly all of
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Figure 3. (a) Photoconductivity as end-of-pulse (p”p vs fluence as determined by TRMC for the as-cast and 5-degraded blends, (b) Normalized
(p"\p transients for different fluences color-coded in panel a for the as-cast and 5-degraded blends.

the APD for that blend originates in the donor, increasing the
probability of the degrading reaction pathway.

As previously mentioned, while the AIPS affords a real-time
in situ monitoring of absorption profiles, our other techniques
require specific degradation setpoints to investigate the
remaining stability criteria. Thus, we identified 5-degraded
setpoints (green) in Figure 2, which correspond to 20% loss of
peak absorption, independent of exposure time or accumulated
photon dose (APD), to further elucidate the onset in
photodegradation. Specifically, we hypothesize that the
observed 20% FA loss corresponds to a detectable level of
chemistry and/or microstructure, but as the films are not
completely photobleached, heterojunctions would still dem-
onstrate measurable photoconductivity and carrier lifetimes.
Each ofthese effects is described in more detail below for neat
and blends, where appropriate.

2.2. Performance—Photoconductivity via TRMC.
Time-resolved microwave conductivity (TRMC) measure-
ments were performed to assess the intrinsic photoconductivity
of the films before and after photobleaching. Notably, the
TRMC figures of merit (yield-mobility product, and
average photoconductivity lifetime, ravg) intrinsically qualify
the material from a photovoltaic perspective, and have been
shown to correlate to power conversion efficiency in optimally
fabricated OPV devices.28-31 Therefore, TRMC is valuable for
characterizing changes in optoelectronic performance, enabling
us to distinguish intrinsic degradation within the active layer
without the need for fabricating a complex device stack around
it. Figure 3 shows the intensity dependence of (p”p (a) and
the normalized photoconductivity transients (b) from which
(p"p and tau are determined for the PDPP4T:IEICO-4F and
PDPP4T:PC60BM blends.

For the as-cast blends, the sat values (Figure 3a) are in
the range of 0.1—0.2 cm2/Vs, which is not surprising taking
into account high hole mobilities observed in DPP-based
polymers.12 After photobleaching to the 5-degraded positions,
the blends exhibit strikingly different losses in (p”yisat; a 55%
loss is observed for the fullerene blend, whereas a 98% loss is

observed for the nonfullerene blend, a trend consistent with
reported efficiency losses of FA vs NFA blended devices.32 We
note that even though the 5-degraded condition for the
IEICO-4F blend has overlapping absorption between the
donor and acceptor, the fraction of light absorbed for each
sample at each condition is accounted for in the FA term of'the
TRMC analysis. In Figure 3a, the lines are fits of the data,33'34
using eq |

S Mt 1+ VsyA + CigFA )

where A, B, and C are empirical fitting parameters used to
interpolate to a low-fluence saturated value (Zp"\psan
corresponding to | sun intensity (ca. 109 photons cm-2). At
high excitation fluences, the data depicts a square root
dependence, primarily ascribed to higher-order recombination
losses within and immediately following the 5 ns laser pulse. In
principle, the most highly intermixed regions of'the film would
be most susceptible to higher-order recombination at high
intensities since the spatial proximities (interaction proba-
bility) ofexcitons and free carriers would also be the highest in
these regions of the film. Such a situation would be
corroborated by a dramatic spread in photoconductivity
lifetime between the lowest and highest fluence data, which
is indeed observed.

Figure 3b shows normalized photoconductivity transients for
the blends as-cast and at 5-degraded conditions, recorded over
3 orders of magnitude of 800 nm excitation intensity, colored
to correspond directly to the <p”p vs fluence plot in Figure 3a.
Each as-cast blend exhibits a large spread in average lifetime
from the highest to lowest fluence transient (7—163 ns for the
IEICO-4F blend and 15—516 ns for the PC60BM blend),
which is consistent with each film initially having some regions
composed of finely mixed donor and acceptor. Lifetime values
are extracted using biexponential fits of the data as shown in
Figure S7 with the average lifetime determined by the equation
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Figure 4. (a—e) Percent atomic concentration of oxygen for films as-cast, left in the dark in ambient for 120 h, partial and 5-degraded, and
photodegraded in ambient for 120 h. (f) Fits of percent atomic concentration of oxygen vs APD throughout 120 h of photodegradation.

AT + AT

where 15 and g are the short- and long-time constants,
respectively, and As and A; are their weighting coefficients.

The pre- and post-degraded transients also reveal significant
changes to the lifetimes in each blend; in both cases, the loss of
photoconductivity signal at earliest times (rs) is the most
pronounced change and is most significant for the highest
fluences measured. For example, comparing between the as-
cast the 5-degraded transients at the highest excitation
intensity, the fractional contribution of rs to the average
lifetime shrinks from 98 to 83% for the IEICO-4F blend and
from 94 to 78% in the PC60BM blend. Meanwhile, the rs value
itself increases from 3 to 9 ns and 5 to 8 ns for the IEICO-4F
and PC60BM blends, respectively. Clearly, the photocarrier
generation and recombination processes that occur at earliest
times are affected most by photobleaching. Combining these
transient insights with the relative changes in <y»2/Cat (fe.,
biggest drop for the IEICO-4F blend), we seek to more clearly
understand the origins (and more importantly the different
origins from different acceptors) behind these observations
using additional information provided by the complementary
techniques in our multimodal approach.

2.3. Chemistry—Photoinduced Changes via XPS.
2.3.7. Oxygen Uptake. Time- and accumulated photon dose-
dependent changes in chemical environments were evaluated
using X-ray photoelectron spectroscopy (XPS), which allows
for investigation of reporter atoms on individual moieties of
the push-pull architecture and in some cases, chemical
resolution between donor and acceptor materials. Using XPS,
the C Is, O Is, N Is, S 2p, and F Is (where applicable) core-
level spectra were taken to investigate chemical changes
accompanying photobleaching. We first consider the uptake of
(chemically bonded) oxygen in each of the films in dark and
light ambient conditions. Figure 4a—e shows the percent

atomic concentrations for as-cast and 5-degraded films, as well
as films left in the dark and under illumination for 120 h for the
neat materials and blends.

Briefly, the total atomic concentration of oxygen was
quantified to provide a first approximation of underlying
photooxidation chemistry. In the PDPPA4T film (Figure 4a) the
oxygen concentration increases from 2.2% (as-cast) to 8.4% (5-
degraded), corresponding to an increase from two to six
oxygen atoms on average per monomer. We correlate this
oxygen uptake with the ~20% loss in FA and note that it
occurred in approximately 2.5 h, though we remind that time is
not a substantial reactant. The oxygen concentration of 19.8%
after 120 h corresponds to completely photobleached PDPP4AT
(occurring after only 20 h). We note that films cast from
chlorobenzene (all except neat PDPP4T) had a small amount
of silicone contamination from solution processing that
contributes to the O Is quantification.35 A ~20% loss in FA
of the neat acceptors for 5-degraded setpoints could not be
reached in reasonable time frames due to their relative
stability; thus, partial degradation setpoints were used
analogous to the blends. IEICO-4F (Figure 4b) demonstrated
much lower oxygen uptake, only increasing from as-cast
concentrations by 2.2% after 4 h, and by 4.5% after 120 h,
while also retaining color and absorption. We observed only a
~30% loss in peak FA over the full 120 h (Figure S2). This
marginal uptake and FA loss imply that IEICO-4F is highly
resistant to photooxidation. Flowever, as shown in Figure 4c,
PC60BM readily exhibited oxygen uptake, demonstrating a
15.3% increase in concentration after 24 h and a 19% increase
after 120 h. Yet PC60BM had negligible changes to color and
absorption across measured wavelengths (Figure S3), implying
that the chromophore functionality of PC60BM is highly
resilient to the addition of chemically bonded oxygen.

The ~20% loss in FA measured at the wavelength associated
with the PDPP4T 0—I transition (715 nm) in both blends
indicates the degree to which photoinduced chemical changes
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Figure 5. (a) C Is, (b) O Is, (c) N Is, and (d) S 2p core-level XPS spectra for as-cast and 5-degraded PDPP4T.

Table 1. Chemical Assignments to X-ray Photoelectron Spectroscopy Peak Fits in Figure 5¢

PDPP4T XPS peak fits As-cast <5-degraded
orbital assignment BE (eV) FWHM (eV) area (%) BE (eV) FWHM (eV) area (%)
Carbon Is sp2 284.95 1.07 32.3 284.95 1.15 24.8
sp3 285.45 1.07 48.4 28545 1.15 49.6
= o 286.50 1.20 13.7 286.50 111 15.4
= Fo 287.90 1.20 5.7 287.90 1.12 5.0
c(=o0)o 289.15 1.15 52
Oiygen Is C=0 native 531.25 1.20 75.6 531.40 1.26 4.0
c=o0, c(=o)o 532.83 1.60 15.0 532.66 1.69 66.0
= o 534.30 1.60 9.4 534.14 1.69 30.0
Nitrogen Is Amide 400.40 1.14 902 400.40 1.18 27.9
Ox. Amide 401.20 1.21 5.1 401.20 1.21 53.3
N-O 402.20 1.27 4.7 402.20 1.25 18.9
Sulfur 2p C-S 3/2 164.65 1.00 57.4 164.80 1.09 54.0
Cc-S 172 165.81 1.00 29.5 165.96 1.09 275
C-S' 3/2 166.20 1.05 8.7 165.60 1.14 122
C-S' 1/2 167.36 1.05 44 166.76 1.14 6.3

“S 2p spin—orbit components fit with a 2:1 intensity ratio for the S 2p3/2 and S 2pl/2 and 1.16 eV peak separation.

disrupted chromophore functionality and we reemphasize that
PDPP4T experienced this particular degradation mechanism
equivalently in both blends by the S5-degraded setpoint.
Further, the oxygen concentration in the PDPP4T:IEICO-4F
(Figure 4d) blend increased from 6.3 to 11.9% with
degradation but increased from 6.8 to 18.0% in the blend
with PC60BM (Figure 4e). We note that the PDPP4T:IEICO-
4F blend was photodegraded for almost twice as long as the
fullerene blend and accumulated almost 4 times the photon
dose, to achieve the ~20% loss in FA, and yet still had a lower
oxygen uptake. Yet, the fullerene blend retained a greater
percentage of optoelectronic performance as measured by
TRMC, indicating that photooxidation is not the dominating
degradation mechanism.

Figure 4fshows the oxygen content for all films vs APD, and
the constant increase of the PDPP4T fit suggests that the
polymer continues to photo-oxidize until completely bleached.
The acceptors, however, exhibit different behavior: both
appear to reach a saturation of oxygen content, approximately
10% (atomic concentration) for IEICO-4F and 25% for
PC60BM, though the probability of a photoinduced oxygen
reaction in the fullerene is higher, as the material reaches its
saturation point at much lower doses than the nonfullerene.
Consistent with the stabilizing effect of the acceptors on
PDPP4T absorption observed with the ALPS, the blended
heterojunction oxygen contents also reach an oxygen
saturation with photon dose. This is consistent with the
proposed hypothesis that the near-pure, amorphous phase of
the donor is particularly susceptible to degradation. Alter-
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Figure 6. (a) C Is and (b) N Is core-level XPS spectra for as-cast and 5-degraded IEICO-4F.

natively, when acceptors are in proximity, or with efficient
charge transfer pathways to the donor, enabling electron
scavenging before the radical-initiated oxygen reaction can
occur; the result of which are domains of the donor
“protected” from photooxidation that we observed as
continued absorption at the O—1 transition in blends far past
the 20 h at which neat PDPP4T was completely photo-
bleached. The saturation of oxygen content in the blends, 17%
for the IEICO-4F blend and 26% for the PC60BM blend, are
thereby predominately from the combination of completely
photo-oxidized PDPP4T, from the aforementioned susceptible
regions, and saturated acceptor domains. We reiterate that
despite the lower oxygen uptake of the IEICO-4F blend, the
ability of the active layer to photogenerate separated charges
was more greatly reduced than that of the PC60BM blend. We
now move beyond quantifications of oxygen addition and take
a closer look at specific chemical alterations resulting from
photodegradation that may elucidate this incongruent loss in
photoconductivity.

2.3.2. Chemical Changes to the Neat Donor Material.
Chemical analysis of the neat materials demonstrates the key
spectroscopic signatures of each molecular component in the
core levels as well as enables some insight into bond breakage
and/or formation in the materials. We emphasize herein that
quantitative mechanistic descriptions of bond breaking and
forming are beyond the scope ofthis work, but rather, we focus
on qualitative assessments to connect the above optical
changes to chemical modifications of different functional
groups on the polymer and acceptor molecules. We first look
to the donor; Figure 5 shows the changes in the C Is, O Is, N
Is, and S 2p core levels of neat PDPP4T before and after
degradation to the 5-degraded setpoint. Additional core-level
spectra for neat PDPP4T, IEICO-4F, PC60BM, as well as
blends are provided in the SI, including dark/ambient control
data (Figures S8—S12) and full degradation data (Figures
S13—S17). For reference, Table | provides the relative peak
assignments for Figure 5, including the binding energy, full
width at half-maximum (FWHM), and percent composition
within each core-level spectrum.

In Figure 5a, the as-cast PDPP4T film shows four unique
regions in the C Is. The lower binding energy peaks at ~285
and ~285.5 eV correspond with sp2- and sp3-hybridized
carbons, respectively, and collectively, comprise 80.7% of the
total carbon signal. The higher-binding-energy peaks at 286.5
and ~288 eV are associated with carbon contributions in the
DPP unit, where the latter is due to the amide carbon of the

pyrrolidone and correlates with the peak in the O Is spectrum
at ~531.3 eV (Figure 5b).36-38 Photooxidation studies on

PBDTTPD,39 PTB7-Th,40 PTB7,4 P3HT,4 and
PCPDTBT,43 which share chemical structural components
with PDPP4T, have shown increases in both C—O and C=0
bonds, including evolution of carbonyls, esters, and carboxylic
acids. Comparison with the PDPP4T 5-degraded C Is
spectrum shows an increase in peak intensities >286 eV
(Figure 5a: green/red). We attribute the increase in the 286.5
eV (Figure 5a: green) to evolution of C—O bonds (oxidation),
which appears in O Is as an increase in the ~534.3 eV peak
(Figure 5b: green). Similarly, increases in C Is greater than
287 eV (Figure 5a: red) originate from carbon species with
higher-order bonds with oxygen (carbonyls, carboxylic acids,
etc.) that correspond to BEs between 531 and 533 eV (Figure
5b: red) in O Is.

Recalling the significant increase from two to six oxygen
atoms per monomer, the N Is spectra in Figure 5c show an
increased signal intensity at higher BE with degradation,
consistent with the reported increase in oxygen uptake and
complementing the observation of oxygen addition (through
bonds) in the C Is spectrum, particularly ofthe carbon species
in the DPP unit and alkyl chains. This is supported by the
nature of the pull unit to attract electron density, making it
more likely a site for a radical attack with oxygen due to
electronic and structural distortions. Assuming DPP and/or
side chain localized oxidation, the proximity of this reaction to
the embedded Nitrogen explain the emergence of Nitrogen
species with more tightly bound core electrons. With
degradation, the peak at 400.4 eV (Figure S5c: blue) that
corresponds to the amide (O=C—N) groups in the DPP units
is reduced and two new peaks at higher BE emerge. Again, the
complexities of exact chemical environment are beyond the
scope of this work, but we speculate that the peak at 401.2 eV
(red) comes from amide N atoms in close proximity to
oxidized C species, convolving contributions from alkyl chain
and amide groups. Subsequently, considering the relationship
ofincreased nucleophile BE with degree of oxygen interaction,
combined with identification of the N atom to be prone to
electrophilic attack, we associate the peak at 402.2 eV (green)
with nitro compounds (direct N—O bonding).24,44 Direct
oxidation of the N atoms necessitates a lost bond with an
adjacent C, resulting in an opened DPP unit or loss of alkyl
chain, and we note that chemical alterations of this magnitude
would likely disrupt chromophore functionality and contribute
to the ~20% loss of the O—I transition. We highlight that the
identified nitro compounds, likely associated with opened DPP
units, contribute to 18.9% ofthe N Is signal.

The S 2p spectra consist of doublets arising from spin—orbit
coupling, resulting in S 2p3/2 and S 2pl/2 with a fixed ratio of
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Table 2. Chemical Assignments to X-ray Photoelectron Spectroscopy Peak Fits in Figure 6

IEICO-4F XPS peak fits As-cast <5-degraded
orbital assignment BE (eV) FWHM (eV) area (%) BE (eV) FWHM (eV) area (%)
Carbon Is c-Cc 284.54 1.21 73.8 284.83 1.22 753
cam) C-O, C-F 285.75 1.27 18.0 286.08 1.23 16.2
CN, C=0 287.11 1.30 8.2 287.42 1.30 8.4
Nitrogen Is CN 598.97 1.24 61.1 399.25 1.20 50.1
O=ON 400.20 1.36 19.9 400.37 135 344
A-A 402.15 1.49 19.0 402.58 1.49 15.5

Table 3. Intermolecular Spacings of Semicrystalline Regions in As-Cast and *-Degraded Films, the Latter Denoted by Columns

with (%)
GIWAXS PDPP4T
observable peaks 9: W
~degradation product (100) (200) (100)*  (200)*

As-cast PDPPP4T 2327 11.42
IEICO-4F
PC60BM
PDPPAT :IEICO-4F
PDPP4T :PC60BM 21.67 11.02

A-degraded PDPP4T 23.27 11.64 16.98 9.67
IEICO-4F
PC60BM
PDPP4T :IEICO-4F 9.52
PDPP4T :PC60BM 21.67 11.02

2:1 in height, with a relative binding energy difference of 1.16
eV and equivalent FWHM. In Figure 5d, we observe a decrease
in the higher-binding-energy species, with the S 2p3/2 shifting
from 166.2 eV for the as-cast film (gold) to 165.6 eV for the 5-
degraded setpoint, although there is almost no shift for the §
2p3/2 peak ascribed to the thiophene units. As oxidation has
been identified to be occurring on the pull (nitrogen-
containing) unit of the push-pull polymer, we correlate this
with minimal oxidation of the thiophene units of the push
component. We hypothesize that the shift in the S 2p minority
species from the high-BE-tail state toward lower BE arises from
the redistribution of electron density due to the addition of
chemically bonded oxygen to the pull units. We cannot rule
out the presences of sulfates; when degraded for 120 h (Figure
SI3), far beyond the ~-degraded setpoint, we observe the
emergence ofnew sulfur species consistent with oxidized sulfur
and/or ring opening of thiophene units as have been identified
in previous reports for thiophene containing organic semi-
conductors.20'41-4345

2.3.3. Chemical Changes to the Neat Acceptor Materials
and Blended Heterojunctions. We look next to the XPS ofthe
neat acceptors. Figure 6 shows the changes in the C Is and N
Is core levels ofneat IEICO-4F before and after degradation to
the ~-degraded setpoint. For reference, Table 2 provides the
relative peak assignments for Figure 6, including the binding
energy, FWHM, and percent composition within each core-
level spectrum.

With only a 2.2% increase in oxygen content, the
photoinduced chemical changes to the IEICO-4F C Is core-
level spectra in Figure 6a are negligible and the S 2p and F Is
spectra were unaffected (Figure S14). We attribute the C Is
peak at ~284.5 eV (blue) to sp2- and sp3-hybridized carbons,
the peak at ~286 eV (green) to native C—O and C—F groups
as well as contributions from crux carbons in the
indacenodithiophene core and indanone endcaps, and the

IEICO-4F PCHIBM
9.7 (A) o (A) 9.7 (A) 9: (A) 9.7 (A)
(100)  (100)  (010)*  (010) =1y @=1* (@=1)
341 20.94
8.49 8.49
341 20.27
22.44 8.49
15.71 20.94
9.24 16.11
341 15.71 20.27
22.44 8.49

peak >287 eV (red) to carbonyl and nitrile groups. In the N Is
spectra in Figure 6b, we observe a nitrile (C=N) (blue) peak
at ~399 eV and a peak at 402.5 eV (gold) that is associated
with intermolecular interactions between accepting units (A4-tfo-
A aggregation) ofthe nonfullerene molecules,46 consistent with
the observed semicrystalline regions of face-on IEICO-4F.
Additionally, there is an increase in relative intensity of the
peak at ~400.3 eV (Figure 6b: green) corresponding to an
oxidized nitrile group, identified as a chemical reaction site of
oxygen with similarly structured NFAs,47 and consistent with
the BE of the amide group previously identified for PDPP4T.
As discussed later, when incorporating X-ray scattering
techniques, this peak is attributed to underlying chemical
changes that alter the molecule’s miscibility and resulting A-fo-
A aggregation behavior. This result could have significant
impact in the broader area of NFA-based materials, as
oxidation of the accepting units on the periphery of the
molecule is critical for packing and charge transfer in blended
heterojunctions, which could in part explain the significant
decrease in observed photoconductivity in TRMC.

The fullerene acceptor, PC60BM, shows photooxidation as
cage reactions with oxygen in the C Is and O Is spectra
(Figure S15) consistent with the literature.194348 The blended
heterojunction spectra (Figures S16 and S17) exhibit peaks
consistent with linear combinations of the donor spectra with
those of the acceptors and no new peaks are distinguishable
that would indicate strong chemical interactions. The changes
to blend spectra with degradation are also consistent with a
combination of neat material degradation behavior, affirming
that the qualitative degradation mechanisms identified for neat
materials are active in the blends. In summary, XPS has
revealed specific degradation-induced chemical alterations to
each material in the blends: PDPP4T shows clear oxidation of
the DPP pull component; IEICO-4F exhibits oxidation on its
accepting nitrile endcaps; and PC60BM readily oxidizes on the
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cage surface. We note that while these observations and
quantifications of oxygen uptake do not explain the
incongruent loss in photoconductivity (greater oxygen uptake
but less photoconductivity loss in the fullerene blend),
chemical degradation taken in context with measured changes
in phase indicate a more clear picture for stability.

2.4. Microstructure—Physical Morphology Changes
via GIXD. The microstructure of an OPV active layer is
critically important for optoelectronic operation and X-ray
diffraction, or scattering, techniques can reveal these
morphological pictures.§,! 49,50 The intermolecular spacings
of semicrystalline regions in the neat and blended films were
investigated using grazing-incidence wide-angle X-ray scatter-
ing (GIWAXS). The two-dimensional detector images
converted to ¢-space for as-cast and ~-degraded films are
shown in Figure SI8, and the integrated cake slices in the gz
(out-of-plane) and gxy (in-plane) directions are shown in
Figure S19. The intermolecular spacings in angstroms from all
observable peaks are given in Table 3 for as-cast and S-
degraded films. Additionally, the average size of acceptor
domains in the blended heterojunctions was investigated using
grazing-incidence small-angle X-ray scattering (GISAXS). This
technique uses the contrasting electron density between phases
within a blended film to identify the average domain size,
herein given as average diameters, in the range of ca. 3—80 nm.
Two-dimensional GISAXS images are shown in Figure S20,
and the corresponding one-dimensional intensity vs g-space
figures with unified fits are given in Figure S21.

2.4.7. Microstructure of Neat Materials—Intermolecular
Spacings. As-cast PDPP4T shows an out-of-plane (100)
spacing of23.27 A and the accompanying (200) second-order
Bragg diffraction peak. The polymer adopts an edge-on
orientation as the (100) is attributed to lamellar packing and
no peaks associated with the Ji—J stacking direction are
observed.51 Upon degradation, the out-of-plane PDPP4T
intermolecular spacing peaks have reduced intensities and
there is a new (100) spacing of 16.98 A with an accompanying
(200) peak, suggestive of a chemical alteration (oxidation) on
the alkyl side chains of the edge-on oriented polymer.

As-cast IEICO-4F exhibits an out-of-plane 3.41 A s—ur
stacking peak and an in-plane 20.94 A lamellar peak consistent
with previous reports that indicate a face-on orientation.52-54
Upon degradation, the Jr—r stacking peak is reduced or
broadened to where it is no longer distinguishable while the
lamellar peak is still present, but the relative intensity has been
significantly reduced. We attribute this loss in crystallinity to
the oxidation of the peripheral nitrile groups observed with
XPS disrupting and reducing crystalline regions. A new out-of-
plane peak of 15.71 A also arises with degradation, supporting
our hypothesis of chemically induced IEICO-4F molecular
reorganization with the emergence of some edge-on crystalline
regions.

For PC60BM, both the out-of-plane and in-plane directions
show the characteristic 8.49 A (n = 1) intermolecular spacing
of the fullerene 55 Upon degradation, this peak is lost and two
new peaks, 16.11 and 9.24 A, appear in the out-of-plane
direction. The slightly increased intermolecular spacing from
8.49 to 9.24 A is evidence of fullerene cage reactions with
oxygen, consistent with the literature and previously
mentioned XPS oxygen concentration increases.l9, 6 PC60BM
is also known to readily dimerize when photodegraded,44-46
and the 16.11 A spacing (~2 X the as-cast spacing) supports
this occurrence 57-59

www.acsami.org Research Article

2.4.2. Microstructure of Blended Heterojunctions.
2.4.2.7. Intermolecular Spacings of Semicrystalline Regions.
In GIWAXS, the as-cast PDPP4T:IEICO-4F blend exhibits
both the out-of-plane and in-plane peaks of IEICO-4F but
there is no evidence of PDPPAT crystallization. Upon
degradation, these peaks are unaltered, but a lamellar peak
associated with PDPP4T and a 15.71 A peak corresponding to
face-on IEICO-4F emerge, indicating subtle microstructural
changes. The PDPP4T:PC60BM blend shows the (100) and
(200) peaks of edge-on polymer in the out-of-plane direction,
now corresponding to a slightly reduced spacing 0f21.67 A. In
the in-plane direction, the (n = 1) peak of PC60BM is apparent
as well as a lamellar peak 0f22.44 A, indicating the presence of
some face-on PDPP4T. Again, the identified peaks are
unaltered with degradation but while not observable, some
PC60BM dimerization is likely occurring in the fullerene blend
and contributing to reduction in photoconductivity {rp'Yifl)) as
supported by carrier mobility losses in devices 5§ These results
indicate that while both acceptors form semicrystalline regions
when blended with PDPP4T, the donor however only does so
with PC60BM. Additionally, the features corresponding to
degradation byproducts of neat materials are significantly
reduced in blends, supplementing observations of color (AIPS)
and chemical (XPS) stability enhancements in blends with
morphological rigidity. However, while the microstructure of
the fullerene blend was largely unaltered with degradation, the
nonfullerene blend shows evidence of molecular reorganiza-
tion.

2.4.2.2. Average Domain Sizes. The PDPP4T:IEICO-4F
blend did not have domains detectable within the ca. 3—80 nm
range of GISAXS, but upon degradation, new domains with an
average diameter of 16.4 nm were detected. GIWAXS results
indicated the crystalline presence of only the nonfullerene
acceptor in both as-cast and "-degraded films, which suggests
that the blend morphology was initially amorphous PDPP4T
with highly intercalated small grains (<3nm) ofpure IEICO-4F
acting as defects impeding the crystallization of the polymer. It
is highly unlikely that domains existed in the as-cast film that
were greater than 80 nm as this would result in large domains
ofpure PDPP4T that would be expected to crystallize. Further,
inspection with a microscope revealed a uniform film and no
visible domains were detected. Photodegradation then
provided the driving force for morphological rearrangement
and increased IEICO-4F miscibility allowing the small
molecule acceptor to phase segregate from the amorphous
polymer donor and grow to larger domains, although not
equivalent to the pure IEICO-4F material. In Section 2.4.1, the
increased miscibility of IEICO-4F and subsequent molecular
freedom in the neat film disrupted the semicrystalline regions
as detected by GIWAXS. Here, increased miscibility has
allowed for phase segregation increasing the average size of
IEICO-4F domains, domains that are not necessarily semi-
crystalline, and we do not observe an increase in relative
intensity ofthe NFA semicrystalline peaks, consistent with neat
IEICO-4F behavior. Phase instability has been previously
reported for polymer:IEICO-4F blends,60 including direct
contrast of NFA blend instability with the relative stability of
fullerene blends.32

The PDPP4T:PC60BM blend has average domain sizes of
18.0 and 16.9 nm for as-cast and "-degraded films, respectively.
As the GIWAXS results indicate the crystalline presence of
both donor and acceptor materials in both films, the
morphology of'this blend can be described as a semicrystalline
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Figure 7. As-cast to 5-degraded (left to right) polymer:nonfullerene (top) and polymer:fullerene (bottom) blends incorporating multimodal

experimental results.

polymer matrix with 17—18 nm domains of PC60BM,
consistent with prior analysis of polymer:fullerene thin
films.55,61,62 This blend morphology saw little change upon
degradation, indicating a stable physical arrangement, despite
many chemical changes. The significant phase segregation
observed in the IEICO-4F blend would be consistent with a
significant loss in photoconductivity since the interfacial area
between donor and acceptor is critical for exciton disassoci-
ation.

3. CONCLUSIONS

In summary, the combined results (TRMC, XPS, GIWAXS,
GISAXS) of'the multimodal approach for the two systems are
summarized in Figure 7.

The ~20% loss in FA measured at the wavelength associated
with the PDPP4T 0—I transition (715 nm) in both blends
indicates the degree to which photoinduced chemical changes
disrupted chromophore functionality, and we remind that
PDPP4T experienced this particular degradation mechanism
equivalently in both blends by the S5-degraded setpoint.
Further, the oxygen concentration in the PDPP4T:IEICO-4F
blend increased from 6 to 12% with degradation but increased
from 7 to 18% in the blend with PC60BM. Despite the higher
oxygen uptake of the fullerene blend and equivalent donor
absorption degradation, PDPP4T:PC60BM only lost 55% of
the photoconductive performance while the IEICO-4F blend
lost 98%. We attribute this incongruent loss in photo-
conductivity to phase instability of the nonfullerene blend. A
multimodal approach to degradation must be self-consistent
across experimental results and the interrelationships in this
material system between chromophore stability, charge-
generation capacity, chemical makeup, and microstructure all
agree. Specifically, we note that the phase segregation of
IEICO-4F evident in GISAXS is consistent with changes in
intermolecular spacings (GIWAXS) and is caused by oxidation
of the nitrile group as observed in XPS. The loss of D:A
interfacial area combined with photooxidation of PDPP4T
(observed in XPS and as absorption/color changes in AIPS)
resulted in the significant loss in photoconductive performance

(TRMCO). Similarly, the phase (GISAXS) and microstructure
(GIWAXS) stability of the PC60BM blend supports greater
retention of photoconductive performance (TRMC), while
photooxidation evident in XPS and AIPS is responsible for the
observed loss. These results could not have been obtained by
solely investigating color stability, performance, chemical
alterations, or microstructure, demonstrating why a multi-
modal approach is necessary for a complete understanding of
OPV active layer degradation.

4. EXPERIMENTAL SECTION

4.1. Sample Preparation. Preliminary work was performed with
PDPPAT provided by 1-Material, PC60BM provided by Nano-C, and
a sample of IEICO-4F from Solarmer Energy, Inc. PDPP4T and
PC60BM were later purchased from Ossila and IEICO-4F from 1-
Material. IEICO-4F and PC60BM films were spin-cast from 10 mg/
mL solutions in chlorobenzene and PDPP4T films were cast from a §
mg/mL solution in chloroform. Blended heterojunctions were cast by
mixing solutions with a solute weight dononacceptor ratio of I:1.
Approximately 50—150 uL of solution was deposited for spin-coating
and the general spin-coating recipe used for all films with slight
variations is as follows: (4000 rpm for | s)—(800 rpm for 45 s)—
(4000 rpm for | s). All solution processing took place inside nitrogen
gloveboxes and films were only exposed to light or ambient conditions
when undergoing experimentation.

4.2. Automated In Situ Photobleaching Spectrometer.
Samples were exposed to indoor ambient conditions with light
exposure of 120 mW/cml from a four-bulb DC halogen lamp
(Sylvania 58321) array. The samples were rotated continuously
during photobleaching to ensure uniform exposure and spectra were
taken at set intervals. The fraction oflight absorbed (FA) spectra was
calculated from the fraction reflected (FR) and fraction transmitted
(FT) as FA = 1-FT-FR. FR and FT spectra were collected by separate
spectrometers (Ocean Optics HR2000) fitted with a “six around one”
reflectance probe (Ocean Optics R400-7-SR) and a collimating lens,
respectively. The reflectance reference was an aluminum first surface
mirror. The accumulated photon dose was calculated using eq 3

accumulated photon dose(fj)

= CXFW,"H»-"<i)<Ud' A3)
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where is the degradation lamp array’s spectral photon flux. A six-

inch integrating sphere (Optronic Labs OL 1S-670) fitted with silicon
(Soma S-2441C) and InGaAs (Spectral evolution LF1250) diode
arrays were used to gather the spectral irradiance data of the
photobleaching light source, which was converted to photon flux
using the equation

o spectral irradiance(1)*1
- 7 4)

4.3. Time-Resolved Microwave Conductivity. Samples were
spin-cast onto fused quartz substrates (11 mm X 25 mm X | mm)
with ground and polished edges and secured in a brass X-band
microwave cavity. The cavity has a grating that is transparent to the 5
ns laser pulses that optically excite the sample to photogenerate
carriers but is reflective to microwaves. The light source is a Q;
switched NdrYAG laser operating at 355 nm that goes through an
optical parameter oscillator (OPO) for wavelength selection. A NIR
wavelength of 800 nm was used to excite the samples using the idler
beam. A beam expander was placed before the microwave cavity so
that each laser pulse fully illuminates the sample. A series of neutral
density filters were used to attenuate the laser so that photo-
conductance is measured for light intensities over several orders of
magnitude. The mobile carriers and their decay by recombination are
measured as time-resolved changes in absorbed microwave power.
The resulting transients are then fit with an exponentially modified
Gaussian (EMG) function.33,34 The transient change in photo-
conductance, AG exp(t), is given by eq 5

I AP(H)
K P (S)

where AP(?) is the change in microwave power due to absorption of
microwaves by the generated carriers and K is a calibration factor
experimentally determined from resonance characteristics of the
microwave cavity and the dielectric properties of the sample. The end-
of-pulse or peak photoconductance, AGEOP, can be related to the
product of the carrier generation yield, (j, and the sum of the high-

AG exp(f)

frequency electron, and hole, //h, mobilities in the film, by the
equation
AGBoP = p qell FA 4>Qie + //h) ©)

where f) = 2.2 is the ratio of'the interior dimensions of the waveguide,
ije is the electronic charge, /0 is the incident photon flux of the
excitation pulse, and FA is the fractional absorptance of the film at the
excitation wavelength. The AGEOP increases linearly with 7 at low
intensities but becomes sublinear as higher-order processes and carrier
generation yield limits become significant at higher intensities. The
TRMC figure of merit is the yield-mobility product, Sample
photoconductance can then either be evaluated by extracting at
specific intensities or by fitting <p”;< to the low-intensity region where
it is independent of absorbed photon flux.

4.4. X-ray Photoelectron Spectroscopy. XPS was performed
with a Kratos Axis Ultra X-ray photoelectron spectrometer with a
1486.6 eV monochromatic Al Ka source at a base pressure of 10 x
Torr. Photoelectrons were collected and analyzed using a hemi-
spherical analyzer and a photodiode array. A 20 eV pass energy was
used for all element-specific acquisitions, and the resulting spectra
were corrected using the Shirley background. Quantifications for
percent atomic concentration were done by area.

4.5. Grazing-Incidence Wide-Angle X-ray Scattering. GI-
WAXS experiments were carried out on beamline 11-3 at the Stanford
Synchrotron Radiation Lightsource (SSRL), equipped with a two-
dimensional Rayonix MX22S CCD area detector. The incident angle
of measurement was ca. 0.11—0.12° and the beam energy was kept at
12.7 keV. A LaB6 standard sample was used to calibrate the
wavelength and sample-detector distance. The obtained two-dimen-
sional images were converted from intensity versus pixel position to
intensity versus reciprocal space (q-space) using WAXS tools and
Nika macros in Igor 6.37.63 Two-dimensional images were reduced to
one-dimensional intensity versus qz- and gxy-space by integration of
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cake segments taken from chi of 0—IS and 73—88°, respectively.
Intermolecular spacings (d) were calculated from the inverse
coordinate by eq 750

dlkl = 2#/q (@)
4.6. Grazing-Incidence Small-Angle X-ray Scattering.

GISAXS experiments were carried out on beamline 1—5 at SSRL,
equipped with a Rayonix SX165 area detector. The sample-to-SAXS
detector distance was 3 m, and an X-ray energy of 8 keV at an
incidence angle of 0.18° was used. Calibration was done using silver
AgBe, and data was fit in Igor 6.37 with the Irena SAS modeling
macros using the unified fit model.64
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