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ABSTRACT We report a general light processing strategy for organic solar cells (0SC)

that exploits the propensity of the fullerene derivative PC4,BM to photo-oligomerize, which
is capable of both stabilizing the polymer:PC4,BM active layer morphology and enhancing
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the device stability under thermal annealing. The observations hold for blends of PCsoBM

Thermal annealing

with an array of benchmark donor polymer systems, including P3HT, DPP-TT-T, PTB7, and
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PCDTBT. The morphology and kinetics of the thermally induced PCsBM crystallization within g g " o
the blend films are investigated as a function of substrate and temperature. PCsoBM : ) .. j L ‘.' . /.f- .o
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nucleation rates on SiOx substrates exhibit a pronounced peak profile with temperature, e T eteee o o8 * e,

Temperature Temperature Annealing time

whose maximum is polymer and blend-composition dependent. Modest illumination (<10

mW/cm?) significantly suppresses nucleation, which is quantified as function of dose, but does not affect crystalline shape or growth, in the micrometer
range. On PEDOT:PSS substrates, thermally induced PC4oBM aggregation is observed on smaller (*100 nm) length scales, depending upon donor polymer,
and also suppressed by light exposure. The concurrent thermal dissociation process of PCsoBM oligomers in blend films is also investigated and the
activation energy of the fullerene—fullerene bond is estimated to be 0.96 = 0.04 eV. Following light processing, the thermal stability, and thus lifetime, of
PCDTBT:PCg,BM devices increases for annealing times up to 150 h. In contrast, PCDTBT:PC;,BM 0SCs are found to be largely light insensitive. The results are
rationalized in terms of the suppression of PCsoBM micro- and nanoscopic crystallization processes upon thermal annealing caused by photoinduced PC4oBM
oligomerization.
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in both fundamental and applied re-

search, since their discovery' and suc-
cessful large-scale synthesis,? due to their
promising optical and electronic properties.
They are, however, known to be extremely
light and oxygen sensitive, both in solution®
and in the solid phase, either evaporated
into neat fullerene films or blended with
polymers. The photoinduced transforma-
tion of neat fullerenes (Cgo and Cyq) has
been investigated since the early 1990s.*
Upon exposure to UV or visible radiation,
pristine fullerenes can be photopolymer-
ized by forming covalent intermolecular
C—C bonds between fullerene molecules
through a '2 4+ 2' cycloaddition mecha-
nism.? Oxygen greatly inhibits this process,

F ullerenes have attracted great interest
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attributed to O, molecules quenching the
photoexcited triplet state, which is thought
to be a necessary precursor to the photo-
polymerization process.*® In addition, light
exposure has been reported to greatly ac-
celerate the diffusion of any present O,
molecules into interstitial voids of the full-
erene lattice in the neat solid phase, ulti-
mately forming oxidized fullerene end-
products instead.*®

At present, fullerenes and their deriva-
tives (PCBM) are ubiquitously used as active
materials in numerous technological appli-
cations such as organic solar cells (OSCs),
transistors and other electronic devices. In
this work, we are concerned with the impact
of light upon the thermal morphological
behavior of solution processed polymer:
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Figure 1. Schematic representation of the adopted light processing methodology and relevant control variables. Blend films
or devices, without or with illumination, are represented as 'dark’' and 'light', respectively, throughout this paper. Light
exposure and the subsequent annealing steps in the present study were conducted in a nitrogen environment. A modest
fluorescent light source with irradiance ~10 mW/cm? was employed throughout most of this study, while an UV-A light
(365 nm, 2.5 mW/cm?) was used in comparative device studies. Chemical structures of the polymer repeat units and PCs,BM

are shown.

PCBM blends employed in OSCs. The fabrication of
such OSC generally involves the phase separation and
crystallization of active components, typically a stiff
conjugated polymer and a fullerene derivative, within
supported thin films obtained through a nonequili-
brium deposition process, such as flow or spin coating.
The control of phase separation morphology and crys-
talline structure of the heterogeneous films should
thus be given more consideration, just like power con-
version efficiency (PCE) and other device parameters in
designing OSCs of better performance, reliability and
lifetime.”

While Cgo can form relatively long polymeric struc-
tures under illumination (in the absence of oxygen),
phototransformation of its solution processable deri-
vative PCgoBM ([6,6]-phenyl-C61-butyric acid methyl
ester) results in dimeric or oligomeric structures.®~'°
Regardless of the extent of polymerization, both pho-
totransformed Cgo and PCsoBM have lower solubility in
organic solvents compared to their pristine state.*'°
Some research efforts have since focused on photo-
transformed neat PC¢,BM films, whose insoluble state
and retained electronic properties allow for selective
area solution processing and patterning of field-effect
transistor arrays.®'°

We previously reported that Cg( fullerenes can also
undergo photochemical transformation when blended
within styrenic and acrylic polymers, and this process is
effective in suppressing film dewetting and affects,
nontrivially, the Cgo association and crystallization
upon thermal annealing.!" Further, we recently eval-
uated the impact of the photoinduced transformation
to the performance of a model OSC system.'? Modest
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light exposure was found to induce significant PC¢cBM
transformation within carbazole donor polymer poly-
[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophe-
nediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl]
(PCDTBT) blend films, stabilizing blend morphology,
and improving device performance and lifetime upon
thermal annealing. An analogous increase in film
morphological stability following irradiation has also
been reported by Piersimoni et al.'®> on P3HT and
MDMO-PPV blended with PCgBM, and PCDTBT:
PC,0BM, although device performance changes were
not evaluated.

In this paper, we quantify the morphological impli-
cations of “light processing”, illustrated schematically
in Figure 1, and evaluate the generality of this ap-
proach as means to improving the thermal stability and
performance of OSCs. We focus in particular on the
analysis of mechanism and kinetics of thermally in-
duced PCgBM crystallization and its significant
suppression caused by light-induced PCs,BM oligo-
merization. The approach is tested on a range of
benchmark polymer:fullerene OSCs, namely, P3HT,
DPP-TT-T, PTB7, and PCDTBT:PC¢,BM blends, chemical
structures shown in Figure 1. The effect of illumination
on the long-term OSC thermal stability is also exam-
ined, as well as the effect of the supporting substrate
on film morphology, specifically contrasting silicon
oxide (SiOx) and PEDOT:PSS (poly(3,4-ethylenedi-
oxythiophene) poly(styrenesulfonate)), which is usual-
ly used as hole transport layer in OSC.

Our findings demonstrate that light processing can
be employed as a performance-enhancing fabrication
step, call into question the relevance of dark thermal
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Figure 2. Optical microscopy images showing annealed morphologies of polymer:PCs;,BM blend films on SiOx substrates
with (bottom row) and without (top row) prior light exposure. (a and b) PS:PC¢,BM (1:1); (c and d) PCDTBT:PC4o,BM (1:2);
(e and f) PTB7:PCsoBM (1:2); (g and h) P3HT:PCs,BM (1:2); (i and j) DPP-TT-T:PC¢oBM (1:2). Films at bottom panel were exposed
to fluorescent light (10 mW/cm?) for 165 min prior to annealing. PS, PCDTBT, and PTB7 blend films were annealed at 140 °C for
60 min, and P3HT and DPP-TT-T blend films were annealed at 140 °C for 6 min. Film thicknesses vary from 70 to 120 nm and are

identical for each dark and light polymer film pair.

stress stability studies as an assay of device durability,
and finally indicate that light exposure should at any
rate be monitored in order to ensure reproducibility of
device and morphological results, as illumination prior
to thermal stress affects polymer:fullerene blends in a
nontrivial manner.

RESULTS AND DISCUSSION

Light-Induced Suppression of PC;BM Crystallization. We
first consider the effect of light exposure on the
thermally annealed morphology of various polymer:
PCg0BM blend films supported on high surface energy
SiOx substrates (=73 mN/m). We investigate PCs,BM
mixtures with an array of polymers, namely, PS;
PCDTBT; PTB7; P3HT and DPP-TT-T. This range includes
both amorphous and crystalline polymers, as well as
significant variations in material energetics and optical
bandgaps. The top row in Figure 2 shows that without
light exposure, micrometer-sized PCgoBM crystalliza-
tion generally occurs during thermal annealing. On the
other hand, the additional light processing prior to
annealing drastically suppresses the formation of
large-scale PCsoBM crystals, resulting in largely uniform
film morphologies except for DPP-TT-T which exhibits
a more modest effect under these conditions, as illu-
strated in the bottom row of Figure 2. The results can
be rationalized in terms of PCs,BM oligomerization
induced by light processing, discussed below, which
evidently affects molecular diffusion properties during
annealing. The PC¢o,BM phototransformation process is
general for all polymer:PCsoBM OSC blends we have
studied so far, and it can significantly influence their
morphological properties.

In the absence of light exposure, PCsoBM crystal-
lizes upon annealing at 140 °C within 3—6 min in
semicrystalline P3HT and DPP-TT-T blends and
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approximately 1 h in amorphous PCDTBT, PTB7, and
PS blends, whose glass transition temperatures (Tg)
range from 12 °C (P3HT) to 106 °C (PCDTBT). Regardless
of quench depth (AT = 140 °C — T,), considerable
(or complete) crystallization suppression is found for all
polymers, as shown in Figure 2.

Selecting PCDTBT:PC¢,BM as a benchmark model
system, we next examine the mechanism and kinetics
of thermally induced PCqoBM crystallization and its
suppression by light exposure. Optical microscopy
images in Figure 3 highlight the influence of light
exposure on the nucleation and growth of PCs,BM
microscopic crystals in blends with PCDTBT as a func-
tion of annealing temperature. The insets show a
magnified view of the PCgBM crystals, showing the
evolution of their size and shape at various annealing
temperatures, with and without prior light process-
ing. A change in the shape of PCsoBM crystals (from
‘chromosome-like' to 'needle-like') was observed
above 160 °C which can be interpreted as a suppres-
sion of secondary nucleation and crystal branching
with increasing temperature, possibly associated with
a reduction in surface tension anisotropy.14

We next investigate the nucleation and growth
kinetics of the microscopic PCsoBM crystals within the
polymer matrix as a function of temperature. Optical
microscopy images in Figure 4a—e show their time
evolution at 143 °C from which the nucleation density
(Nd) and average crystal length (d) are extracted and
plotted in Figure 4, panels f and g, respectively. The
temperature dependence of the nucleation and
growth rates, estimated from the initial change of
crystal Nd and {d) per unit time (i.e., slope of the curve),
are plotted in Figure 4h,i.

In Figure 4h, the nucleation rate for films in our
control experiment (i.e., without light exposure, black
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Figure 3. Temperature dependence of PC¢,BM nucleation and growth in PCDTBT:PC4oBM (1:2) blend films (thickness = 80 +
3 nm) on SiOx substrates, annealed for 60 min at the indicated temperatures. Magnified insets show the evolution of PC5oBM
crystal number density, size, and shape at various annealing temperature. Inset scale bar: 50 um. Films in the bottom row were
exposed to fluorescent light (10 mW/cm?, 165 min) prior to annealing.
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Figure 4. (a—e) Optical micrographs showing PCscBM nucleation and growth kinetics (illustrated for 143 °C) in PCDTBT:
PCgoBM (1:2) blend film on SiOx substrates, and obtained nucleation density Nd, average crystal length (d) and the
corresponding rates (f and g). PCs,BM (h) nucleation (Nd) and (i) growth ((d)) rate analysis of PCDTBT:PC4,BM (1:2) films on
SiOx as a function of annealing temperature. Fluorescent light exposure (10 mW/cm?, 165 min) strongly suppresses PC;oBM
nucleation but does not measurably affect growth upon thermal annealing.

symbols) is found to peak around 140 °C and then to
drop abruptly thereafter. In contrast, the nucleation
rates for illuminated blend films (red symbols) are
significantly suppressed across all temperatures inves-
tigated. On the other hand, the growth rate exhibits
a monotonic increase with increasing annealing
temperature, with no measurable change in average
crystal length for films exposed to light, within

WONG ET AL.

experimental uncertainty, as shown in Figure 4i and
insets of Figure 3. The photo-oligomerization process
appears thus to affect the nucleation process (and
hence the crystal density), and do so dramatically,
but not the crystal growth.

The decrease in PCsoBM nucleation rate in unillu-
minated films takes place around 140 °C, which is
far below its neat melting temperature of 285 °C, see
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Figure 5. (a) Gel permeation chromatography (GPC) traces of redissolved PCDTBT:PC4,BM (1:2) blend films without (1) and
following (2) fluorescent light exposure (10 mW/cm?, 240 min). Traces (3)—(6) are GPC data of illuminated blend films
subjected to subsequent thermal annealing (in the dark) for 60 min at various temperatures. (b) Ratio between PCs,BM
oligomer and pristine PCs,BM population, based on GPC area fraction analysis, as a function of temperature. The solid lineis a
model fit (see text) and graph inset is an Arrhenius plot of the thermal dissociation rate constant k; from which activation

energy Ep of 0.96 + 0.04 eV is estimated.

Supporting Information Figure S1. According to classi-
cal crystallization theory,’>'® the crystallization of a
single component material drops when approaching
its melting point. This observation is thus likely to be
due to the reduced melting point of PC¢,BM in the
blend, by approximately 100—150 °C as found in P3HT:
PCeoBM.!” The increased side chain ordering transition
in PCDTBT'®2° at 2140 °C is unlikely to contribute to
the reduced PCsoBM nucleation rate because similar
behavior is observed when PCsoBM is blended with
amorphous polystyrene (see Supporting Information
Figure S2).

Thermal Dissociation of Photo-Oligomerized PCgoBM. Evi-
dence of PCsoBM oligomerization is provided by gel
permeation chromatography (GPC), as we have shown
previously.'? Pure components PCDTBT and PCe,BM
appear at elution times 14—16 and 19.3 min, respec-
tively. Traces (1) and (2) in Figure 5a demonstrate that a
larger species emerges upon illumination (10 mW/cm?,
240 min) at approximately 18.4 min elution time,
corresponding to 2—3 PCgoBM monomer units. The
majority of PCsoBM, however, remained pristine. The
photo-oligomerized PC4oBM species within the film is
relatively stable at room temperature in N, atmo-
sphere as unchanged traces are obtained for blend
films tested one month after light treatment (data not
shown).

It has been previously reported that thermal energy
can break the covalent bonds between the photopo-
lymerized Cgo, reverting them back to their pristine
state above 100 °C.*?! To establish the thermal stability
of phototransformed PCg,BM species in OSC blend
film, we estimate the onset temperature of PCsoBM
thermal deoligomerisation by monitoring the disap-
pearance of the oligomer peak. GPC measurements
were carried out on solutions obtained from dissolu-
tion of illuminated PCDTBT:PCs,BM blend films subse-
quently annealed for 60 min at various temperatures.
To exclude sample preparation artifacts in the results,
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several redissolution methods were attempted. We
find that the GPC oligomer peak intensity is invariant
for films redissolved with the aid of sonication for up to
30 min or by merely mechanical stirring; the latter is
adopted in this study. The results confirm that the
PCsoBM oligomer population formed upon irradiation
has not been affected by the dissolution step, thus
adding confidence to our obtained results.

Traces (2)—(6) in Figure 5a characterize the reduc-
tion in the PC4BM oligomer peak with increasing
temperature at constant annealing time (60 min). To
estimate the population ratio of oligomer vs pristine
PCsoBM, we compute the GPC area fraction of oligomer
and pristine PCqoBM peaks (AgiigomerApristine)  iN
Figure 5b. The graph quantifies the extent of thermal
deoligomerisation of phototransformed PCg,BM at
constant time, showing that the PC4,BM deoligomer-
isation initiates at ~85 °C, with almost all PCs,BM
oligomers thermally reversed at =150 °C, in close
agreement with Cgo data.*?’!

We model the population ratio of PCs,BM oligo-
mers and monomers with a simple rate equation
successfully used to describe the thermal dissociation
of Ceo by Wang et al.?" and detailed in Appendix. The
solid line in Figure 5b corresponds to a model fit to eq 4
in Appendix and shows good agreement with the
data. The rate constant of the thermal dissociation of
PCsoBM oligomer ky is found to exhibit Arrhenius
temperature dependence with activation energy En
of 0.96 + 0.04 eV (1.54 & 0.06 x 107 '°)), see inset of
Figure 5b. To the best of our knowledge, this is the first
determination of the thermal dissociation activation
energy of phototransformed PCg,BM. The value is
slightly lower than the thermal energy previously
reported to break a monomer from high intensity
UV-photopolymerized Cqq (1.25 eV).2! This difference
is likely to arise from steric hindrance® of PC¢,BM side
chain which restricts the product of the photochemical
process to dimers and oligomers, but we cannot at this
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Figure 6. (a—d) Optical microscopy images of annealed PCDTBT:PCs,BM (1:2) with increasing fluorescent illumination times
(irradiance ~ 10 mW/cm?) prior to annealing at 150 °C for 60 min, showing about 5-fold drop in nucleation density (Nd), within
5 min (see e) but not size (see insets a—d). Inset image width: 50 um.

stage rule out the effects of different incident radiation
(wavelength and intensity), and polymer matrix. This
activation energy lies in between typical energies for
hydrogen and covalent bonds. The regular PCsoBM
thermal decomposition trend across the polymer glass
transition suggests some independence of the process
from polymer matrix mobility.

To quantify the light dose required to suppress
PCsoBM crystallization and stabilize the film morphol-
ogy, we gradually vary exposure time and repeat the
analysis above. The average crystal length (d) remains
invariant with exposure time (see insets of Figure
6a—d). In fact, such crystals grow at the same rate
regardless of illumination, corroborating earlier find-
ings shown in Figure 4i (light vs dark). The PC¢oBM Nd,
however, decreases about 5-fold in annealed films
subjected to merely 5 min of light exposure and, for
longer light exposure time (165 min), Nd drops 30
times (see Figure 6e), despite the presence of a rela-
tively small oligomer fraction due to the thermal
deoligomerisation process. We hypothesize that such
microscopic crystals comprise solely PCsoBM monomer
and thus that light exposure reduces the fraction of
monomers and thus spatially restricts the thermally
activated nucleation step.

We rationalize the resulting morphologies in terms
of the interplay between deoligomerisation and crys-
tallization kinetics that happen simultaneously. At
higher temperatures (~140—150 °C), deoligomerisa-
tion takes place within crystallization time scales, and
crystallization returns albeit with a much lower nuclea-
tion density. Indeed, the microscopic nucleation rate is
approximately 70 times and 30 times smaller in illumi-
nated vs dark films at 140 and 150 °C, respectively. At
lower temperatures (<130 °C), deoligomerisation is
now slower compared to nucleation, which leads to full
crystallization suppression within our annealing time
scales. From the modeling of GPC results (Supporting
Information Figure S3), the oligomer fraction decreases
from approximately 30% to 10% (at 130 °C) within
60 min of annealing, and it thus appears that even such
relatively low oligomer fraction is sufficient to prevent
the nucleation of the predominant PCsoBM monomers
in these high-loading polymer:PCgoBM films (1:2).

WONG ET AL.

Substrate Dependence of Light Suppression of PC;BM
Crystallization. Fullerene assembly and crystallization
depends strongly on substrate and surface en-
ergy.”>~2* Our data above have so far been restricted
to SiOx substrates. We next consider PEDOT:PSS sub-
strates, given its ubiquitous use in enhancing hole
extraction in OSCs. Typical data is shown in Figure 7.
While 'chromosome-like' PCsoBM microscopic crystals
are clearly visible on SiOx surface (Figure 7b,c) upon
annealing above Ty, markedly fewer microscopic crys-
tals appear on PEDOT:PSS (Figure 7I,m).

The distinct PC4oBM crystallization on both sub-
strates can be rationalized in terms of the substrate
surface energy dependent PC¢oBM depth profile??~2*
within the as-cast films. A recent spectroscopic ellipso-
metry study®® on P3HT:PC4,BM (1:1) system shows that
PCs0BM is more enriched on SiOx surfaces (73 mN/m)
compared to the relatively hydrophobic PEDOT:PSS
(47 mN/m). It has been shown in donor polymer:
PCgoBM blends that PC¢oBM, the higher surface energy
material (38 mN/m?2), would preferentially wet the
hydrophilic SiOx interface, while the lower surface en-
ergy donor polymers, for example, P3HT (27 mN/m??),
reside more toward the relatively hydrophobic PEDOT:
PSS surface upon spin coating. It was thus suggested®*
that such PCgoBM-rich layer on SiOx can accelerate the
crystallization process, resulting in more microscopic
PCsoBM crystals on SiOx than on PEDOT:PSS substrates.
PCsoBM enrichment at the polymer—air interface was
found for as-cast PCDTBT:PC4,BM films on PEDOT:
PSS.2> Using neutron reflectivity (D17, Institut Laue-
Langevin; data not shown), we have confirmed this
result for our films and found that, by contrast, the
PCsoBM profile orthogonal to the film surface on SiOx is
comparatively uniform; the fullerene concentration
near the substrate is thus higher in the latter. The
visible and UV light absorption of our 80 nm films is
relatively low, ranging from 30 to 10% in the UV—vis
range, indicating a small variation of light intensity
normal to the film. We thus conclude that photo-
oligomerization takes place following the PCg,BM
concentration depth profile, provided that the inter-
particle spacing satisfies the topochemical require-
ment, discussed next.
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Figure 7. Optical microscopy images of as-cast and annealed (1 h) PCDTBT:PCg,BM (1:2) films on SiOx and PEDOT:PSS surfaces
(scale bars: 500 and 50 um for inset). AFM images are shown on the right side of the corresponding optical images, comparing
the effect of fluorescent light exposure (10 mW/cm?, 165 min) on submicrometer annealed morphologies. The red box in each

inset represents the AFM scan area for each condition.

At 150 °C, both unilluminated and light-treated
blend films on PEDOT:PSS exhibit few microscopic
PCsoBM crystals (see Figure 7I,m) and optical micro-
scopy becomes insufficient to gauge the light induced
crystallization suppression. Atomic force microscopy
(AFM) reveals PCgoBM features of the order of 150 nm
in diameter and 30 nm in height present in unillumi-
nated annealed samples (Figure 7q). On the other
hand, annealed films subjected to prior light exposure
show substantially stabilized morphology with smaller
and sparse PCyoBM features, see Figure 7r and Sup-
porting Information Figure S4. Like the as-cast mor-
phology (Figure 7af), nanoscale crystals are not
observed in both dark and light treated blend films
on SiOx at 150 °C (Figure 7g,h) and 80 °C (Figure 7ij).
Formation of nanoscale PCs,BM aggregates was ob-
served on PEDOT:PSS following annealing at 80 °C
(Figure 7s). At this temperature, microscopic PCsoBM
microcrystals are absent on PEDOT:PSS (Figure 7n,0) as
well as on SiOx (Figure 7d,e). Prior light exposure was
again observed to suppress PCsoBM crystallization/
aggregation (Figure 7t), resembling as cast morphol-
ogy (Figure 7k,p), thus demonstrating the impact
of light exposure upon film morphological stability
under conditions relevant to practical OSC operating
conditions.

A bimodal distribution of PCsoBM crystal popula-
tion and size in blends with PS has been previously

WONG ET AL.

reported on mica substrates.?® Depending on anneal-
ing temperature, large needle-like PCgoBM crystals
(=10 um in length) are gradually replaced with smaller
~1-um-cubic-aggregates, whose crystalline structure
was verified by selected area electron diffraction
(SAED).?® In contrast, needle-like crystallites are ob-
served on PS: PCs0BM on glass. The thermally induced
PCsoBM crystallization is thus evidently substrate de-
pendent, due to the combined effects of surface
segregation and possible epitaxial growth. In PCDTBT
blends on SiOx, the dominant length scale of PC¢,BM
crystallization is in the micrometer range, while on
PEDOT:PSS, it is in the nanometer range. In both cases,
prior light exposure suppresses or reduces crystal
formation, depending on annealing temperature.

In contrast to PCDTBT:PCsoBM blend films, we ob-
served micrometer-sized PCgoBM crystals on both SiOx
and PEDOT:PSS surfaces above Ty for both P3HT:
PCsoBM and PTB7:PCso,BM blend films (both 1:2 poly-
mer to PCe,BM ratio) (see Supporting Information
Figure S5). It is likely that this difference in length scale
of thermally induced PC¢oBM crystallization is related
to the miscibility and microstructure of these blend
films; we note, for example, that both P3HT and PTB7
exhibit optimum OSC performance at lower PCs,BM
blend compositions than PCDTBT.'”?” However in all
cases, independently of the length scale of PCs,BM
crystallization, prior light exposure was observed to
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suppress thermally induced PCgo,BM crystal formation
(see Supporting Information Figure S5).

The microscopic crystallization suppression effect
was observed to require a system-dependent thresh-
old PC¢oBM loading in order to have adequate sensi-
tivity to illumination. In particular, light processing
does not affect the annealed morphology of P3HT:
PCsoBM (1:0.8) blend films (without prior thermal
processing) but proved to be effective in P3HT:PCs,BM
(1:2) blend films, see Figure 2g,h. At higher loading,
more PCyoBM arrangements can be expected to satisfy
the general topochemical requirement” (i.e., parallel
carbon double bond alignment of adjacent PCsz,BM
and less than 4.2 A apart) for photo-oligomerization to
occur. The threshold loading, however, depends on the
polymer—fullerene miscibility (and thus their interac-
tion and orientation); for example, PS:PCscBM (1:1)
exceeds the threshold for morphology stabilization
(see Figure 2a,b). The crystallization suppression at re-
latively low oligomer:monomer fractions, of the order
of 1:10 to 1:3, is thus likely due to the hindered thermal
activation and formation of critical PCsoBM nuclei.

0SC Device Stability Enhancement by Light Processing. We
now consider the effect of light exposure on the
performance and stability of PCDTBT:PCsc,BM (1:2)
devices with conventional configuration of ITO/PED-
OT:PSS/active layer/Ca/Al. Blend films were illuminated
before electrode deposition. The light exposure con-
ditions employed were sufficiently low that they did
not result in a significant loss of initial device efficiency
(typically 6(PCE) ~ +5%), indicating that the PCBM
photo-oligimersation induced by this treatment does
not substantially impact upon device function, as we
have discussed previously.'> The completed devices
were then annealed in a N, glovebox at 80 °C under
dark conditions, and current density—voltage (J—V)
characteristics were measured under AM1.5 simulated
solar irradiation at 100 mW/cm? at regular time inter-
vals. A temperature of 80 °C is chosen, as such tes-
ting temperature is typically used in device acceler-
ated lifetime testing,”?® and shown to cause minimal
PCs0BM deoligomerisation by GPC (see Figure 5b).

Dark 80 °C thermal annealing of PCDTBT:PC4,BM
devices in the absence of prior light exposure (and with
minimal light exposure during efficiency measure-
ments) was observed to result in an initial rapid
loss of efficiency (typically 15—20%) over the first
20—120 min (see Figure 8a,b, black circles), followed
by a much slower decay over following 150 h (the
longest time scale studied). This two-stage behavior is
analogous to that reported previously.?**° The initial
decay phase is on a similar time scale to the formation
of PCeoBM crystallites/aggregates in films reported
above. Given our observation that prior light exposure
can suppress this crystallization process, we focus
particularly upon the potential for light exposure to
suppress this decay phase of device thermal stability.

WONG ET AL.

Figure 8aiillustrates the PCDTBT:PCg,BM (1:2) device
stability as a function of illumination time prior to
annealing at 80 °C. We observe that the device thermal
stability systematically increases with light exposure
time. Further, at a constant annealing time of 120 min,
the PCE percentage retained increases linearly from
75% without light processing to approximately 90% at
the plateau exposure time of ~170 min (see inset of
Figure 8a). Such plateau estimate concerns a fluores-
cent light source and fixed irradiance (10 mW/cm?).
PCsoBM photo-oligomerization has been shown to
depend on light intensity more than the illumination
time,” the use of brighter light could thus significantly
shorten the exposure time required to achieve the
same degree of stabilization effect.

Since OSC degradation pathways can be linked to
the temperature-induced electrode interfacial (delami-
nation) issues and/or active layer morphological
changes, additional experiments are needed to sepa-
rate and indentify the dominant effects. To do that, we
preclude the electrode from the annealing step by
annealing the PCDTBT:PC¢oBM (1:2) devices at 80 °C
before electrode deposition (preannealed). They are
then compared to devices from the same batch simi-
larly annealed after electrode deposition (postan-
nealed). We show in Figure 8b that preannealed and
postannealed devices show similar thermal stability
behavior, and therefore show that the order of anneal-
ing and electrode deposition (which alters surface
interactions) is unimportant. This applies to both dark
and illuminated devices. The observation suggests that
for the devices studied herein (a) dark device degrada-
tion under 80 °C thermal stress could originate from
PCsoBM diffusion into nanoscale structures rather
than thermally induced electrode delamination, and
(b) the light-induced suppression of such nanoscale
crystals (see AFM images in Figure 7s,1) is likely to be
the underlying factor in enhancing device thermal
stability.

We show in Figure 8c that, with light processing, the
enhancement of PCDTBT:PC40BM (1:2) device stability
is maintained for time scales over 150 h at 80 °C,
consistent with our earlier observation that this tem-
perature is too low to drive significant thermally in-
duced deoligomerization of PCg,BM. It is noted that
our methodology involves illumination prior to device
annealing while actual device operation is typically
conducted under continuous irradiation.>' We thus
carried out device testing with simultaneous irradia-
tion (45 mW/cm?) and annealing over 150 h; an
analogous device stabilization effect was also ob-
served (see Supporting Information Figure S6), con-
firming the potential for continuous irradiation to
stabilize film morphology. However, we have so far
only undertaken such long-term irradiation studies at
modest light fluxes; it has been widely reported that
prolonged exposure to one sun intensities can result in
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Figure 8. (a) Effect of illumination on PCDTBT:PC4,BM (1:2) device stability under isothermal annealing; Inset shows the
percentage of device PCE retained at constant testing time of 120 min with various fluorescent light exposure times. (b)
Normalized PCE for illuminated (red) and dark (black) PCDTBT:PCs,BM (1:2) devices annealed before (preannealed, unfilled)
and after (postannealed, filled) electrode deposition. (c) Comparison of long-term device stability behavior of PCDTBT-based
OSC with PCsoBM (circles) and PC;oBM (upward triangles). The average initial device PCE from five PC¢,BM and PC;,BM-
containing devices is 5.5 & 0.8% and 6.8 + 0.4%, respectively. (d) Effect of illumination wavelength on PCDTBT:PC¢,BM (1:2)
device annealing study. Light exposure was carried out before electrode deposition; exposure time was 165 min, unless
otherwise indicated in (a). Annealing was conducted at 80 °C after electrode deposition except for unfilled data in (b). All light
processing steps were carried out with a fluorescent light source (10 mW/cm?) except for the downward triangles in (d) which

correspond to a UV-A source (2.5 mW/cm?).

additional degradation pathways>' >3

the scope of the present study.

Recent literature'®3"3%3> have reported that the
use of PC;oBM rather than PCsoBM as electron acceptor
can result in higher OSC efficiencies, although the
technological potential of this acceptor is limited by
its relatively higher cost. In order to evaluate the
applicability of the light processing procedure with
PC;0BM-containing OSC, comparative device stability
experiments were performed on PCDTBT:PC,,BM (1:2)
0SCs, as shown in Figure 8c. C5 is known to be more
difficult to photopolymerize, attributed to its relatively
smaller number of reactive double bonds compared to
Co0-*3® We indeed find that light processing results in
only a marginal increase in the thermal stability for
PC;0BM devices, at least for the modest illumination
and thermal stress conditions investigated. Consistent
with this observation, optical microscopy indicated
that prior light exposure results in only a marginal
suppression of thermally induced PC,,BM crystalliza-
tion, while GPC measurements showed that only a
relatively small fraction of PC;,BM are oligomerized
even after prolonged (16 h) light exposure (see Sup-
porting Information Figure S7). It is also apparent from
Figure 8c that unilluminated PCDTBT:PC,,BM devices
have superior thermal stability compared to anal-
ogous PCgoBM devices, in agreement with studies of

that are beyond
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Wang et al.** This higher thermal stability may be

related to the higher fullerene miscibility reported for
PCDTBT:PC,oBM.3” Consistent with these observations,
our light microscopy morphological studies of the
impact of dark thermal annealing indicate a higher
temperature (=140—150 °C) is required to induce
PC,0BM crystallization in comparison with PCgoBM
(see Supporting Information Figure S7).

We finally explore different wavelengths of light in
the device light processing (see Supporting Informa-
tion Figure S8 for light spectra). In Figure 8d, we show
that PCDTBT:PCsoBM (1:2) devices exposed to lower
wavelength UV-A light (2.5 mW/cm?) show greater
thermal stability improvement compared to fluores-
cent light exposure (10 mW/cm? visible light), consis-
tent with the relatively strong absorbance of PCBM in
the UV-A spectral region. The stability enhancement by
UV-A is however accompanied with a larger (~12%)
drop in initial device PCE. Previous literature®®3° in-
deed report that excessive chemical cross-linking can
often lead to both enhanced stability and compro-
mised initial device performance.

The results reported here correspond to relatively
modest fluorescent light exposures (typically 2 h at 10
mW/cm?). Such exposures resulted in only small or
negligible loss of device efficiency (typically 6(PCE) <
5%), demonstrating that modest light exposure can be
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employed to enhance film morphological stability
without substantially compromising device func-
tion and electronic properties, evidenced by negli-
gible changes of UV—vis absorption and photo-
luminescence.'? It has, however, been widely reported
that more prolonged or intense light irradiation can
result in more substantial loss of device efficiency.' ~33
For example, Distler et al. have recently reported? a
study of OSC devices based on blends of a thiazole
based donor polymer with PCs,BM, where 5 h of one
sun irradiation resulted in an ~20% loss of device
efficiency, and suggested this loss may result from
excessive PCqoBM dimerization. As such, the results
reported herein should not be taken as implying that
light exposure will in general enhance OSC perfor-
mance and stability, but rather that light exposure
can have a beneficial impact on one aspect of this
performance, namely, the morphological stability of
the photoactive layer under thermal stress.

CONCLUSIONS

In summary, light induced PC4oBM oligomerization
is shown to be capable of significantly stabilizing the
morphology of a range of polymer:PCso,BM blend films.
Our results are robust to both flexible (PS) and bench-
mark OSC conjugated polymers (P3HT, PCDTBT, PTB7,
DPP-TT-T). On SiOx substrates, exposure to visible light
affects thermally driven PC¢oBM nucleation processes,
causing a rapid decrease of the number density of
PCsoBM microcrystals, without impacting upon the
growth kinetics of the microcrystallites. On lower sur-
face energy PEDOT:PSS surfaces, thermal annealing

METHODS

Sample Preparation. PCDTBT was supplied by 1-Materials, Inc.
(M,, ~ 21.6 kg mol~'; PDI ~ 5.5). The midpoint T, of neat
PCDTBT was measured as 106 + 1 °C using differential scanning
calorimetry (DSC TA Instruments Q2000) at rate 10 °C/min. PS
was purchased from polymer source M,, & 270 kg mol™'; PDI
1.06). PTB7 was supplied by 1-Materials, Inc. (M,, ~ 58 kg mol~";
PDI ~ 2.4). P3HT was supplied by Merck, Inc. with M,, ~ 34 kg
mol™"; and regioregularity (RR) of 94.7%. DPP-TT-T was synthe-
sized at Imperial College London with M,, ~ 17 kg mol~" and
PDI of 6.36. Diiodooctane (DIO), PCsoBM and PC;,BM were
purchased from Sigma Aldrich, Inc.; Nano-C, Inc; and Solenne
BV, respectively.

Morphological Studies. PCDTBT and PCqoBM (1:2 weight ratio)
was codissolved in 1,2 dichlorobenzene (DCB) and stirred for at
least 24 h at 55 °Ciinside a N, glovebox. PS, PTB7, P3HT and DPP-
TT-T were individually dissolved in DCB, chlorobenzene CB:DIO
3:97 weight ratio, CB and chloroform CF:DCB (4:1 weight ratio).
All solutions (except PTB7:PCgoBM) were filtered (0.2 um PTFE
filters) before spun cast onto silicon substrates (Compart Tech-
nology), resulting in film thickness of 70— 120 nm, as determined
with a Dektak 6 M profilometer. SiOx substrates were cleaned
with nitrogen before use. A fluorescent lamp was used as light
source, with light irradiance (=10 mW/cm?) and wavelength
distribution calibrated with photospectrometer (StellarNet
EPP2000). All blend films were illuminated and annealed
inside a N, filled glovebox with annealing temperatures
80—180 °C measured and calibrated with a surface thermocouple

WONG ET AL.

results in formation of either PCsoBM microcrystals or
nanoscale aggregates, depending on the donor poly-
mer employed; in all cases, PCsoBM crystallization can
be suppressed or totally prevented by a prior illumina-
tion step. PCsoBM photo-oligomerization is found to be
thermally reversible, with a temperature dependence
consistent with Arrhenius behavior with an estimated
activation energy E5 of 0.96 4 0.04 eV.

In terms of OSC performance, we show that modest
light exposure can substantially enhance the morpho-
logical and performance stability of PCDTBT:PC¢,BM
devices under moderate annealing conditions up to
150 h. Mechanistically, we associate this enhancement
to the inhibition of PCsoBM micro- and nanoscopic
crystallization processes upon thermal annealing
caused by PCgoBM photoinduced oligomerization. This
stability enhancement was much less pronounced for
PCDTBT:PC,o,BM devices, consistent with the lower
tendency for PC;o,BM to undergo photoinduced oligo-
merization. These results are of direct relevance to
strategies to optimize, and quantify, the morphological
stability of such blend films and organic solar cells,
suggesting, for example, that dark 85 °C testing, widely
used as a standard PV test condition,?® may result in
greater morphological degradation than the com-
bined light and heat stress more likely under real
operating conditions. The observed high sensitivity
to even modest light exposure also indicates that light
exposure levels must be carefully controlled in studies
of the morphology, and the morphological evolution,
of polymer:fullerene blend films, topics currently ex-
tensively explored in the literature.

(Kane-May KM330). Blend film morphologies were observed
by reflection optical microscope (Olympus BX 41M), equipped
with an XY stage and CCD camera (AVT Marlin). In situ film
thermal annealing was done in N, atmosphere with a Linkam
microscope heating stage (THMS600). The surface topography
of selected annealed films were characterized by atomic force
microscopy (Innova, Bruker AXS) in tapping-mode, using super
sharp TESP-SS tips. The number density and growth analysis
were carried out using Vision Assistant (LabVIEW, National
Instruments 8).

Gel Permeation Chromatography. GPC experiments were per-
formed by Agilent Technologies 1200 series GPC with UV/vis
detector with detection wavelength of 254 nm, running in
chlorobenzene at 80 °C, using two PL mixed B columns in
series, and calibrated against narrow polydispersity polystyrene
standards. Blend films were kept in the dark or illuminated with
fluorescent light for 4 h. Selected illuminated films were sub-
sequently annealed at various temperatures (80—140 °C) for
60 min. The films were redissolved and evaporated in vacuum,
with the solids redissolved in chlorobenzene for GPC mea-
surement.

0SC Fabrication and Thermal Stability Studies. ITO glass substrates
were cleaned successively with mild detergent solution, acet-
one and IPA, followed by an oxygen plasma treatment at 100 W
for 7 min. A 35 nm thick PEDOT:PSS layer was deposited onto
the substrates followed by annealing at 150 °C for 20 min in air.
PCDTBT and PCx,BM were codissolved in CB with a total solid
concentration of 25 mg/mL and a weight ratio of 1:2. Solutions
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were stirred in N, glovebox at 55 °C for 24 h followed by filtering
through a 0.2 um filter prior spin coating. The active layer film
thickness is ~85 nm thick. All devices were completed by
evaporation of 25 nm of calcium and 100 nm of aluminum
through a 6-pixel mask with a spatial area of 0.045 cm?. Device
light processing (fluorescent and UV-A light source) was carried
out before electrode deposition, followed by the annealing step
of the stability test in dark conditions. Both light exposure and
annealing steps were conducted in N, glovebox. Current den-
sity—voltage (J—V) characteristics were measured at selected
testing intervals using a Xenon lamp at AM1.5 solar illumination
(Oriel Instruments) calibrated to a silicon reference cell with a
Keithley 2400 source meter.

Conflict of Interest: The authors declare no competing
financial interest.

APPENDIX. The PCgsoBM thermal decomposition pro-
cess can be modeled assuming explicit dimer or olig-
omer populations. Following the treatment of Wang
et al®' (for fullerene Cgp), the light-induced dimeriza-
tion and thermally induced decomposition of PCg,BM
is expressed by a simple rate equation

&2 = LkeMio) — kD) M
where D and M are dimer and monomer population,
is the light-induced dimerization rate, and kr is the rate
constant for dimer thermal dissociation. Given that our
thermal annealing experiments were carried in the
dark, the first term vanishes and integration of eq 1
becomes simply

D(t) = D(to) exp( —ktt) )

where D(ty) and M(ty) are the dimer and monomer
populations following light exposure but prior to
thermal stress. Upon dimer thermal dissociation, M(t)
increases according to

M(t) = M(to) +2 x D(to) x (1 —exp( —krt)) (3)

Combining eqgs 2 and 3 gives the population ratio of
PCsoBM dimers to monomers which can be measured
experimentally by GPC and spectroscopy (although
the latter can simultaneously cause polymerization
and requires a more complex analysis based on eq 1):

D(t) D(to) exp( —krt)

=0 4
M) — Mlto) +2 x Dlto) x (1 — exp( —krt)) @

The thermal dissociation rate constant k; was solved
numerically for each experimental temperature T and
found to be well described by an Arrhenius law, kt = kg
exp(—Ea/kgT), with activation energy 0.99 + 0.01 eV
[(1.58 + 0.02) x 107 "°J].

Our GPC dataindicates the presence of oligomers of
2—3 times the mass of PCscBM monomer, but their ex-
act distribution cannot be determined by resolving the
oligomer peak structure. Without assuming an explicit
decomposition stoichiometry as done in eq 3, eq 2 can
be written in terms of oligomer concentration O(t)

O(t) = Ofto)exp( —krt) (5)

In the limit of excess of monomer compared to
oligomer (M > O, at all t) and thus little relative change

WONG ET AL.

in M, eq 5 yields the approximation

o1

0]

where the relative O(t) can be measured experimen-
tally at a given annealing temperature T (20—140 °C)
and constant time t (1 h). E is found to be 0.93 £ 0.01
eV, in good agreement with the analysis above, and we
thus estimate the activation energy for thermal de-
composition of PCgoBM in the OSC blend film to be
0.96 + 0.04 eV [(1.54 + 0.06) x 10~ '°J]. The predicted
evolution of monomer and oligomer species upon
annealing following 4 h of 10 mW/cm? fluorescent
light illumination is computed in Supporting Informa-
tion Figure S3.
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