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ABSTRACT: Commercialization and scale-up of organic solar Langevin Non-Langevin
cells (OSCs) using industrial solution printing require maintaining
maximum performance at active-layer thicknesses >400 nm—a
characteristic still not generally achieved in non-fullerene acceptor
OSCs. NT812/PC71BM is a rare system, whose performance
increases up to these thicknesses due to highly suppressed charge
recombination relative to the classic Langevin model. The
suppression in this system, however, uniquely depends on device
processing, pointing toward the role of nanomorphology. We
investigate the morphological origins of this suppressed recombi-
nation by combining results from a suite of X-ray techniques. We
are surprised to find that while all investigated devices are
composed of pure, similarly aggregated nanodomains, Langevin
reduction factors can still be tuned from ~2 to >1000. This indicates that pure aggregated phases are insufficient for non-Langevin
(reduced) recombination. Instead, we find that large well-ordered conduits and, in particular, sharp interfaces between domains
appear to help to keep opposite charges separated and percolation pathways clear for enhanced charge collection in thick active
layers. To our knowledge, this is the first quantitative study to isolate the donor/acceptor interfacial width correlated with non-
Langevin charge recombination. This new structure—property relationship will be key to successful commercialization of printed

sharper
interfaces

charge recombination

OSCs at scale.

KEYWORDS: thick organic solar cells, non-Langevin charge recombination, nanomorphology, donor—acceptor interface,
resonant soft X-ray scattering (RS0XS), scanning transmission X-ray microscopy (STXM),

grazing-incidence wide-angle X-ray scattering (GIWAXS)

1. INTRODUCTION

Organic solar cells (OSCs) with solution-printed active layers
have attracted a great deal of attention due to their tunable
properties, mechanical flexibility, and continuously rising
power conversion efficiency (PCE) in the last 2 decades.”
The current PCE record for OSCs is about 18%.”" In bulk
heterojunction (BHJ) OSCs, where electron-donating and
-accepting materials are blended together in a common ink, the
PCE usually maximizes when the thickness of the active layer is
around 100 nm. As the BHJ thickness increases, the light
absorbance increases following an interference-induced oscil-
latory pattern, potentially resulting in higher current densities
in the thicker junctions. However, charge recombination
increases faster with increasing thickness, scaling inversely
with the square of the film thickness.” Consequently, in most
polymer-based OSCs, the device performance rapidly
decreases as the BHJ thickness increases beyond the first
absorbance interference peak.’”” One of the existing
challenges facing the industrialization of OSCs at a large
scale is the difficulty of controlling and processing thin active
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layers.'® This is because most large-scale fabrication methods,
for example, roll-to-roll printing, can only reproducibly deposit
pinhole-free films greater than 400 nm."'

The investigated system is among the relatively few systems
that maintain high efficiencies in the thick junction regime.'”'*
The recently synthesized electron-donating copolymer,
Naphtho[1,2-¢:5,6-¢']bis([1,2,5]thiadiazole)-based copolymer
(NT812, Figure la bottom), exhibits PCE > 10% when
fabricated into OSCs with phenyl-C71-butyric acid methyl
ester (PC71BM) fullerene as the electron acceptor (Figure la
top).”> The novelty of NT812 appeared when this system
maintained a high PCE even with thick BHJ active layers ~1
um. It was found that under optimal fabrication conditions,
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Figure 1. (a) Chemical structure of the fullerene (top) and polymer (bottom). (b) J—V characteristic curves of the four different solar cells. (c)
UV—vis absorbance spectra of a neat polymer with and without CN as well as for all blends. (d) Reduction factor of bimolecular recombination as a
function of carrier density in all four NT812/PC71BM blends. Black circles show the reduction factor data points at about 1 sun.

bimolecular recombination is significantly suppressed up to
800X below what is expected for the diffusive Langevin model
(where charges’ trajectories are random and depend on the
charge carrier mobilities—for more details, we refer the reader
to our previous work” or to the original work of the Langevin
classical model'*). This non-Langevin behavior leads to OSCs
with less recombination losses, that is, Shockley-type solar
cells.” In fact, recombination is suppressed so much in these
systems that their performance increases rather than decreasing
with thicknesses of up to 300 nm, making them one of the
highest-performing systems to exhibit such favorable behav-
ior."”” Although non-fullerene acceptor (NFA) systems
dominate performance with thin active layers, work to reduce
recombination in these systems has only just begun,'® and to
our knowledge, no NFA systems have demonstrated such
increased performance beyond the first interference maximum.

Investigation into the origin of this phenomenon demon-
strated that the charge mobilities of the NT812/PC71BM
system are rather mundane and cannot explain the very
efficient charge collection. A proposed scenario is either a
unique interfacial charge transfer (CT) state with fast
dissociation dynamics relative to the decay rate or a special
morphology that allows thick non-Langevin BHJ OSCs.”'” A
combinatory scenario can be possible as well where improved
nanomorphology enhances CT state dynamics. Importantly,
one study found that nearly classical Langevin recombination
could be achieved in this system by changing the donor—
acceptor ratio,” which indicates a morphological origin to the
non-Langevin behavior. Only a handful of other D/A
combinations show similar behavior.”"*"?

General work on the topic has su§§ested that the high
crystallinity of the donor is important™”>" or in the case of
amorphous polymers, that relatively pure phases help by
reducing charge recombination.”? Unfortunately, early exper-

imental and computational work investigating interfacial
sharpness on recombination has resulted in conflicting
conclusions. While some reports suggest that sharp interfaces
reduce recombination,”** others conclude that disordered or
mixed interfaces are best.”>** However, none of these studies
directly measured BH]J interfacial properties such as interfacial
sharpness. Clarke et al. compared two polymer/fullerene
systems with similar nanostructures but distinct charge
recombination behaviors to probe the morphological origins
of non-Langevin dynamics. Their transmission electron
microscopy (TEM) investigation could not reveal any
significant morphological difference, however, and they were
not able to compare Langevin and non-Langevin recombina-
tion in the same material system.”” The NT812/PC71BM
system, with its ability to switch between the two behaviors,
represents an opportunity to reveal the critical nanostructure
leading to non-Langevin recombination but will require an
advanced quantitative characterization of the nanostructure.
We have shown in our previous work that the critical
morphological parameters of crystallinity, domain purity, and
domain size can be measured by a strategic application of a
suite of synchrotron X-ray techniques.”® " Our recent work
has demonstrated the capability of these techniques to
additionally probe interfacial sharpness.’””' The work high-
lighted the importance of interfaces on charge generation but
was not conclusive with respect to recombination. Venkatesan
et al. noted reduced recombination with enhanced Kelvin
probe surface potential differences between domains in blends
cast from solvent additives.”” This correlated with increased
domain purity, but they did not investigate interface
morphology. Another study reported evidence that rough D/
A bulk heterointerfaces correlated with good exciton
dissociation but did not monitor recombination.”®> Thus, to
date, no work has directly measured morphology, including
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Table 1. Summary of Device Performance, Reduction Factors of Bimolecular Recombination, and Charge Carrier Mobilities in
NT812/PC71BM Films with Different Blend Ratios, Processed with and Without a Solvent Additive

blend(NT812/PC71BM)  additive CN [vol %] Voc [V] Jsc [mA:em™] FF [%] avg PCE [%] 7 =ki/kee g [em® V7's™'] g [em? V7' s7']
(3:1) 0 0.77 6.42 39 1.88(0.08) 2 2.5 % 107* 2.5 x 107
(3:1) 0.5 0.78 7.49 41 2.43(0.06) S 3.0 x 107 3.0x 107"
(1:1.5) 0 0.75 14.69 70 7.85(0.25) 200 22 % 107 8.1 x 1073
(1:1.5) 0.5 0.74 14.79 69 7.67(0.13) 250 29 x 107* 9.0 x 1072

The device performance parameters are the average of six devices. The bimolecular recombination reduction factors (y = k;/k,..) are calculated
based on steady-state bias-assisted charge extraction measurements and the mobilities (fast and slow carriers) are calculated based on resistance-
dependent photovoltage measurements (see Figures S2 and S3, Supporting Information). The listed ¥ values are at about 1 sun intensity.
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Figure 2. GIWAXS results of neat materials (NT812 and fullerene) and blends. 2D GIWAXS scattering results of NT812: PC71BM blends of the
(3:1) blend with CN (a) and 1:1.5 blend with CN (b). The 2D images are plotted with the same color scale of the scattering intensities [au], also
corrected for the missing wedge. (c) 1D GIWAXS profiles extracted from the 2D images in the OoP vertical direction (g,) for all blends. Also, the
graph includes the GIWAXS profile of neat PC71BM (black) to help with peak assignments. PC71BM and (010) peaks are indicated in the graph.
(d) Coherence length (D) of the PC71BM peak at g, = 1.36 A™' (open circles) and (010) peak at q, = 1.83 A~ (solid circles) in blends as well as

in neat materials calculated via Scherrer analysis (details in the Supporting Information).

interfaces, while at the same time isolating and suppressing
recombination.

In this work, we apply our suite of X-ray nanoprobes to
directly reveal the critical morphology behind the activation of
highly suppressed non-Langevin recombination. We uniquely
combine our measurements to quantify the donor—acceptor
(D—A) interfacial sharpness in BHJ blends. Varying the active
layer blend ratio and solvent additive content effectively
switches the charge recombination dynamics between
Langevin and non-Langevin in the same system, suggesting
that reduced recombination is morphology-driven. We are
surprised to find that even our active layers exhibiting Langevin
recombination are composed of pure, well-aggregated phases.
Instead, we find that large domains with sharp D—A interfaces
correlate with suppressed, non-Langevin recombination with
reduction factors >1000, indicating that these are the
morphological mechanisms that enable thick and efficient
active layers. Such findings can guide future research to achieve
high-preforming systems suitable for the large-scale production
of OSCs.

2. RESULTS

OSC active layers were spin-coated with (D/A) blend wt.
ratios of (1:1.5) and (3:1) both with and without 0.5 vol %

chloronaphthalene (CN) as a solvent additive since these
conditions exhibited both Langevin and non-Langevin
recombination dynamics previously.” Rather than 1 um thick
active layers, ~200 nm active layers were investigated to enable
both device physics and X-ray nanoprobe analyses on the same
set of samples by the participating groups. 100 and 200 nm
active layers revealed identical morphologies and performance
scaled only by absorption (see Figures S1, S26 and S27,
Supporting Information). It is worth noting that our previous
device physics investigation of thin (100 nm) and thick (800
nm) films shows similar carrier mobilities in both junctions.”
Thus, thicker films are likely to have similar morphologies.
Figure 1b displays the J—V curves under AM 1.5 G solar
illumination, and Table 1 summarizes device performance
metrics which are similar to previous reports.”"” In particular,
the (1:1.5) devices show about 4 times more efficiency than
(3:1) blends with all of the improvement from the short-circuit
current (J,.) and fill factor (FF).** Although UV—vis spectra of
pure films show some differences when adding the CN
additive, no significant difference in aggregation due to CN can
be detected in the blends investigated, suggesting that the
polymer in all blends is well aggregated.

Figure 1d shows the reduction factor of the bimolecular
recombination ¥, which is the ratio of the classical Langevin
recombination coefficient k;'* to the coefficient k. in a given
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photoactive layer, y = k; /k.. The bimolecular recombination
in the limit of a homogeneous medium can be approximated
by the Langevin recombination rate constant, which is
proportional to the mean carrier mobility. This was calculated
in a similar manner to our previous work (see Figure S2,
Supporting Information).” As expected, the (3:1) blend
without the CN additive exhibits nearly classical diffusive
Langevin recombination. In contrast, the (1:1.5) devices show
about 2 orders of magnitude lower recombination coeflicients
with 7,.. > 1000. The (1:1.5) devices are, therefore,
considered to exhibit non-Langevin recombination dynamics.
The solvent additive also improves the reduction factor (more
significantly for the 3:1 blends) with all trends holding true
under the operational conditions (~1 sun), see Tablel and the
black circles in Figure 1d.

Resistance-dependent photovoltage (RPV) transient meas-
urements were used to separately determine faster and slower
carrier mobilities in each blend. All mobilities are unremark-
able and rather typical of values in other high—performing
polymer/fullerene OSCs—in agreement with previous work.
We were not able to separate the slower and faster carrier
mobilities in the (3:1) blends, likely due to them being too
similar. Importantly, there are no significant changes in
mobilities due to processing conditions other than the fast
carriers (typically identified as electrons in the fullerene
phase)** having increasing mobilities in the films with the
better blend ratio as shown in Table 1 (also see Figure S3,
Supporting Information). However, increasing electron mobi-
lities only serve to unbalance the charge transport, and even
these mobilities are still typical of polymer/fullerene blends.
These results suggest that the charge extraction rate is not
extraordinary, but rather the bimolecular recombination rate is
low. This allows for efficient charge collection even when the
film thickness increases.” Contrary to mobility, ¥ improves by
about 100 times with the blend ratio. In many other OSCs
with either polymer or small molecule donors, the non-
Langevin behavior has been shown to be key for maintaining a
high FF even at an active layer thickness ~300 nm.”'”'%3"3
Thus, the lower FF values in (3:1) blends can be attributed to
their higher biomolecular recombination in comparison to
their (1:1.5) counterparts.

We now turn to morphological characterization to under-
stand how the additive and D—A ratios can turn on and off the
Langevin recombination property. We first investigate the
crystallinity of the electron donor (NT812) and fullerene
(acceptor) aggregates using grazing-incidence wide-angle X-ray
scattering (GIWAXS) measurements. The results of the
experiments on both neat and blend films are presented in
Figure 2 with additional results and analysis provided in the
Supporting Information. Figures 2a,b shows 2D GIWAXS
images of (3:1) and (1:1.5) blends, respectively, both with CN.
The strong scattering ring at ¢ = 1.36 A™' indicates the
presence of pure PC71BM aggregates as evidenced by the
similar ring for a pure PC71BM film. The scattering peaks at g
= 0.29 A" indicate polymer lamellar (100) stacking with only
a weak second-order (200) peak detectable. The primarily out-
of-plane (OoP) peaks at g, = 1.83 A™" represent z-stacking
(010) with a face-on orientated population with respect to the
substrate in addition to a randomly oriented crystal population.
We focus on these face-on n-stacking peaks because this
packing is favorable for charge transport. Figure 2¢ shows 1D
GIWAXS profiles extracted from the 2D images in the OoP
direction, that is, a line cut in the vertical direction (gq,).

Figures SS and S7, in the Supporting Information, show
vertical and horizontal 1D profiles and peak assignments. The
intensities of both peaks closely follow the blend ratio,
suggesting that the degree of crystallinity or aggregation is
similar in all blends. Pole figure analysis of (010) supports the
claim of similarity in the degree of crystallinity in all blends
(see Figure S9, Supporting Information). The polymer and
PC71BM diffraction characteristics in all blends are consistent
with those of their pure film counterparts and suggest the
existence of both pure polymer and pure PC71BM domains in
all active layers.

Results of peak width Scherrer analysis (Figure S6,
Supporting Information) of the coherence length (D) are
displayed in Figures 2d and S8, Supporting Information—
where D is a measure of length-scale ordering within a crystal
or crystal size.”” In each case, the solvent additive enhances
ordering in the blends by increasing D for the OoP z-stacking
(Figure 2d). While there is little change in 7-stacking for the
(3:1) blend film, z-stacking is significantly enhanced for the
(1:1.5) blends. A similar improvement occurs for electronically
insulating lamellar stacking (Figure S8, Supporting Informa-
tion). All blends cast with the CN additive, however, have
similar 7-stacking coherence lengths to that of the pure
polymer film. The enhancement of the coherence length with
CN is consistent with its role as a plasticizer and the effect of
the fullerene to increasingly disrupt polymer packing.”’ In
contrast to the polymer packing, the D of the main fullerene
peaks are invariant with CN, and D values in (1:1.5) blends are
equal to those in pure fullerene. (3:1) blends show similar but
smaller values of fullerene D. This suggests slightly more
disordered PC71BM aggregates in (3:1) films, which are
consistent with lower electron mobilities in these blends as
interpreted from our RPV experiments. The coherence length
also sets a lower limit to the size of pure phases in the blends.
We cannot say much about the size of pure fullerene domains
as even pure films only exhibit diffraction with D ~ 2 nm
(Figure 2d). However, the polymer lamellar diffraction
demonstrates D ~ 14 nm for all samples (Figure S8,
Supporting Information), making this the lower limit of pure
polymer domains in the blends. From Figure S8, it is
noticeable that the D of the lamellar peak in neat polymer
films is lower than those in the blends. Although this might
seem counterintuitive, there is a precedent in the literature for
other systems that show similar behavior."' We observe that as
the amount of fullerene increases, the in-plane lamellar peaks
narrow and thus result in a higher coherence length (Figure
S8). Such an effect could arise from a strong drive to phase
separate early during film formation, enabling more time to
order.

To more accurately probe domain size, composition, and
connectivity, we used scanning transmission X-ray microscopy
(STXM)* combined with near-edge X-ray absorbance fine
structure (NEXAFS) spectroscopy.*’ Figure 3 presents
NEXAFS and STXM results of a (1:1.5) with a CN blend
with film thickness ~100 nm for better clarity in the
transmission-mode image. The similarity of the results on
this film was confirmed by identical scattering profiles between
the thinner and thicker active layers (see Figure S$26,
Supporting Information) as well as qualitative STXM images
of thicker films (Figure S16, Supporting Information). The
linear fitting of NEXAFS spectra for the blend, shown in Figure
3a, confirms the average weight ratio, 40% polymer, across the
film. Figure 3b presents a STXM image where dark regions
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Figure 3. Morphology investigation of the OSC active layer in a 100
nm thin (1:1.5) blend with CN. (a) NEXAFS spectra: pure NT812
(orange), PC71BM (blue), blend (red), and a linear combination fit
of spectra for NEXAFS of pure components (black). (b) STXM
composition scan acquired at 284.4 eV, which is the fullerene
absorption peak. PC71BM (dark regions) and NT812 (white fibrils).
(c) Concentration profiles of NT812 across different compositional
domains: (blue) raw and (gray) deconvoluted.

represent a matrix of (50—100 nm sized) PC71BM-rich
domains and the white fibrils indicate polymer-rich domains
that are 30—50 nm in width. These measurements are
consistent with the lower limits of domain size determined
from the GIWAXS analysis. The fibrillar nature of the polymer
domains indicates well-connected pure crystalline polymer
conduits for hole transport that are larger than those in the
classical P3HT-based OSC fibril network. The PC71BM
domains are large enough to easily connect to the electrodes—
we anticipate that to hold true even in thick films. A qualitative
comparison between the two blend ratios with active layers
with thicknesses >200 nm (see Figure S16, Supporting
Information) shows a similar fibril network with the (3:1)
film exhibiting polymer fibrils with a smaller spacing due to less
PC71BM loading. The spectroscopic nature of STXM imaging
enables chemical mapping of the domains. Our quantitative
analysis (details in Figures S12 and S13, Supporting
Information) is carried out on the thinner 100 nm film in
regions likely to be mostly one domain throughout the film
thickness (e.g., nodes of polymer fibrils) with an example
composition line profile shown in Figure 3c (many more in
Figure S13, Supporting Information). The peaked nature of
the composition profiles originates from the STXM beam size
(~50 nm). After correcting for the X-ray beam convolution in
a similar fashion to our previous work (details in Figures S14
and S15, Supporting Information),”” the deconvoluted results
indicate pure polymer and pure fullerene domains, agreeing
with the GIWAXS analysis. We were not able to conduct
compositional analysis on thick films due to vertically
overlapping domains.

We now turn to resonant soft X-ray scattering (RSoXS) as a
complementary measurement of domain size and purity with
the unique opportunity to also investigate D—A interfaces.**
The Lorentz-corrected RSoXS scattering profiles in Figure 4a
were strategically acquired just below the absorption edge to
enhance phase contrast, limit damage, reduce orientation
contrast, and eliminate X-ray fluorescence backgrounds. They
show that the (3:1) blends have scattering peaks at q = 0.10
nm~' which corresponds to a characteristic length (which
determines the average center-to-center distance between
scatterers and is defined as Lo = 27/q*, where g* is the
peak position) of 62 nm. On the other hand, the (1:1.5) films
show scattering peaks at ¢ = 0.064 nm™' and L. ~ 98 nm.
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Figure 4. (a) Lorentz-corrected RSoXS profiles acquired at 283.5 €V for active layers of the four investigated samples as indicated in the graph
legend. (b) Averaged differences in composition between different domains based on a two-domain model. The dotted lines represent the
mathematically calculated ACgyg values of composition differences as a function of the D—A interfacial width. The black circles are the extracted
values of the D—A interfacial width based on STXM and RSoXS results.
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Although without modeling these values are only approximate,
however, they are consistent with the domain spacing from
STXM analyses. Given that the (3:1) blends are 75% polymer,
it is likely that the polymer domains in this blend are the same
size as in the (1:1.5) blend. This is due to the self-limiting
nature of polymer fibrils seen in most semicrystalline polymer
films. Thus, a smaller characteristic length is likely due to a
reduction in fullerene domain size to below 30 nm as estimated
from L as detailed in Supporting Information, part $10. CN
does not affect the peak position and therefore has no impact
on the characteristic length (Figure S20, Supporting
Information) but does increase the scattering intensity. The
insensitivity of L. to the plasticizing CN indicates that the
nanostructure is driven by crystallinity rather than liquid—
liquid phase separation. Furthermore, anisotropic scattering at
the X-ray energy of 285.4 eV was measured and has been
interpreted as indicating a preferential molecular orientation at
D—A interfaces, similar to other systems.45 Here, the scattering
anisotropy is the same sign for all blends, suggesting that the
D—A interfacial orientation does not change with the
investigated processing conditions and is thus not a significant
factor determining performance in this case. Additional tilted-
film RSoXS measurements, conducted to express the g,
component (see Figure $22),*° were consistent with no
vertical stratification and in agreement with pure domains
measured in STXM that integrates the vertical film direction.

The increase in RSoXS intensity with CN suggests that the
solvent additive enhances the average composition variation
between the polymer and fullerene domains. The total
scattering intensity calculated by integrating the scattering
profiles over all reciprocal space (area under the profiles in
Figure 4a) is proportional to the mean-squared composition
difference between domains (ACpys JTSI, RMS is root
mean square).”” ACyys was calculated on an absolute scale by
combining this measurement with the STXM domain
composition analysis and prior knowledge of the donor/
acceptor ratio as we have done in our previous work™ with
details shown in Figures S17—S21, Supporting Information.
Figure 4b displays the result of this analysis (y-axis) with
uncertainties primarily from convolution of domain composi-
tion with the volume fraction (Figure S21, Supporting
Information). The ACgys analysis tracks the RSoXS profile
intensities seen in Figure 4a with the average domain
composition fluctuation greatest for the (1:1.5) blends and
with the CN additive.

There is significant evidence (from GIWAXS and STXM)
that both polymer and fullerene domains are pure. However,
ACgys < 100% means that mixed regions of the active layer
must exist somewhere. There is no clear evidence of a separate
third phase in our STXM images, so the mixed region must
actually be manifest as interfacial mixing in a narrow region
below the resolution limit of the microscope. Such an
interpretation follows from other systems like this one where
evidence of mixing with fullerenes only occurs at polymer fibril
interfaces.’”*’~* Previously, we determined the interfacial
width in a block copolymer using the absolute scattering
intensity.** The required measurements for such analysis were
not conducted here, but we can instead combine ACgyg with
measurements of the domain spacing and volume fraction to
extract the interfacial width. In this calculation (detailed in
Figures S23—S25, Supporting Information), we assume
circular fibril cross-sections and a linear interfacial composition
profile. This results in a simple analytic solution for the

interfacial width between pure domains, which notably makes
no assumption of the packing arrangement of the fibrils and is
also robust to a wide distribution of fibril sizes. The results of
calculating the interfacial width are shown as the x-position of
the black dots in Figure 4b. Thus, we attribute the increase of
ACgys with the CN additive to the D—A interfaces becoming
sharper, with the widest interfaces at 12 nm sharpening to less
than 5 nm in width. In short, the CN plasticizing solvent
additive enables cleaner crystallinity-driven phase separation,
sharpening the D—A interfaces.

3. DISCUSSION

Figure 5 depicts the morphology of the investigated
NT812:PC71BM active layers that is consistent with all

+CN

PC71BM
matrix

+ Fullerene
+ electron conduits

+pi-stacking & sharper interfaces

Figure S. Depicted representation of the morphology of the OSC
active layer in the investigated NT812/PC71BM blends. Polymer
fibrils (blue) with stacked polymer chains (black) and the matrix of
fullerene (red). We note that the fast growth direction of the fibril is
unknown for this polymer and may not be the pi-stacking direction as
is depicted here.

measurement results and analysis presented above. Blue
represents pure polymer fibrils in a red matrix of pure
fullerene. The black bars symbolize polymer chains inside the
fibrils whose packing slightly improves with the solvent
additive (see coherence length measurements). Notably,
there is only evidence of improvement in 1:1.5 blends but
not in 3:1 blends (see also the UV—vis spectra for 3:1 blends).
The color gradient at fibril edges depicts interfacial mixing
which decreases with the CN additive, thus making the domain
interfaces sharper (and increasing ACpys). Finally, more fibrils
closer together are depicted for the (3:1) blend ratio making
the fullerene domains smaller and reducing the characteristic
length as evidenced by the RSoXS analysis.

The question to be answered is what aspects of morphology
are important to realize highly suppressed, non-Langevin
recombination. In general, it has been found that domain
purity in polymer-based OSCs is important for device
performance by aiding charge extraction and hindering
recombination.””****! This is likely an important prerequisite
here, but the presence of pure domains in blends exhibiting
both Langevin and non-Langevin recombination suggests that
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this situation alone is insufficient. Venkatesan et al. have shown
that charge recombination is high in low-performing polymer/
fullerene systems with narrow domains despite good domain
purity and conductivity.”” Our results go further to show that
large and clean conduits to the electrodes keep charges from
interacting with their counterparts in neighboring domains,
whereas narrow pure domains increase the likelihood that
charges will encounter each other or trap states at the
interfaces. This is the most prevalent morphological change
between the cells with Langevin versus non-Langevin
recombination dynamics. Note that the 25% PC71BM loading
in the (3:1) blends, aggregating into pure phases, is well above
the 3D percolation threshold. Therefore, although isolated-
domain traps are possible,>”>" general fullerene domain
connectivity should be no issue here.

A further clue to the importance of interfacial interaction
comes from the correlation of sharpening interfaces rather than
crystalline coherence with decreased recombination for both
blend films. In particular, in (3:1) blends, the recombination
reduction factor y more than doubles when interfacial mixing is
reduced through the CN additive, while there is no detectible
change in crystallinity (GIWAXS) or aggregation (UV—vis
spectroscopy). The improvement in ¥ is not nearly as
significant for the corresponding (1:1.5) blend devices, even
though pi-stacking improves dramatically for them. We
interpret this situation to mean that highly mixed or wide
D—A interfaces can encroach on the charge pathways—
especially when they are narrow—and enable holes and
electrons to mingle and recombine in a way well described by
the Langevin model. Devices with large pure percolation
pathways are more immune to interfacial details such that
sharper interfaces are less critical for non-Langevin recombi-
nation.” The crystallinity improving with CN might also help
in keeping holes toward the middle of transport conduits
because the energy states in a well-delocalized crystal are lower
than those in a defective crystal,°6 thus resulting in even higher
7. The domain size must not be allowed to increase too far,
however, due to the limitations of the exciton diffusion length
(~20 nm). On top of suppressing recombination, there is
increasing evidence that sharp interfaces are important for
charge generation as well in semicrystalline systems.’”’" Thus,
the highest efliciency devices will likely still depend on sharp
interfaces and smaller domains to simultaneously harvest all
excitons and transport charges.

Although we cannot conclusively say that perfectly discrete
(zero width) interfaces are best, we have been able to uniquely
remove the effects of domain purity and crystallinity/
aggregation from the equation. Furthermore, our direct
correlation with the Langevin reduction factor rather than
short-circuit current enables us to eliminate possible influences
of changing charge generation rates. Combined, these results
reveal a definitive influence of interfacial sharpness on
suppressing recombination.

To put our findings about the NT812 system into
perspective, we compare it to the classical electron donor,
poly3-hexylthiophene (P3HT), which exhibits non-Langevin
recombination as well in fullerene-based BHJ OSCs with
thermal post-treatment.”*”>® Both systems phase segregate in
BHYJ layers and result in pure fibrils under optimal fabrication
conditions and both have similar charge carrier mobilities. In
fact, fibrillar structures are good at purifying, sharpening, and
limiting how large the domains get, so they do not get so big as
to lower exciton dissociation efficiencies. However, the best

NT812 OSCs’ y values are higher than those for P3HT devices
(>1000 vs 100 s). We attribute this to the fact that NT812, like
many other polymers,”°' has a stiffer and longer monomer
than P3HT, which causes the NT812 fibrils to be wider,
resulting in larger charge conduits. On the other hand, there is
significant room for improvement in NFAs which now top
OSC performance in thin layers but lose significant efficiency
as thickness increases, even when processed to optimize
aggregation.16 Therefore, more systems with an NT812-type
morphology are needed, namely, with larger fibrils that
strongly phase separate from the acceptor phase to result in
sharp interfaces. Such a strategy will enable high efficiency
devices with thicknesses >400 nm.

4. CONCLUSIONS

We have investigated the morphological mechanisms behind a
novel high-performing polymer/fullerene OSC system known
to exhibit both highly suppressed non-Langevin recombination
and classical diffusive Langevin recombination dependent on
the blend ratio. Our suite of synchrotron-based X-ray
techniques were combined to reveal pure phases under all
preparation conditions, suggesting that pure phases alone are
not sufficient to realize non-Langevin recombination. Instead,
we found that larger (>30 nm), pure, and well-aggregated
domains with sharp D—A interfaces likely act as charge
conduits across the active layers to effectively segregate charges
and suppress bimolecular recombination via fast dissociation of
CT states for near-ideal charge generation and collection. Such
morphological features are possible explanations to how
efficient devices can be achieved with printable active layers
up to 1 um in thickness. Thus, large, pure percolation pathways
with sharp heterointerfaces may be required to achieve efficient
OSCs suitable for large-scale industrial production.

5. EXPERIMENTAL SECTION

5.1. Device Fabrication. The polymer (NT812) was supplied by
Fei Huang of the Institute of Polymer Optoelectronic Materials and
Devices, South China University of Technology. The fullerene
acceptor, PC71BM, was purchased from Solenne. The solvents,
chlorobenzene (CB) and 1,2-dichlorobenzene (DCB), and the
additive CN were purchased from Carl Roth and Alfa Aesar,
respectively. The devices were fabricated with a conventional
structure. First, the patterned indium tin oxide (ITO) glass substrates
were cleaned in an ultrasonic bath with detergent, acetone, deionized
water, and isopropyl alcohol and dried by nitrogen. The dried
substrates were treated with oxygen plasma at room temperature for 4
min. Then, PEDOT/PSS [purchased from Heraeus Deutschland
(Clevios P A14083)] was spin-coated on top of the substrates (3000
rpm for 30 s, thickness of ~#30 nm), and the substrates were annealed
at 150 °C for 15 min in air. For deposition of active layers, blend
solutions of NT812 and PC71BM at weight ratios of 1:1.5 and 3:1
dissolved in CB/DCB = 3:1 (with/without 0.5 vol % of CN) with a
total concentration of 20 mg mL™' were spin-coated on top of a
PEDOT/PSS layer in a nitrogen filled glovebox. The blend films were
annealed at 100 °C for 15 min on a hot plate. After cooling down, a 5
nm poly 9,9-bis(6-N,N,N-trimethylammonium) hexylfluorene-alt-co-
phenylenebromide (PFN—Br) layer was spin-coated from methanol
solution onto the active layers. Finally, the films were transferred into
a vacuum evaporator connected to the glovebox, and 100 nm silver
was deposited sequentially through a shadow mask under ~1 X 1077
mbar, with an active area of the cells of A = 0.06 cm?

In order to prepare the films for morphology study, silicon wafers
were cleaned during the ITO substrate cleaning process, and then,
Na/PSS was spin-coated (3000 rpm for 30 s) on top of it to simulate
the device PEDOT/PSS surface roughness and surface energy. The
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substrates were annealed at 150 °C for 15 min in air. The active layers
were spin-coated and then thermally annealed as described above.

5.2. Resistance-Dependent Photovoltage. The devices were
illuminated by a pulsed second harmonic Nd/YAG laser (NT242,
EKSPLA) at 532 nm with a 6 ns pulse duration. The laser intensity
was attenuated with a normal optical density filter and set to a low
intensity in order to prevent a redistribution (screening) of the
internal electric field and maintaining quasi-short-circuit conditions
regardless of the load resistance. Then, the photocurrent and
photovoltage transients were recorded by a digital storage oscilloscope
(DS0O9104H) via a LabVIEW code. One should refer to previous
work for more details about those techniques.”

5.3. Bias-Assisted Charge Extraction. To establish steady-state
conditions, we used a high power (1 W, 638 nm) laser diode
(InsaneWare) with a switch-off time of 10 ns. The laser diode was
operated at (500 Hz) with a duty cycle of 50%, such that illumination
lasted 1 ms and the diode was switched off also for 1 ms. A pulse
generator (Agilent 81150A) was used to apply the prebias (Vo) and
collection bias which are amplified by a home-built amplifier, allowing
a fast extraction time of 10—20 ns. The current transients were
measured via a (10 Q) resistor in series with the sample and recorded
with an oscilloscope (Agilent DSO9104H).

5.4. Morphology Measurements. To probe the active-layer
nanomorphology in the investigated OSC systems, we utilized
synchrotron-based X-ray microscopy, spectroscopy, and scattering
techniques. GIWAXS, RSoXS, and Spectroscopy/STXM were
conducted at the Advanced Light Source, Berkeley, CA at beamlines
7.3.3,% 11.0.12,°° and 5.3, respectively. The morphologically
examined active layers were prepared from the same batch as the
examined OSC devices. GIWAXS data were obtained at an X-ray
energy of 10 KeV and an incident angle of 0.2° (above the substrate
critical angle), enabling intensities linear to the illuminated sample
volume. Samples were spin-coated on Na/PSS/Si. In addition to the
grazing incidence angle (0.2°), a rocking scan was acquired around an
incident angle of 10.5S, which is the specular angle of the pi—pi
scattering peak of the polymer. Additional angles of incidence were
explored as well (e.g,, 5.18, 7.72, and 9.94°). The data at 7.72° were
used to patch up the missing wedge in the 0.2° data and to analyze for
pole figures in a similar fashion to previous literature by Toney et al.®*
RSoXS data were obtained at an X-ray energy below the C-edge at
283.5 eV. Samples were spin-coated on Na/PSS/Si substrates and
then floated off in deionized water onto Si;N4 windows, low-stress
Si;N4 membranes with a size of 2 mm?” and a thickness of 100 nm.
RSo0XS data were normalized to film thickness, which was measured
via NEXAFS spectra acquired at the same position as where RSoXS
measurements were acquired and with the same X-ray beam. The
RS0XS measurements were conducted in a transmission mode at
normal incidence and also at 45 degrees of sample tilt (see Figure
S22).

STXM images, to quantify chemical composition, were acquired at
a fullerene resonant energy of 284.4 eV and a nonresonant energy of
320 eV. These energies were selected from NEXAFS spectra for neat
materials. All STXM and NEXAFS samples were spin-coated on Na/
PSS/Si substrates and then floated off in deionized water onto TEM
grids.
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