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The influence of molecular orientation on organic
bulk heterojunction solar cells

John R. Tumbleston’, Brian A. Collins', Ligiang Yang?, Andrew C. Stuart?, Eliot Gann', Wei Ma',

Wei You?* and Harald Ade'™

In bulk heterojunction organic photovoltaics, electron-donating and electron-accepting materials form a distributed
network of heterointerfaces in the photoactive layer, where critical photo-physical processes occur. However, little is
known about the structural properties of these interfaces due to their complex three-dimensional arrangement and the
lack of techniques to measure local order. Here, we report that molecular orientation relative to donor/acceptor
heterojunctions is an important parameter in realizing high-performance fullerene-based, bulk heterojunction solar cells.
Using resonant soft X-ray scattering, we characterize the degree of molecular orientation, an order parameter that
describes face-on (4+1) or edge-on (—1) orientations relative to these heterointerfaces. By manipulating the degree of
molecular orientation through the choice of molecular chemistry and the characteristics of the processing solvent, we are
able to show the importance of this structural parameter on the performance of bulk heterojunction organic photovoltaic
devices featuring the electron-donating polymers PNDT-DTBT, PBnDT-DTBT or PBnDT-TAZ.

at the 10% level has been achieved in organic photovoltaics

(OPVs) based on the bulk heterojunction!? (BHJ) concept.
High performance®* has been accomplished using electron-donat-
ing polymers and electron-accepting fullerene molecules cast from
a common solvent to yield a BH]J thin film (100-250 nm). While
simple and potentially inexpensive from a fabrication standpoint,
casting from a common solvent leads to a highly complex mor-
phology often classified by domain size, domain purity and
aspects of crystallinity (Fig. 1a)>°. Of these morphological character-
istics, the extent of polymer crystallization and the average crystallite
orientation with respect to the electrodes have been shown to be
important factors in many organic electronic devices’1* because
of the inherent geometric asymmetry of the electronic orbitals of
semiconducting polymers. This physical and electronic asymmetry
also makes it possible that local polymer orientation near interfaces
with electron-accepting fullerenes could be highly relevant to per-
formance. The importance of these interfaces in device functionality
is well known, because it is here that critical photo-physical pro-
cesses such as photo-induced charge separation and recombination
take place!!. However, there is a lack of methods to modify or even
characterize preferential orientation relative to donor/acceptor het-
erointerfaces, which has left this potentially important parameter
for achieving high performance unexploited in BHJ devices.

In this Article, we show that polymer orientation relative to
donor/acceptor heterointerfaces can preferentially adopt face-on
(Fig. 1b) or edge-on (Fig. 1c) orientations in BHJ devices and is a
critical parameter for device operation. Using resonant soft X-ray
scattering'?, we show that fluorine substitution on the polymer
backbone and solvent processing alter the molecular orientation
and correlate with device performance. In a polymer where per-
formance does not depend strongly on traditional morphological
characteristics®®®13, we find near-perfect linear correlation
between short-circuit current J. and the degree of molecular orien-
tation (DMO), as well as a high correlation with the fill factor (FF).

Q power conversion efficiency (PCE) of sunlight to electricity

We further show that this correlation is robust to changes in the
polymer chemical moieties, which supports the preliminary conjec-
ture that face-on preferential orientation is an important feature of
high-performing BH]J solar cells'*. Importantly, following obser-
vations in bilayer model systems with single planar heterojunc-
tions!>"'7, we now show that preferential molecular orientation
relative to donor/acceptor heterojunctions is also critical to the ubi-
quitous fullerene-based BH]J solar cells.

Molecular orientation-performance correlation
We first summarize the impact of variable molecular orientation
with respect to donor/acceptor interfaces for blends consisting of
the electron-donating polymer poly[naphtho([2,1-b:3,4-b'] dithio-
phene-4,7-di(thiophen-2-yl)benzothiadiazole] (PNDT-DTBT).
Two versions of the polymer are used, one with fluorine atoms sub-
stituted onto the polymer backbone (red circles in Fig. 1d) and one
control with the original hydrogen atoms. Fluorine substitution on
the polymer backbone has been noted to improve performance in
other BHJ blends!®-2!. Solutions were made by dissolving the
polymer and the electron-accepting fullerene phenyl-Cg,-butyric
acid methyl ester (PCBM) (Fig. 1d) in chlorobenzene (CB) or 1,2-
dichlorobenzene (DCB) (see Methods for device fabrication).
When processed from CB, device performance with the fluorinated
blend is slightly enhanced compared to the non-fluorinated control
(Fig. le). Processing from DCB improves the PCE of the fluorine-
based device to 5.6%, but reduces the PCE for the hydrogen-based
control to 1.9%. Table 1 shows that differences in performance
result primarily from variations in J,_ and FF and are not due to vari-
ations in optical absorption, as confirmed with optical modelling
(Supplementary Fig. 1). Thus, only aspects due to the internal
quantum efficiency (that is, the number of charges collected per
absorbed photon) are affected.

When plotted against the DMO (determined from the energy-
dependent anisotropic scattering signal from polarized soft X-ray
scattering; P-S0XS)!2?2, both J,. and FF are strongly correlated
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Figure 1 | Device architecture and molecular orientation with respect to donor/acceptor heterojunctions. a, Schematic of a polymer/fullerene BHJ organic
solar cell showing device layers as well as zoom-in depictions of the complex morphology of the photoactive layer. Electron-accepting fullerene molecules
(dark red) and electron-donating polymer chains (light blue) form domains with different sizes and purities. b,c, Near donor/acceptor heterojunctions, the
polymer can be preferentially oriented in face-on (b) or edge-on (¢) configurations with respect to fullerene domain interfaces. d, Chemical structures of
fullerene (PCBM) and polymer (PNDT-DTBT) where fluorine is substituted for hydrogen on the polymer backbone (red circles). e, Blends based on
fluorinated PNDT-DTBT exhibit higher performance than the hydrogen-based controls, with the extent of performance enhancement depending on the choice
of processing solvent, either CB or DCB.

Table 1 | Device and morphological parameters.

Polymer  Substituent Processing Ve (V)  J . (mAcm™®  FF(%) PCE (%) DMO Composition Median
atoms solvent [40.01] [40.03] variations [+0.1] characteristic
length (nm)
PNDT- Hydrogen DCB 0.75 55+0.1 465+0.4 19+0.1 -0.06 0.79 45+ 4
DTBT Fluorine DCB 0.81 10.9+0.3 63.6+12 56102 0.40 1.0 52+6
Hydrogen CB 0.79 88+0.6 561+0.8 3.8+0.2 0.25 0.49 303
Fluorine CB 0.85 9.6+0.4 645+13 53+03 0.29 0.82 Nn2+12
PBnDT- Hydrogen DCB 0.79 11.2+05 441406 39402 —0.04 0.69 28+3
DTBT Fluorine DCB 0.91 13.0+£0.6 547435 64103 0.31 1.0 4347
PBnDT- Hydrogen TCB 0.68 10.1+0.6 523+20 36+04 0.13 0.87 53+6
TAZ Fluorine TCB 0.79 124405 69.5+25 6.8+05 0.25 1.0 57+6

PCE is the product of V., J,. and FF divided by the incident light intensity (that is, 100 mW cm™?). Composition variations only compare blends based on the same polymer. Characteristic length is derived from
the median spatial frequency. Uncertainties for performance parameters correspond to standard deviations of multiple devices, while uncertainties for morphological metrics are estimated from multiple
measurements of identical samples.

(Fig. 2a; Pearson’s coefficient of > 0.95). As discussed in detail nodular, fibrillar or fringed micellar) during film-drying

in the following, the DMO quantifies the average direction and
magnitude of polymer ordering of the polymer-rich domains
with respect to the BHJ interfaces. When processed from CB,
both polymers demonstrate preferential face-on configurations
(positive DMO). When processed from DCB, the fluorinated
blend becomes even more strongly face-on, while its non-fluori-
nated counterpart becomes slightly edge-on (negative DMO).
Correspondingly, the device performance of the fluorinated
blend improves, but it worsens in the hydrogen-based control.
The relationship between DMO and solvent and material choice
is probably related to differences in pre-aggregation in the
solvent due to differences in backbone and side-chain solubility,
as well as different morphological evolution (for example,

after casting.

Although the correlation of DMO with device performance is
exceptional, other properties of the morphology, including crystal-
linity, domain size and domain purity, can play an important role
in performance and must be investigated>®*!>2123, In particular,
strong m— stacking of polymer chains is known to assist intermo-
lecular charge transport to the electrodes in many systems!**. In
samples of PNDT-DTBT-based blends, grazing incidence wide-
angle X-ray scattering (GIWAXS) revealed that - stacking is
weak, irrespective of atomic substitution or processing solvent
(Supplementary Figs 2-4). On the other hand, both the population
and size of lamellar crystallites increase dramatically for both blends
when processing from DCB rather than CB. However, there is no
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Figure 2 | Device performance strongly correlates with DMO. a-c, FF (top) and J.. (bottom) as a function of DMO (a), average composition variations (b)
and median characteristic length of morphology (c) for devices based on PNDT-DTBT polymers that are either fluorinated or hydrogen-based controls. The
DMO strongly correlates with FF and J,. (Pearson’s r > 0.95), where positive and negative DMO values correspond to average preferential face-on and edge-
on polymer orientations with respect to donor/acceptor heterojunctions, respectively, as depicted schematically in a. Perfect face-on and edge-on polymer
orientations would correspond to DMO values of +1 and —1, respectively, while DMO = O represents random polymer orientation. Best fit lines are also
shown in a. Uncertainties for performance parameters correspond to standard deviations of multiple devices, while uncertainties for morphological metrics

are estimated from multiple measurements of identical samples.

correlation between the performance and these metrics or other
metrics related to relative orientation differences of polymer crystal-
lites with respect to the electrodes.

Similarly, poor correlations are found between device perform-
ance and the average composition variations measured with
P-SoXS, as shown in Fig. 2b (see Supplementary Fig. 5 for details
following previous methodology??). In short, the mean composition
variations within the film are calculated from the total scattering
intensity (TSI) and represent relative purity values within a two-
phase model, integrated over all size scales corresponding to the
measured range of scattering vector q. For systems consisting of
three phases, the concept of purity is rather complex, yet the com-
position variation is a model-independent, rigorous parameter
that reflects the volume fraction of mixed domains and the dis-
persion of PCBM. The more dispersed the PCBM, the lower the
composition variation. For example, the blend with the largest com-
position variations—fluorine DCB—has polymer-rich and fuller-
ene-rich domains that have the most compositional contrast. In
BH]J solar cells, it is expected that domain purity is an important
morphological parameter because Monte Carlo modelling?® has
predicted it to be critical for charge separation and transport.
However, in this particular system, even though the composition
variations increase for both blends processed from DCB when com-
pared to those processed from CB, paralleling the evolution in crys-
tallinity, performance is improved for the fluorinated blend but is
reduced for the hydrogen-based control.

Finally, similarly poor correlations are found between J,. and FF
and the spatial frequency distribution that characterizes device mor-
phology. Median characteristic lengths are shown in Fig. 2c¢ and
Table 1, with all blends characterized by a narrow distribution of
spatial frequencies (Fig. 3c). The median spatial frequency is
taken as the g location equal to half the TSI, which is then converted

NATURE PHOTONICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephotonics

to a median characteristic length via 27/q. This length is consistent
with X-ray and transmission electron microscopy (TEM) measure-
ments (Supplementary Fig. 6). No other characteristic model-free
length scale that can be derived from the scattering data**—such
as the long period (that is, mode), peak or shoulder in I,,,(q), the
average chord length and so on—correlates with performance.
Because the lack of correlation of individual parameters does not
imply they are not important, combinations of parameters have to be
considered in order to assess their compensatory, counteracting
effects. We start by focusing on the DCB-cast hydrogen-based
PNDT-DTBT device using the data in Fig. 2. This device has high
crystallinity and small, relatively pure domains, which should lead
to good performance within the canonical paradigm, yet it performs
the worst. This is contrasted with the fluorine-based DCB device,
which performs the best; it has similar crystallinity, but larger
domains (which should be detrimental) and only slightly higher
purity. Next we compare the CB-cast fluorinated device with the
DCB-cast hydrogen-based device which have identical composition
variations. Thus, the relative domain compositions are held constant
in this comparison. The former device has larger domains and lower
crystallinity, both of which should be detrimental, yet it performs sig-
nificantly better than the latter device. Similar considerations hold
when looking at combinations that involve more subtle aspects of
crystallinity, such as (100) or (010) coherence length or intensities
(Supplementary Fig. 4). Thus, considerations of combinations of
parameters other than DMO lead to contradictions in the struc-
ture—performance relationships. Ultimately, while generally impor-
tant, the measured differences in material crystallinity,
composition variations and characteristic length scales of the mor-
phology do not strongly determine the FF or J,. of PNDT-DTBT-
based blends over the range of changes in these parameters observed
here. This indicates that the DMO is a critical morphological
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Figure 3 | Polarized soft X-ray scattering anisotropy reveals molecular order. a,b, P-SoXS data with horizontally (a) and vertically (b) linearly polarized X-
rays for PNDT-DTBT:PCBM fluorinated blends cast from CB. Greater scattering intensity occurs in the direction perpendicular to the X-ray polarization at this
energy. ¢,d, Full 180° Lorentz corrected sector averages (€) and 20° Lorentz corrected sector averages (d) for the wedges shown in a for blends with different
atomic substitution cast from either CB or DCB. Arrows in ¢ correspond to median characteristic lengths, and traces in d are vertically offset for clarity. Para.,
parallel; Perp., perpendicular. e, Energy dependence of the anisotropy ratio, A(E), for fluorinated and hydrogen-based blends cast from DCB, as well as model
fits to energies below the absorption edge of PNDT-DTBT, which are used to determine DMO as shown in Fig. 2a and Table 1. f, The complex indices of
refraction (i = 1— &+ i) for PNDT-DTBT and PCBM constitute the material contrast function (A#?) between polymer and fullerene, which is proportional
to (A8)% + (AB). g, The energy dependence of the TSI matches A#?, indicating that scattering is dominated at virtually all energies by optical contrast
between polymer-rich and fullerene-rich domains, not by polymer domains with different orientations. Note: For ¢ and d, the one-dimensional averaged

intensity I, multiplied by q° (that is, Lavgd
in turn corresponds to the Fourier amplitude of spatial frequencies of a sample.

parameter describing this system and should be investigated when
linking performance and morphology in other systems.

Photon energy dependence of anisotropic scattering

The composition variations, characteristic length and DMO shown
in Fig. 2 were measured with P-SoXS!2. As a transmission measure-
ment, P-SoXS measures structures largely in the plane of the BHJ
films, with scattering intensity dominated by index of refraction
differences between polymer-rich and fullerene-rich regions, and
with considerable sensitivity to differences in polymer orientation.
The two-dimensional scattering intensity of linearly polarized soft
X-rays is shown in Fig. 3a,b for a photon energy of 286.2 eV.
Azimuthal integration of the scattering intensity results in
reduced data, as shown in Fig. 3c. These traces represent the total
intensity for a given |g| and correspond to the distribution of
spatial frequencies s in the sample (|q| = 27rs). Integration is equiv-
alent to 180° azimuthal averages of the intensities (I,,,) after appli-
cation of the Lorentz correction (Iavng) (ref. 26).

Scattering anisotropy manifests itself in Fig. 3a,b as differing
scattering intensities in the directions perpendicular and parallel
to X-ray polarization. A very simple, coarse-grained model that pro-
vides intuitive understanding of this complex phenomenon is pro-
vided in Supplementary Fig. 7. When the polarization is rotated
by 90° (Fig. 3b), the higher-intensity scattering lobes also rotate,
indicating that the anisotropy indeed originates from local molecu-
lar orientational ordering within a globally isotropic film. Because
there is scattering in all directions irrespective of the polarization,

2) corresponds to the Lorentz correction, which is equal to azimuthal integration of our two-dimensional data. This

anisotropic contributions to the scattering are determined by calcu-
lating 20° Lorentz-corrected sector averages Iavg(J_,Il)qz(q) perpen-
dicular and parallel to the X-ray electric-field polarization (wedges
in Fig. 3a, Fig. 3d). The extent of orientation is quantified by calcu-
lating a scattering anisotropy ratio A(E) from the integrated sector
intensities ISI | |y = fIavg(LH))qz(q)dq:

A(E) = (ISI, — ISI})/(SI, + ISI))

The materials’ feature-rich optical constants near the carbon 1s
absorption edge give rise to a unique energy dependence of the ani-
sotropy ratio (Fig. 3e), which not only exemplifies the anticorrelated
signals of face-on and edge-on orientation for DCB-cast fluorine-
and hydrogen-based blends, but is also used to determine the
DMO. The DMO (Fig. 2a, Table 1) is obtained from model fits to
the energy dependence of the anisotropy ratio using scattering con-
trast of perfectly aligned polymers with respect to PCBM-rich
domains (Fig. 3e; see Supplementary Fig. 8 for an extended discus-
sion). It is an order parameter that measures the average amount of
polymer matrix that takes a preferred radial or tangential orien-
tation with respect to PCBM-rich domains. These values range
from —1 to +1 for complete polymer edge-on and face-on orien-
tations, respectively, with zero corresponding to random orien-
tation. Even though the DMO is a spatially averaged value, we
reason that ordering is probably significant at donor/acceptor inter-
faces. This assertion is supported by the lack of anisotropic scatter-
ing from homopolymer films as would be expected if molecular
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Figure 4 | Face-on molecular orientation correlating to high performance in other systems. a-f, Chemical structures (a,b), representative device
performance (c,d) and P-SoXS scattering Lorentz corrected sector averages (e f) for blends based on PBnDT-DTBT (a,c.e) and PBnDT-TAZ (b,df). Face-on
molecular orientation and higher performance are observed for blends based on fluorinated versions of both polymers. Slightly edge-on molecular orientation
occurs for the hydrogen-based blend of PBnDT-DTBT, while modest face-on orientation occurs for the hydrogen-based control of PBnDT-TAZ. Composition
variations and median characteristic lengths are also noted to increase for both fluorinated blends compared to their hydrogen-based counterparts.
Horizontally polarized X-rays with photon energies of 284 eV (e) and 286.2 eV (f) are used to demonstrate the scattering anisotropy in these systems.

Para., parallel; Perp., perpendicular.

ordering is randomly nucleated in the middle of polymer-rich
domains, for example, from polymer crystallization into fibrillar
structures. We note that the correlations of FF and ], in Fig. 2
with molecular orientation also hold and are meaningful if only
the phenomenological A(E) is used.

Together with the energy dependence of the anisotropy ratio, the
energy dependence of the TSI, which is a g-integration of full 180°
Lorentz-corrected sector averages (Fig. 3c) at each photon energy,
eliminates other possible explanations behind the origin of the scat-
tering anisotropy. The contrast functions (A#?) for different scatter-
ing sources follow unique energy dependencies set by each
material’s complex indices of refraction, # =1 — 6 + i3 (Fig. 3f).
The TSI observed follows the contrast function for material
domains of polymer and fullerene and not that of differences in
polymer orientation (Fig. 3g), demonstrating that the ordering
occurs between polymer-rich and fullerene-rich domains rather
than between crystallites or liquid-crystalline ordering within the
polymer, as observed in other materials'2. Likewise, the scattering
does not originate from roughness in the film surfaces or voids in
the bulk, because the TSI does not match the contrast function
for mass-thickness fluctuations (Supplementary Fig. 9). This evi-
dence definitively determines that the anisotropic scattering signal
originates from local orientational ordering of the polymer relative
to the heterojunction interfaces with fullerene-rich domains.

Generality of face-on molecular orientation and conclusions
Although the DMO has a major influence on the performance of
PNDT-DTBT-based devices, demonstrations of structure-property

relationships in organic electronics are often confined to one
material and cannot be applied universally across material
systems. We therefore tested the qualitative correlation of
DMO with performance in two other high-performing polymers.
When exchanging the NDT moiety of PNDT-DTBT with
benzo[1,2-b:4,5-b']dithiophene (BnDT), the choice of substituent
atom again affects molecular orientation for blends of PBnDT-
DTBT? (Fig. 4a) and PCBM. Figure 4c,e shows device performance
and Lorentz-corrected sector averages from two-dimensional scat-
tering intensity (for example, Fig. 3a) for fluorine-substituted and
hydrogen-based control blends processed from DCB. Device per-
formance improves for the fluorine-substituted blends where
DMO is positive, indicating a face-on configuration (Table 1). On
the other hand, DMO is slightly negative for the hydrogen-based
blend. Qualitatively, this is the same result as observed for blends
consisting of PNDT-DTBT. Going a step further, when exchanging
DTBT with a different moiety, 2-alkyl-benzo[d][1,2,3]triazoles
(TAZ)" (Fig. 4b), fluorination of the backbone again affects the
extent of preferential ordering and is correlated to high performance
(Fig. 4d,f). This moiety is completely different from DTBT, with the
substitution of an additional nitrogen atom and different position-
ing of the side chain. Through this systematic change in chemical
moieties, atomic substitution is revealed to be a general means to
enhance performance due to a consistent modification of preferen-
tial polymer orientation with respect to donor/acceptor heterojunc-
tions, and is potentially the effect of fluorination.

The effect of improved performance with face-on molecular
orientation can be understood with recent developments in device
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physics at donor/acceptor interfaces. Specifically, molecular model-
ling of small-molecule heterojunctions predicts improved electronic
coupling due to improved orbital overlap between donor and accep-
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