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ABSTRACT: In this study, we used (i) synchrotron grazing-
incidence small-/wide-angle X-ray scattering to elucidate the
crystallinity of the polymer PBTC,TPD and the sizes of the
clusters of the fullerenes PCBM and ThC,BM and (ii)
transmission electron microscopy/electron energy loss spec-
troscopy to decipher both horizontal and vertical distributions
of fullerenes in PBTC;,TPD/fullerene films processed with
chloroform, chlorobenzene and dichlorobezene. We found that
the crystallinity of the polymer and the sizes along with the
distributions of the fullerene clusters were critically dependent
on the solubility of the polymer in the processing solvent when

PBTC:TPD crystal

PBTC . TPD polvmer chain

the solubility of fullerenes is much higher than that of the polymer in the solvent. In particular, with chloroform (CF) as the
processing solvent, the polymer and fullerene units in the PBTC,,TPD/ThC¢;BM layer not only give rise to higher crystallinity
and a more uniform and finer fullerene cluster dispersion but also formed nanometer scale interpenetrating network structures
and presented a gradient in the distribution of the fullerene clusters and polymer, with a higher polymer density near the anode
and a higher fullerene density near the cathode. As a result of combined contributions from the enhanced polymer crystallinity,
finer and more uniform fullerene dispersion and gradient distributions, both the short current density and the fill factor for the
device incorporating the CF-processed active layer increase substantially over that of the device incorporating a dichlorobenzene-
processed active layer; the resulting power conversion efficiency of the device incorporating the CF-processed active layer was
enhanced by 46% relative to that of the device incorporating a dichlorobenzene-processed active layer.
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1. INTRODUCTION

Great progress has been made recently in the development of
organic photovoltaic devices incorporating active layers based
on bulk heterojunction (BHJ) structures with conjugated
polymers' as electron donors and nanometer-sized fullerenes as
electron acceptors.” ® A complicated two-component BH]J
active layer morphology that comprises phase-separated
polymer-rich and fullerene-rich domains along with molecularly
dispersed fullerenes and polymer chains typically arises from
either their limited miscibility or large solubility disparity
between polymer and fullerene in the processing solvent; their
solubility is affected by the type of solvent, temperature, and
other parameters employed during processing.” ® An active
layer incorporating phase-separated nanometer-scale domains
in a BHJ solar cell plays a critical role affecting the device
performance because the interfaces between these domains
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provide a build-in electrical fields that allow the charge
separation to take place for photogenerated excitons that
diffuse to them; on the other hand, these polymer and fullerene
domains also provide percolation pathways for holes and
electrons, respectively, transport to the respective electrodes.
The former requires a fine dispersion of fullerene units in the
polymer for providing large interfaces because of the short
exciton diffusion length (less than ten nanometers), whereas
the latter necessities a suitable fullerene domain size to form
pathways that can reduce a recombination of electrons and
holes.'® An optimal domain size as well as desirable
distributions must be achieved for fullerenes in a polymer in
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order to obtain a high power conversion efficiency. The
morphology of the active layer can be influenced to some
extent by varying such parameters as the chemical composi-
tion,"' ™" the solvent used,'”'® and the postprocessing
treatment conditions,"”™>® but often it is not understood a
priori. Particularly, the morphology of the active layer that
critically determines the device efficiency is strongly affected by
the processing solvents; a proper solvent can induce good
polymer crystallinity if any and the optimized size of fullerene
domains and their distribution, resulting in the best device
performances. For probing the nanometer-scale domains of the
active layer, only a few tools that can discriminate the small
structure differences in polymer/fullerene composites can be
adopted; among them, grazing-incidence X-ray scattering
methods are most suitable for obtaining statistically meaningful
structural information on hundreds-of-nanometers thick
films.>'>"3?>?%733 Intricate characterization techniques such
as state-of-the-art energy-filtered transmission electron micros-
copy (EFTEM)**™% are utilized for visualizing the a BHJ solar
cell's active layer horizontal and cross-section morpholo
because conventional TEM show inherently little contrast.>”>®
One version of the EFTEM techniques is TEM with electron
energy loss spectroscopy (EELS), TEM/EELS, which can be
used to analyze the active layer in BHJ solar cell devices.

In this study, we have chosen poly-{bi(dodecyl)thiophene-
dodecyl-thieno[3,4-c]pyrrole-4,6-dione} (PBTC,,TPD) with
two different fullerenes, 1-(3-methoxycarbonyl)propyl-1-thien-
yl-(6,6)-methanofullerene (ThCgBM) and PCyBM, as the
components for the active layers in the devices. We used
synchrotron grazing-incidence small- and wide-angle X-ray
scattering (GISAXS and GIWAXS) to elucidate the global
morphology of PBTC,TPD/fullerenes films and TEM/EELS
with C-ratio to analyze the composition distribution of the
cross section of the active layers processed with different
solvents. Three processing solvents—chloroform (CF), chlor-
obenzene (CB), and 1,2-o-dichlorobenzene (DCB)— were
used to dissolve PBTC,,TPD, PC¢;BM, and ThC4BM in the
quest to obtain the optimal morphology for the active layer. We
intend to understand why the power conversion efficiency
(PCE) improved from 4.2% for a device incorporating a DCB-
processed PBTC,,TPD/ThCyBM (1:1.5, w/w) film as the
active layer to 6.2%—a relative increase of 46%—for the
corresponding device featuring CF-processed PBTC,TPD/
ThC¢;BM active layer.

2. EXPERIMENTAL SECTION

The synthesis of the conjugate polymer PBTTPD similar to that of the
PBTC,,TPD has been reported elsewhere;*® PC¢;BM and ThC4BM
were obtained from Solenne BV and the solvents CF, CB, and DCB
from Sigma—Aldrich. All solutions of PBTC,,TPD/PC4BM and
PBTC,,TPD/ThC4BM (30 mg/mL) were prepared at a
PBTC,,TPD-to-PC;;BM (or ThC;BM) weight ratio of 1:1.5 at
approximately 60 °C. The mixtures were spin-cast onto PEDOT:PSS—
coated ITO glasses to provide an active layer of thickness of
approximately 300 nm. Top contacts of Al (100 nm) were vacuum-
deposited through thermal evaporation.

Photovoltaic measurements of the devices were performed under
simulated AM 1.5G irradiation (100 mW/cm?) using a Xe lamp—
based Newport 66902 150-W solar simulator. A Xe lamp and an AM
1.5G filter were used as the white light source; the optical power at the
position of the sample was 100 mW/cm? The J—V characteristics were
measured using a Keithley 2400 source meter. External quantum
efficiencies (EQEs) were measured using an SR150 (Optosolar,
Germany) spectral response measurement setup.
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Atomic force microscopy (AFM) images were recorded using a
Digital Instruments Innova atomic force microscope operated at a scan
rate of 1 Hz in tapping mode. TEM images were recorded using an
FEI Tecnai G2 instrument operated at 120 keV. The samples for top-
view TEM imaging were prepared in the same manner but at a
thickness of 90 nm as the active layers used in the devices, followed by
immersion in DI water for active layer exfoliation; the detached active
layers were then transferred to a Cu foil for TEM imaging. The carbon

elemental ratio was obtained using the standard two-energy-window
method.*®

GISAXS and GIWAXS measurements were performed at the
SWAXS end station of the BL23A beamline of the Taiwan light source
at the National Synchrotron Radiation Research Center (NSRRC).
The BL23A beamline, equipped with a SAXS area detector and a
WAXS area detector (in the meridian direction) connected to two data
acquisition systems operated in master/slave mode, allowed GISAXS
and GIWAXS measurements of correlated changes to the crystalline
structures and nanostructures in the same probing area of the thin
films of interest. The wave vector transfer Q was equal to 47sin(6/2)/
/, defined in terms of the scattering angle 6 and wavelength 4 of the X-
rays. The X-rays passed through a slit having a width of 0.5 mm; the
photon energy was 8 keV; the sample-to-detector distances were 3 and
0.75 m for the GISAXS and GIWAXS systems, respectively; the angle
of incidence was 0.2°. The samples were prepared on 4-cm® Si
substrates through spin-coating of PBTC,TPD/PCsBM and
PBTC,,TPD/ThC4BM solutions; the film thickness was the same
for each sample (ca. 300 nm).

3. RESULTS AND DISCUSSION

Figure la presents the molecular structures of the conjugated
polymer PBTC,,TPD and the two fullerene derivatives that we
used to prepare the active layers in the devices. poly-
{Bi(dodecyl)thiophene-dodecyl-thieno[3,4-c]pyrrole-4,6-
dione}, PBTC,,TPD, featuring linear alkyl chains (C;,H,;s)
attached to thieno[3,4-c|pyrrole-4,6-dione (C,,TPD) units in
conjugation with alkyl-bearing bithiophene (BT) units, was
synthesized using a procedure similar to that reported
previously for PBTTPD, which had branched alkyl chains
attached to TPD units.®® The TPD unit with different
solubilizing groups that impacts the structural order and
orientation in polymer backbones has been reported else-
where;*” it was found that the polymer having TPD units with
linear alkyl chain gives higher molecular packing than that with
branch alky chain. In the present study, we use the polymer that
comproses TPD with linear alkyl chains, PBTC,,TPD, for
allowing the polymers to crystallize easily in the presence of
fullerenes. As fullerene derivatives, we used PC¢BM and
ThC4BM, with the latter having higher electrical transport
properties than those of the former.*' Figure 1b presents X-ray
diffraction curves of the CF-, CB-, and DCB-processed
PBTC,,TPD films; the peaks at 2.9, 5.9, and 8.9° indicate
the diffraction from the (100), (200), and (300) plane of PBT
C,TPD lamellae crystal, respectively, and a broad peak at
19.8°, corresponding to a distance of 4.5 A, is assigned to the
facial 7—n stacking of the lamellae.

Figure 1lc presents UV—Vis absorption curves of films of
PBTC,,TPD, PC4BM, and ThC4BM that had been cast from
CF solutions. The absorption peak at 470 nm for PBTC,,TPD
in CF solution resulted from internal charge transfer between
the TPD acceptor and the BT donor; the solid PBTC;,TPD
film exhibited a maximum absorption near 550 nm—a
significant red-shift of 80 nm relative to that in solution,
indicating that considerably strong intermolecular interactions
existed in the solid film. In addition, the vibronic shoulder at
650 nm implies an ordered arrangement of PBTC,TPD
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Figure 1. (a) Molecular structures of PBTC,,TPD, PC4BM, and
ThC4,BM. (b) X-ray diffraction curves of PBTC,,TPD in CF, CB and
DCB (c) Absorption spectra of PBTC,TPD (square), PC¢BM
(circle), and ThC(BM (triangle) films processed from CF and of
PBTC,,TPD in CF solution (inverted triangle). (c) Absorption
spectra of PBTC,,TPD/PC4BM films processed from CF (square),
CB (circle), and DCB (triangle) and of PBTC;,TPD/ThC4BM films
processed from CF (inverted triangle), CB (rhombus), and DCB (left
triangle).

molecules with strong 7—n stacking between the polymer
backbones in the solid film, a feature that also appears in the
film of regioregular poly(3-hexyl thiophene) (P3HT).*** The
absorption of ThC4BM in the range 300—400 nm was slightly
higher than that of PCBM.

Figure 1d presents UV—vis absorption spectra of
PBTC,,TPD/PC,,BM and PBTC,,TPD/ThCsBM blend
films spin-coated from CF, CB, and DCB solutions. Although
these spectra featured almost the same absorption pattern
regardless of the processing solvent, the absorption intensity in
the range 350—450 nm for the PBTC;,TPD/ThC4BM film
cast from CF was slightly stronger than that of the

PBTC,TPD/PC4BM film cast from CF. Additionally, the
vibronic shoulders at 650 nm in the spectra of the CF-spun
films were more pronounced than those in the spectra of the
films cast from CB and DCB solutions, indicating more-ordered
stacking for the CF-spun films. The UV—vis absorption spectra
of PBTC,,TPD/PC4,BM and PBTC,,TPD/ThC¢,BM blend
films spin-coated from CF, CB, and DCB solutions were
slightly blue-shifted as compared to that of the pristine
PBTC,,TPD film, possibly because of the fact that the size of
the polymer crystallite reduced upon the addition of fullerenes.

Figure 2a and b reveal the photovoltaic performances of
devices containing ca. 300 nm thick PBTC,TPD/PC4BM and
PBTC,,TPD/ThC¢BM films, respectively, that had been
processed using CF, CB, and DCB; Figure 2c lists the values
of the open-circuit voltage (V,.), short-current density (J,),
and fill factor (FF) obtained from these curves. Although the

(@) ,.

0 gy
L —=—PBT-C, TPD/PCBM (CF) !
3 -2q |==—PBT-C TPD/PCBM (CB)
E —»—PBT-C,, TPIYPCBM (DCB)
£ 4
E
2
S -6
=
E
5 -84 PP
o] e
=10 -t
T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V)
) .
/!
0 -
{  [~*—PBTC, TPD/ThCBM (CF) y
21 |-=—PBTC,_TPD/ThCBM (CB)
=~ PRTC,TPD/ThCBM (DCB)  //

Current density (mAfem’)

T
0.2

(.0 0.4 0.6 0.8 1.0
Voltage (V)

(C) PBTC,;TPD/PCs;BM PBTC,,TPD/ThC,,BM
Solvent Fac 7 3 FF PCE" Vo Jo FF PCE*

(V) (mAfem® (%) (%) V) (mAlem® %) (%)
CF 0.9 99 57 51 091 113 6l 6.2
CB 087 © 47 45 91 96 57 5
DCB 086 87 55 40 87 92 52 42

#) The PCE values of each devices are within an averaged ermor range of £0.2% in ten measured devices.

5415

Figure 2. Current density—voltage curves of (a) PBTC,TPD/
PC¢,BM and (b) PBTC,,TPD/ThC¢BM films processed from CF,
CB, and DCB. (c) Photovoltaic characteristics of devices incorporating
PBTC,,TPD/PC4BM and PBTC,,TPD/ThC4BM active layers that
were processed from CF, CB, and DCB.
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Figure 3. Out-of-plane GIWAXS profiles of (a) PBTC,,TPD/PC4BM and (b) PBTC,,TPD/ThC¢BM films spin-cast from CF, CB, and DCB
solutions. The (100), (200), and (300) reflections of the PBTC,TPD are indicated; the halos at g, ~ 1.4 A™' correspond to the aggregation of
fullerene derivatives (PC¢;BM or ThCBM). (c) In-plane GISAXS profiles of PBRTC,TPD/PC¢BM and PBTC,,TPD/ThC¢BM films spin-cast
from CF, CB, and DCB solutions. Data were fitted using a single fractal model for CF-processed films and a bifractal model for CB- and DCB-
processed films to estimate the relative volume fraction and characteristic length of fractal system of PC4;BM or ThCy;BM clusters, and are shown in
e. (d) Table for the relative crystallinity (y) and the edge-on lamellae size (L) of the polymer estimated from the (100) reflections. (e) Table for the
corresponding single and bifractal model fitted values of PC;BM or ThCyBM processed with CF, CB, and DCB.

open-circuit voltages of these devices were all similar (ca. 0.9
V), their short-circuit current densities were substantially
different. For the devices incorporating the PBTC,TPD/
PCq4BM active layers, the values of ], ranged from 8.7 mA/cm”
after DCB- and CB-processing to 9.9 mA/cm’ after CF-
processing. In contrast, the value of J;_ increased substantially to
11.3 mA/cm® for the device containing the CEF-processed
PBTC,;,TPD/ThC¢,BM active layer from 9.2 mA/cm? for the
device containing the DCB-processed PBTC,,TPD/ThCyBM
active layer—an increase of greater than 20%. The values of
measured ] in Figure 2¢ and those estimated from integrating
the external quantum efficiency curves in Figure S1 in the
Supporting Information were consistent (within an error range
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of 3%), confirming the accuracy of our measurements. The FF
for the device containing the CF-processed PBTC,TPD/
ThC4,BM layer was 60%, 15% greater than that (52%) for the
device containing the DCB-processed active layer. As a result of
its enhanced values of J. and FF, the PCE of the device
incorporating the CF-processed PBTC,TPD/ThC4BM layer
(6.2%) was 46% higher than that (4.2%) of the devices
incorporating the DCB-processed PBTC,TPD/ThC4BM
layer. We suspected that the enhanced short-circuit current
density and fill factor of the device incorporating the CF-
processed PBTC,TPD/ThC4BM layer were due to its having
a superior morphology relative to that of the DCB-processed
PBTC,,TPD/ThC4BM active layer. Moreover, the PCE of the
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http://pubs.acs.org/action/showImage?doi=10.1021/am4011995&iName=master.img-003.jpg&w=482&h=455

ACS Applied Materials & Interfaces

Research Article

device incorporating the PBTC,TPD/ThC4BM active layer
was also higher than that of the PBTC,TPD/PC4BM when
processed with CF, 6.2 vs 5.1%. To decipher each component’s
distribution in the active layer of each BHJ device, we first used
GIWAXS and GISAXS to deduce, from a global view, the
degrees of crystallinity of the PBTC,TPD lamellae and the
sizes of the aggregated fullerene clusters in the active layers.

Figure 3a and b present GIWAXS profiles taken along the
out-of-plane direction, g, of approximately 300 nm thick
PBTC,,TPD/PC,BM and PBTC,,TPD/ThCsBM (1:1.5, w/
w) films, respectively; the insets display corresponding two-
dimensional (2D) GIWAXS images. In the profile of the CF-
processed PBTC,TPD/PC4BM film in Figure 3a, the strong
out-of-plane (100) peak at a value of g, of 0.23 A" and the
(200) and (300) peaks, respectively, represent scattering of the
edge-on PBTC,,TPD lamellae, which have an orientation in
the out-of-plane direction of the film; the corresponding peak
intensities for the CB- and DCB-processed PBTC;,TPD/
PC4BM films were relatively weak. In Figure 3b, the same
pattern appears in the GIWAXS profiles of the CF-, CB-, and
DCB-processed PBTC,,TPD/ThC4BM films: the scattering of
the edge-on PBTC,TPD lamellae formed from CF was much
larger than those formed from CB and DCB. This feature
indicates that the crystallinity of the PBTC,,TPD lamellae in
the CF-processed film was much larger than those in the CB- or
DCB-processed films. Additionally, an amorphous halo at a
value of g, of 1.4 A™", corresponding to short-range ordering of
the PC;BM and ThC4BM clusters, appeared in the curves of
all the films, regardless of the processing solvent. We estimated
the corresponding polymer crystal sizes and the relative
crystallinity from the (100) peak using the Scherrer equation
and the integrated area under the peak, respectively.*'* Figure
3c displays the GISAXS profiles recorded along the in-plane
direction, g,, of the 2D images of CF-, CB-, or DCB-processed
PBTC,,TPD/PC,BM and PBTC,,TPD/ThCs,BM (1:1.5, w/
w) films. Figure 3d summarizes the characteristics of the edge-
on PBTC,,TPD lamellae in the PBTC,,TPD/fullerene films.
The crystallinity of the edge-on PBTC,TPD lamellae in the
CFE-processed PBTC,TPD/PC4BM film was greater than
those of the CB- and DCB-processed films by 1.4 and 2.3 times,
respectively. Likewise, the CF-processed PBTC,,TPD/
ThC¢BM film also exhibited the similar higher crystallinity
of its PBTC,TPD edge-on lamellae relative to those in the CB-
and DCB-processed active layers. We estimated the
PBTC,,TPD (100) edge-on lamellar crystal sizes in the CF-
processed PBTC,TPD/PC4BM and PBTC,,TPD/ThC4BM
films to be 34 and 36 nm, respectively; in contrast, for the CB-
and DCB-processed PBTC,,TPD/PC¢BM and PBTC,TPD/
ThC4BM films, the size was approximately 25 nm.

In the active layers, the domain size of fullerene aggregates
can be determined by fitting the GISAXS profiles in Figure 3¢
with a choice of a proper fractal model. In some cases, a single
fractal model such as I(q) = S(q)*F(q), where I, S, F and q are
scattering intensity, structural factor, form factor and scattering
vector, respectively, can be successfully used to fit the GISAXS
profiles of polymer/fullerene blends; for instance, a single
fractal model had been successfully used in our previous study®
(see the Supporting Information for the analytical form) to fit
the GISAXS profiles, providing a satisfactory interpretation of
the morphology of the polymer/fullerene blend. In the present
study, the GISAXS profiles of the CF-processed films can well
be fitted with a single fractal model (Figure 3c). On the other
hand, the GISAXS profiles of CB- and DCB-processed films
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exhibit similar curvature as that of the CF-processed films in the
high-g region but display an upturn in the low-q region around
0.004 A4 indicating the coexistence of two fractal structures-a
small and a large structure. This leads us to try a few models
that include a combination of a single fractal along with sphere
or disk model for taking the larger structure into account to fit
the GISAXS profiles in the CB and DCB cases, but without
success. Using a bifractal model of I(q) = const,S,(q)F,(q)+
const,S,(q)F,(q), where const; and const, are related to the
volume fraction of structure, we are able to successfully fit the
GISAXS profiles of the CB- and DCB-processed films (Figure
3c), suggesting that two fractal structures with different
characteristic lengths coexist in the system. The contrast
between the bifractal model for CB and DCB cases to the single
fractal model for CF case indicates that CF solvent induces a
more uniform dispersion of fullerenes (Figure 3e) than CB and
DCB solvent in the solid films in the presence of PBTC,,TPD.

The fitting result is shown in Figure 3e, where the
PBTC,,TPD/PC4BM films that were processed with CB
and DCB solvent possess two different fullerene fractal sizes, 6
and 29 nm for CB and 5 and 294 nm for DCB, respectively.
Whereas, PBTC,TPD/PCgBM films that were processed with
CF have only one fullerene fractal size, 12 nm, indicating the
better dispersion of fullerenes when processing with CF. The
analytical form of the GISAXS intensity expressed by the
scattering contrast and relative volume fraction is provided in
the Supporting Information. Because the GISAXS measure-
ment is not an absolute measurement, the true volume passed
by the incident beam and electron contrast cannot be
estimated, according to the current GISAXS reports. Moreover,
these fitting parameters in the bifractal model are quite
complicated. Therefore, the volume fraction and electron
contrast-their product is the prefactor of intensity expression-
can be considered only in the relative scale. The values of the
same structural parameter for different solvent treatment,
however, can be compared relatively. The relative volume
fractions of different domain sizes in a film have different
normalization factors.

These hierarchical fullerene structures for the CB- and DCB-
processed films result from the much lower solubility of
PBTC,TPD in CB and DCB than in CF, leading a poor
dispersion of fullerenes in PBTC,,TPD. While the
PBTC,,TPD domains in the PBTC,,TPD/PCyBM and
PBTC,,TPD/ThCyBM films exhibited approximately the
same crystallinity (Figure 3d), the device data show a 14%
difference in their short current density (9.9 vs 11.3 mA/cm?),
we speculate that the difference in the PCEs of the
PBTC,,TPD/PC4BM (5.1%) and PBTC,,TPD/ThC,,BM
(6.2%) devices was caused primarily by (i) the higher
absorption intensity in the range 350—450 nm for the
PBTC,,TPD/ThC;BM film than that of the PBTC,,TPD/
PC4,BM film, (ii) the amount of their fullerene clusters with a
decent size,'"”*" and (iii) higher intrinsic electrical conductiv-
ities for ThC4;BM.*' From our GISAXS analyses, we conclude
that the dispersed fullerene clusters in the CF-processed active
layers containing ThCg;BM possessed the optimal size,'>' 15
nm, and therefore, their active layer films possessed
morphologies for superior charge transport than did those of
the other films. Nevertheless, to better understand the
morphologies in the blend systems, we used AFM to determine
the surface morphologies. AFM images show that CF-processed
films possessed more homogeneous morphology than CB and
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DCB processed films either in PC5;BM or ThC¢BM systems
(see the Supporting Information, Figure S2).

Figure 4a—c present top-view TEM images of PBTC,TPD/
PCBM films that were spin-coated from CF, CB, and DCB

Figure 4. Top view TEM images of (a—c) PBTC,TPD/PCyBM and
(d—f) PBTC,,TPD/ThC4BM films processed from (a, d) CF, (b, e)
CB, and (c, f) DCB, respectively.

solutions, respectively; Figure 4d—f present images of the
corresponding PBTC,TPD/ThC4BM films, respectively. The
distinct bright and dark regions in these TEM images represent
the conjugated polymer-rich and fullerene-rich domains,
respectively, because the differences in the electron scattering
densities of fullerenes (1.5 g/cm’) and polymers (1.1 g/cm?)
are quite large. In the images of the DCB-processed
PBTC,,TPD/PC(BM and PBTC,,TPD/ThC(BM films
(Figure 4c, f) ,we observe domains of aggregated fullerene
clusters having diameters of greater than 200 nm; in contrast,
aggregated fullerene clusters having diameters of several tens of
nanometers and forming an interpenetrating network structure
with PBTC,,TPD were evident in the image of the CF—spin-
coated film in Figure 4d. Figure 4b and e reveal that the use of
CB as the processing solvent led to aggregated fullerene clusters
of intermediate size (ca. 100 nm) in the blend film. Moreover,
the CF-, CB-, and DCB-processed PBTC,,TPD/ThCBM
films featured slightly larger aggregated fullerene clusters than
did the corresponding PBTC,,TPD/PC4BM films. In
comparing the fullerene domain sizes obtained from GISAXS
and TEM results, there are some essential differences that must
be accounted for even though they are complementary
characterizing techniques. The TEM result provides a direct
observation of structure sizes in a restricted region of the two-
dimensional projection of polymer-rich and fullerene-rich
domains that actually have three-dimensional shape. In
contrast, GISAXS can gives independent interpretations for
structures across different lengths in the form of fractal sizes
and provide more details on the hierarchical structures that
cannot well be distinguished with TEM. Hence, GISAXS and
TEM results are consistent with each other within a certain
length scale under careful comparisons. In our present study,
the GISAXS data for CB-processed film revealed that the
ThC¢;BM fractal size is about 38 nm; several ThCy;BM fractals,
however, may have aggregated into a larger domain where
polymer chains intercalated between these fractals, resulting in
a much larger domain, about 100 nm, that can be observed
from TEM studies (TEM cannot well identify the interfaces
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between fractals). Therefore, our GISAXS results are consistent
with our TEM observations.

These top-view TEM images provided the global horizontal
directional active layer morphology; the charge transport
pathways; however, depend critically on the blend film
morphology in the vertical direction more so than the
horizontal direction.>**~*® Therefore, we wished to also
elucidate the morphologies of the active layers in their vertical
direction to see whether they correlated with the photocurrents
of the corresponding devices.

We prepared our samples for the TEM/EELS investigations
with processing condition similar to those used for device
fabrication, so that the deduced morphology could be related
directly to the performance of polymer BHJ solar cells, and
then used the focused ion beam (FIB) technique to prepare
thin slices of cross sections of the devices, which had the
configuration Al/active layer/PEDOT:PSS/ITO/glass, with a
thin layer of Ti coated on the top of the device to protect it
from damage during FIB thin sectioning. Images a and d in
Figure 5a and d display the cross-sectional BF TEM images of

EEL T1oonm  C-ratio
(b) ()
PBTC;;TPD/ThCsBM CF
1t C-ratio

®

PBTC ,TPD/ThCy BM DCH

Figure S. (a, d) Cross-sectional, (b, e) EEL, and (c, f) C-ratio TEM
images of PBTC,,TPD/ThC¢,BM films processed from (a—c) CF and
(d—f) DCB.

the CF- and DCB-processed PBTC,TPD/ThCyBM films,
respectively; as expected, no appreciable contrast can be
observed in the active layers, whereas the cross-sectional EEL
TEM images of the active layers in Figure Sb and e reveal
varying contrasts along the vertical direction, due to phase
separation in blend film, as expected from the EEL measure-
ments. In general, the low-EEL range of TEM can be used to
distinguish between conjugated polymer and PC4,BM domains,
due to the fact that the positions of the EEL peaks of
conjugated polymers and fullerenes typically appear near 26
and 29 eV,*® respectively. At an energy level of 29 eV, the
contrast between the polymer- and fullerene-rich domains was
optimized, generating dark and bright images, respectively.
Here, we have inverted the images of these polymer- and
fullerene-rich domains in EEL TEM to bright and dark images,
respectively, so that we can compare them directly with the BF
TEM images, which feature bright polymer-rich domains and
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dark fullerene-rich domains. Figure Sc and f present cross-
sectional C-ratio TEM images, with the C-ratio defined as the
integrated area of the carbon atomic absorption energy (ca. 284
eV) window after subtracting the relative background energy
area or carbon density distribution. Similar to the TEM EEL
images, we have also inverted these cross-sectional C-ratio
TEM images so that bright and dark regions correspond to
PBTC,TPD-rich and ThC4BM-rich domains, respectively;
the dark regions indicate a high C-ratio intensity, due to the
higher carbon density of the aggregated fullerene derivatives.
The C-ratio TEM image of the CF-cast PBTC,,TPD/
ThC4BM film revealed a fine interpenetrated network
morphology; in contrast, that the image of the DCB-cast
PBTC,TPD/ThC4BM film revealed a gross phase-separated
morphology.

Figure 6a and b present the profiles of the C-ratio TEM
images along the vertical direction for the CF- and DCB-cast
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Figure 6. Cross-sectional EEL and C-ratio TEM images of
PBTC,,TPD/ThC¢BM films processed from (a) CF and (b) DCB.

PBTC,,TPD/ThC4BM films, respectively. All three of the C-
ratio profiles (each spanning 200 nm) of the active layer in
Figure 6a reveal a small oscillating C-ratio intensity with a
gradient that has the highest intensity near the Al electrode and
lowest intensity near the PEDOT:PSS/ITO electrode. This
gradient in the C-ratio implies that proportionally more
aggregated fullerene clusters existed near the Al electrode
(cathode) and that more conjugated polymer-rich regions
existed near the PEDOT:PSS/ITO electrode (anode). This
composition gradient distribution is that of an ideal active layer
structure: fullerene clusters near the cathode would benefit
electron transport to the cathode and conjugated polymer
domains near the anode would benefit hole transport to the
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anode.’ On the other hand, although the three C-ratio profiles
of the DCB-processed PBTC,TPD/ThC4BM film displayed
similar oscillation amplitudes, each possessed either a bimodal
distribution or a flat distribution across the active layer,
indicating no preferable fullerene cluster distribution. These
profiles revealed that the active layer of the DCB-cast
PBTC,,TPD/ThC4BM film featured large (ca. 100 nm)
aggregates of the fullerene derivative, but with no specific
distributions of the conjugated polymer and fullerene
derivatives near the cathode and anode. In contrast to the
conventional thinking that a high boiling point solvent such as
CB or DCB for processing the active layer materials usually
gave a better dispersion of fullerenes in the polymer than a low
boiling point processing solvent such as in the case of P3HT
with PCBM, this case is different due to the solubility difference
between PBTC,,TPD and fullerenes in the solvents. First, these
two solvents, CF and DCB, show small difference in dissolving
fullerenes below the 3 wt % solution concentration at which the
active layer solution was processed. Therefore, the main
determining factor for such different morphology lies in the
large disparity in the solubility of PBTC,TPD in CF and in
DCB, particularly with respect to the temperature change;
PBTC,TPD has much higher solubility in hot CF than in hot
CB or DCB but is prone to crystallization once the temperature
of the solution decreased and become highly crystalline in the
solid state without solvent or thermal annealing.

Specifically, we have carried out experiments for discerning
the solubility of PBTC,TPD in CF, CB and DCB
quantitatively at room temperature based on the specifications
of ASTM E1148; the results are listed in Table 1. Table 1

Table 1. Solubility of PBTC,,TPD and ThCy,BM in
Chloroform (CF), Chlorobenzene (CB), and 1,2-0-
Dichlorobenzene (DCB) at Room Temperature Determined
Following ASTM E1148

solvent PBTC,,TPD (mg mL™") ThC¢,BM (mg mL™")
CF 4.5 26.3
CB 2.0 34.7
DCB 0.5 14.1

shows that the solubility of PBTC,,TPD in CF at room
temperature is much greater than that in CB or DCB—4.5 vs
2.0 or 0.5 mg per mL. We used 3 wt % PBTC,,TPD/ThC¢BM
(w/w, 1:1.5) solutions that consist of 1.2 wt % PBTC,,TPD
and 1.8 wt % ThC4BM in the solutions for the active layer
processing. The solubilities of ThCyBM in CF and in CB at
room temperature are quite high—26 and 34 mg per mlL,
respectively, whereas the solubility of ThC¢BM in DCB is 14
mg per mL. At the elevated temperatures such as 60 °C,
however, we expect that the 1.8 wt % ThC4BM (about 18 mg
per mL) will be completely soluble, regardless of which one of
the three solvents is used, and therefore focus more on the
solubility study of PBTC,,TPD.

Figure 7 show the small-angle X-ray scattering (SAXS)
profiles for PBTC,,TPD in CF and DCB at a concentration of
1.2 wt % (about 12 mg/mL) at 20, 40 and 60 °C, respectively.
The presence of scattering peaks at scattering vector g = 0.18
A~! for PBTC,,TPD in both CF and DCB at 20 and 40 °C
indicated that there are domains of aggregated PBTC,TPD
molecules present—they are not completely soluble in CF or
DCB at 20 and 40 °C. SAXS scattering profiles of the polymer
solution exhibit a peak in high-q region (0.18 A™") that account
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Figure 7. Small-angle X-ray scattering profile of 1.2 wt % PBTC,TPD
in CF and DCB solution at 20, 40, and 60 °C, respectively.

for the domain comprising aggregated polymer chains
intercalated with solvent molecules. Whereas, thin film GIXD
only provide information on the crystallized polymer domain,
and the resulting diffraction peak at g of 0.23 A™" indicates a
much smaller structure.

The intensity of the scattering peak for PBTC,,TPD in DCB
is much greater than that in CF, indicating a large solubility
disparity of PBTC,TPD in CF and in DCB, which is
consistent with the solubility data in Table 1. As the
temperature increased to 60 °C, the solubility of PBTC,TPD

increased more prominently in CF than in DCB, as evidenced
by the larger reduction in the scattering peak intensity in the
case of CF than in the case of DCB. The SAXS profile of 1.2 wt
% PBTC,TPD in CF at 60 °C did not show any peak indicates
almost complete solubility while the scattering peak being still
present for the case of PBTC,TPD in DCB. Therefore, the
solubility of PBTC,TPD in CF not only is better than that in
DCB but also is more sensitive to the temperature changes
from 60 to 20 °C, in which temperature range the active layers
were processed. On the other hand, the ThC4BM display
much better solubility in CF than in DCB. Therefore, both
PBTC,,TPD and ThC4BM can be dissolved much better in
CF than in DCB, and therefore their interaction and domain
sizes are much better and finer, respectively, in CF than in
DCB.

Figure 8a and b show the cartoon images of the
PBTC,,TPD/ThCq,BM (w/w, 1:1.5) solutions state in CF
and DCB solvent, respectively, based on the solubility, solution
SAXS data, and Figure 8c and d show the schematic drawings
of the cross-sectional view of the active layer morphology
processed with CF and DCB, respectively, based on the results
of GIWAXS, GISAXS and TEM analyses. Typically, after spin-
coating of the polymer/fullerene active layer solution at
elevated temperature, the active layer morphology evolves
and forms through the competition®® between aggregating
fullerenes and crystallizing polymers, if any. When the active
layer solution temperature decreases from 60 °C to room

PBTC 2 TPD/ThCgBM in CF-60 °C

PBTC;TPD/ThCgBM in DCB-60 °C

o Y & Ey ST & & v &
sr”,i; S i Y r%f o 32; o
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Figure 8. Cartoon images (not to the scale) of PBTC;,TPD/ThC4BM solution state in (a) CF and (b) DCB solvent at 60 °C and of cross-sectional

view of film processed from (c) CF and (d) DCB solvent.

5420

dx.doi.org/10.1021/am4011995 | ACS Appl. Mater. Interfaces 2013, 5, 5413—5422


http://pubs.acs.org/action/showImage?doi=10.1021/am4011995&iName=master.img-007.jpg&w=205&h=145
http://pubs.acs.org/action/showImage?doi=10.1021/am4011995&iName=master.img-008.jpg&w=300&h=340

ACS Applied Materials & Interfaces

Research Article

temperature, there are more PBTC,TPD molecules available
for crystallization (aggregated polymers cannot crystallize well)
along with more fullerene molecules remaining soluble in the
CF than in the DCB case, and the fact that PBTC,,TPD is
more sensitive to the temperature changes indicates that more
PBTC,,TPD molecules can crystallize without the interference
of the fullerene domains that remain soluble in the solution,
resulting in much less constraints on the growth of the size of
the PBTC,TPD crystal lamellae. Hence, both the crystallinity
and the size of edge-on PBTC,TPD lamellae crystal are larger,
and the fullerene domain in turn is constrained by the edge-on
PBTC,TPD lamellae crystal and becomes finer in the solid
film than that in the film processed with DCB. Additionally, the
fact that there are more PBTC,TPD available for crystal-
lization, and PBTC,TPD crystallize much faster than the
ThC4BM aggregate induces the formation of a higher polymer
density near the anode after solvent evaporated in the CF case,
forming a gradient distribution. Whereas, in the DCB case, at
the room temperature the deposition of the aggregated
PBTC,,TPD and slightly aggregated ThCs;BM domains onto
the PEDOT:PSS layer take place more equally—they have
about equal probability to deposit onto the PEDOT:PSS layer.

As a result, both the PBTC,TPD crystallinity and the size of
edge-on lamellae crystal in the active are smaller and the size of
the fullerene domain is larger in the DCB case than those in the
case of CF solvent, resulting in a bimodal distribution across
the active layer. Hence, in the case of large differences in
solubility of the polymer in the processing solvent and the high
sensitivity of the solution toward temperature changes, a low
boiling point processing solvent such as CF (bp 61 °C) can
give better results than a boiling point processing solvent such
as DCB (bp 181 °C) for obtaining the optimum morphology.

Although the vertical distribution effect is a minor
parameter’’ to determine the device performance for some
cases, it undoubtedly further enhances the device performance.
On the basis of the GIWAXS and GISAXS results along with
the cross-sectional TEM images, we can explain the optimal
device performance obtained from the CF-processed active
layer by considering that (i) the higher polymer crystallinity,
(i) finer and more uniform fullerene domain size in the active
layer, and (iii) its nanometer scale interpenetrating and gradient
distribution network structures, which provided favorable
pathways for charge transport. As a result, the performance of
the device incorporating the CF-cast PBTC;,TPD/ThCyBM
film was 46% higher than that of the corresponding device
incorporating the DCB-cast film.

4. CONCLUSIONS

We have used both GISAXS/GIWAXS and TEM low-EEL
imaging along with C-ratio profiling to elucidate the
morphology that includes the cross-sectional distributions of
the polymer and fullerene in PBTC,TPD/ThC4BM films. We
have found that the morphology and the distributions of the
fullerene fractals and polymers could vary widely and were
critically affected by the nature of the processing solvent when
the solubility of the polymer varies greatly in the solvents. In
particular, with CF as the processing solvent, the crystallinity of
the PBTC,TPD in the PBTC,,TPD/PC¢BM film was greater
and the domain of fullerene clusters was more uniform and
finer than those of the CB- and DCB-processed films because
the polymer crystallizes much faster than the fullerenes
aggregate in CF processed film. In addition, PBTC,TPD/
ThC4BM active layer structure processed with CF propor-
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tionally more aggregated fullerene clusters existed near the
cathode and that more conjugated polymer-rich regions existed
near the anode that obtained using DCB. As a result of
combined contributions from the enhanced polymer crystal-
linity, finer fullerene dispersion and their gradient distributions,
the power conversion efficiency of the device incorporating the
CEF-processed active layer was enhanced by 46% relative to that
of the device incorporating a dichlorobenzene-processed active
layer.
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EQE curves of devices containing PBTC,,TPD/PC4BM and
PBTC,,TPD/ThC4BM films processed from CF, CB, and
DCB solutions displayed in Figure S1. Figure S2 presents AFM
height and phase images of the PBTC,TPD/PC4BM and
PBTC,TPD/ThC4BM films processed with CF, CB, and
DCB. Figure S3 presents GISAXS patterns of the
PBTC,,TPD/PC,,BM and PBTC,,TPD/ThCBM films
processed with CF, CB, and DCB. The Guinier approximation
was used to determined radius of gyration (Rg) of a fullerene
cluster. Figure S4 show the measured GISAXS profiles of the
PBTC,,TPD/PC;BM and PBTC,,TPD/ThgBM processed
with different solvents modeled with by a single fractal and
bifractal models. This material is available free of charge via the
Internet at http://pubs.acs.org.
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