Published on 05 April 2016. Downloaded by CHANG GUNG UNIVERSITY on 4/26/2019 6:30:42 AM.

ROYAL SOCIETY
OF CHEMISTRY

Joumal of

Materials Chemistry A

View Article Online
View Journal | View Issue

Toward environmentally compatible molecular
solar cells processed from halogen-free solvents+

CrossMark
& click for updates

Cite this: J. Mater. Chem. A, 2016, 4,

7341 Mahmoud E. Farahat,?®® Cheng-Si Tsao,%® Yu-Ching Huang,® Sheng Hsiung Chang,’

Widhya Budiawan,®° Chun-Guey Wu' and Chih-Wei Chu*®

Replacing toxic halogenated solvents with eco-friendly solvents will be necessary for the upscaling and
mass production of organic photovoltaics (OPVs). In this study, toluene (Tol), a halogen-free solvent, was
employed in the fabrication of molecular solar cells, achieving a power conversion efficiency (PCE)
higher than that obtained when using a chlorinated counterpart, chloroform (CF). SMPV1, a two-
dimensional conjugated small molecule, was used as the donor and [6,6]-phenyl-C;-butyric acid methyl
ester (PC7,BM) as the acceptor to form bulk heterojunction (BHJ) OPVs. The as-cast device formed
using Tol displayed a PCE of 5.4%, higher than that (4.8%) achieved using CF. Combining the effects of
thermal annealing and polydimethylsiloxane (PDMS) as a solvent additive, the PCEs of devices prepared
using Tol and CF reached 6.20 and 5.52%, respectively. Solvent vapor annealing (SVA), a powerful tool
for controlling the morphology of the active layer, had a great impact on the device performance. Tol,
tetrahydrofuran (THF), carbon disulphide (CS,), and hexane (Hex) were tested as halogen-free solvents
for SVA treatment. Tol- and THF-SVA had positive effects on PCEs, reaching 7.04 and 6.50%,

respectively. The enhancement arose mainly from the improvement in the fill factor, due to
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Accepted 4th April 2016 morphological manipulation and favorable phase separation. CS,- and Hex-SVA treatment had negative

effects on the short-circuit current density and, hence, the overall PCE. A PCE of greater than 7% is the
DOI: 10.1039/c6ta01368f highest performance reported to date when using a halogen-free solvent to prepare small-molecule

www.rsc.org/MaterialsA solar cells.

techniques (e.g:, roll-to-roll) are compatible with the production of
OPVs because they are amenable to solution-processing.* Un

Introduction

Light weight, low cost, flexibility, and solution-processability are
among the most attractive features of organic photovoltaics
(OPVs). Efforts over the last decade to develop reliable and
renewable energy technologies have led to several records being set
for power conversion efficiencies (PCEs). The PCEs of molecular
bulk heterojunction (BHJ) solar cells have reached 10% for single-
junction devices—similar to those achieved for polymer BHJ solar
cells."> A PCE of greater than 10% is considered the threshold
deemed viable for the commercial adoption of OPVs. For
commercial applications, large-scale coating and printing
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fortunately, most high-performance OPVs have been prepared
using halogenated solvents [e.g., chloroform (CF)*** and chloro-
benzene>®] because they impart good solubility. Halogenated
solvents are, however, an obstacle in the path toward industriali-
zation of OPVs because of their high toxicity. In addition, they are
not naturally available and are expensive and energy-intensive to
produce, use, and remove as waste. Therefore, there is an urgent
need to develop methods to process OPVs from more eco-friendly
solvents; in particular, to find greener alternatives to these halo-
genated counterparts.” The use of any such alternative solvents
should, however, occur with retention of high device performance
(i.e., similar to those obtained using halogenated counterparts). In
addition, solvents with medium-temperature boiling points are
favored to simplify device fabrication.® In this regard, many
attempts have been made in recent years to find environmentally
friendly solvents to fabricate the active layers in both polymer- and
small molecule-based OPVs. For polymer-based OPVs, several
halogen-free solvents—including xylenes,>*? toluene (Tol),"* N-
methyl-2-pyrrolidone (NMP) and its derivatives,® trimethylbenzene
(TMB),"*** anisole,’® and 2-methylanisole (MA)“—have been
tested. Other studies have examined the use of halogen-free
solvent mixtures, including carbon disulfide (CS,)/acetone,*
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acetophenone/mesitylene,' and Tol/indane and o-xylene/indane.*
Halogen-free solvents mixed with halogenated solvents have also
been examined (e.g., CF/indane,* chlorobenzene/o-xylene, chloro-
benzene/cyclohexane, and chlorobenzene/acetone®). On the other
hand, few attempts have been made to employ non-halogenated
solvents in the fabrication of small molecule-based OPVs. Bazan
et al*® and Brabec et al.>® used the green solvent 2-methyltetrahy-
drofuran (2-MeTHF) and a halogen-free solvent mixture (benzal-
dehyde/mesitylene), respectively, in the preparation of molecular
OPVs.

Good solubility of organic materials (polymers, small mole-
cules, and fullerenes) in halogen-free solvents is a basic require-
ment for using such solvents in the fabrication of OPVs. Because of
their lower molecular weights, small molecules generally have
much better solubility in these solvents than do their polymeric
counterparts. This phenomenon is a strong motivation for moving
toward using halogen-free solvents in the processing of small
molecule-based solar cells.**** To date, one of the highest PCEs
achieved when using a halogen-free solvent has been 9.5%, when
employing the polymer PffBT4T-20D as the donor and PC,;BM as
the acceptor in o-xylene containing 1% anisaldehyde as a solvent
additive."* Recently, Hou et al. reported one of the highest PCEs in
the polymer-blend system using a single eco-friendly solvent, MA,
achieving a PCE of 9.6%." The highest known PCE was achieved
by using hydrocarbon-based solvents with performance reaching
11.7%." Li et al. prepared a device featuring a P3HT/ICBA blend
system that, when cast from Tol containing 2% NMP as a solvent
additive displayed a PCE of 6.6%." Jen et al. obtained a PCE of
7.2% from a device based on a polymer/fullerene blend system
(PIDTT-DFBT : PC,;BM), prepared using TMB as the solvent con-
taining 2.5% dimethylnaphthalene as a solvent additive.”* When
processed from a halogen-free solvent mixture of benzaldehyde
and mesitylene, a device incorporating the small molecule N(Ph-
2T-DCN-Et); and PC,;BM achieved a PCE of 3.7%, comparable
with that achieved using chlorobenzene (3.4%).>* The highest PCE
achieved for a small molecule-based OPV, 5%, was obtained after
processing with the green solvent 2-MeTHF.” Tables S1 and S2
(ESIf) provide partial lists of the halogen-free solvents and
mixtures that have been used in the preparation of devices based
on polymers and small molecules, respectively, with device
performance data also provided for comparison.

The active layer morphology is mainly determined from the
interactions among the donor, acceptor, and solvent during the
film drying process or from the interactions between the donor
and acceptor in the solid state during annealing or post-treat-
ment processes.”*** Accordingly, thermal annealing,*® the use of
solvent additives,?”*® and solvent vapor annealing (SVA)*°-** are
common strategies for manipulating the active layer
morphology in BHJ OPVs. In the SVA process, the vapor of the
solvent penetrates into the active layer blend, avoiding any
direct contact of the bulk liquid solvent with the active layer.
Organic molecules in the active layer dissolve locally and
become more mobile upon exposure to the saturated vapor of
the solvent. As a result, molecules in the active layer reorganize,
allowing the system to evolve toward morphologies in a lower-
energy state, leading to a higher structural order in the active

layer.3>3¢
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In this study, we report an efficient molecular photovoltaic
device incorporating low-bandgap small-molecule materials:
SMPV1 (ref. 37) as the donor and PC,,;BM as the acceptor. We
processed the active layers from Tol, m-xylene, and TMB as
halogen-free host solvents and CF as a halogenated solvent.
Devices fabricated from Tol, without additives or post-treat-
ment, displayed PCEs higher than those of devices prepared
using the other tested halogen-free solvents. A device prepared
using Tol achieved a PCE of 5.39%; in comparison, we
measured a value of 4.83% for a device prepared using CF under
otherwise identical conditions. Combining the effects of poly-
dimethylsiloxane (PDMS; 0.5 mg mL ') as a solvent additive
and thermal annealing (at 80 °C for 10 min) enhanced the PCEs
significantly; a device fabricated using Tol reached a PCE of
6.20%, while that processed from CF reached 5.52%. For further
device optimization, we applied SVA using various halogen-free
solvents: Tol, THF, CS,, and Hex. Active layers cast from Tol
containing PDMS (0.5 mg mL™") and thermally annealed at 80
°C for 10 min were subjected to SVA under various solvents,
followed by Ca/Al cathode deposition to complete the devices. A
device exposed to Tol-SVA exhibited the best device perfor-
mance, with its PCE of 7% arising mainly from a significant
enhancement in the fill factor (FF), which increased from 53.8%
for the device prepared without SVA to 63.0% for the devices
prepared with Tol-SVA. THF-SVA had a similar effect on the FF,
leading to an increase of PCE to 6.51%. Both CS,- and Hex-SVA
had adverse effects on the short-circuit current density (Js.),
resulting in the decrease of PCEs to 5.63 and 5.56%, respec-
tively. To the best of our knowledge, the PCE of 7% reported
herein is the highest achieved for a small molecule-based OPV
fabricated using halogen-free solvents.

Experimental section
Materials and solution preparation

The low-bandgap small molecular material SMPV1 (purity >
99.9%) was obtained from Luminescence Technology (Lumtec).
PC,;BM was purchased from Solenne b.v. The conducting
polymer poly(3,4-ethylenedioxythiophene)/polystyrenesulfonate
(PEDOT : PSS) was obtained from Clevios PVP 4083. The solvent
additive PDMS was purchased from Alfa Aesar. Solutions con-
taining SMPV1 at various concentrations (10, 15, and 20 mg
mL~") at a SMPV1 : PC,;BM ratio of 1 : 0.75 were prepared in
Tol in the presence of various amounts of PDMS. Solutions with
SMPV1 : PC,;BM ratios of 1:0.5, 1:0.75, 1:0.85, and 1:1
were also prepared. All solutions were heated at 70 °C in a glo-
vebox for 3 h prior to use. Tol, THF, CS,, and Hex were
purchased from Sigma-Aldrich.

Device fabrication

Devices were fabricated on 0.1 cm® pre-patterned indium tin
oxide (ITO)-coated glass substrates (sheet resistance < 8 Q per
square) with the conventional device structure ITO/
PEDOT : PSS/SMPV1 : PC,;BM/Ca/Al. Prior to device fabrica-
tion, the ITO-coated glass substrates were cleaned using stan-
dard procedures: sonication in detergent, acetone, and
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isopropyl alcohol; rinsing in deionized (DI) water; and treating
with UV/ozone for 15 min. The solution of PEDOT : PSS was
passed through a 0.45 pm syringe filter onto the clean
substrates, which were then spin-coated (4000 rpm, 60 s) and
annealed in air for 30 min at 130 °C, forming a thin film
(thickness: 40 nm). The active layer solution was then spin-
coated at various speeds for 60 s within a glovebox filled with N,.
Post-deposition treatment was applied to the active layer prior
to cathode deposition: thermal annealing at various annealing
temperatures and for various lengths of time, or SVA treatment
using various solvents, temperatures, and annealing periods.
SVA treatment was applied after the deposition of the active
layer by exposing the films to the saturated vapor of a solvent in
a closed Petri dish (diameter: 30 mm). Finally, the Ca (20 nm)
and Al (80 nm) cathode was deposited through thermal evapo-
ration in a vacuum chamber (6 x 10 ° torr).

Device characterization

The photovoltaic performance of each device was measured
inside a glovebox filled with N, under simulated AM 1.5 G
illumination (100 W cm™?) using a Xe lamp-based solar simu-
lator (Thermal Oriel 1000 W). The light intensity was calibrated
using a mono-silicon photodiode featuring a KG-5 color filter
(Hamamatsu). EQE spectra were recorded using a QE-R appa-
ratus (Enlitech) operating in the AC mode. The devices were
encapsulated within a glovebox filled with N, prior to removal
for the EQE measurements. The absorption spectra of the films
were measured using a Jacobs V670 UV-Vis-NIR spectropho-
tometer. A Bruker Innova atomic force microscope (Digital
Instrument NS 3a controller equipped with a D3100 stage) was
used, in the tapping mode, to record the surface morphologies
of the active layers. For TEM (JEM 2100F) characterization, the
active layer on the PEDOT : PSS substrate was removed by
dipping in DI water and then a holey carbon-coated copper grid
(Ultrathin Carbon Type A, 400 mesh, Copper; TED Pella) was
used to hold the film, which was dried in an oven at 50 °C. PL
spectra were recorded using a fluorescence spectrophotometer
(F-4500, Hitachi, Tokyo, Japan) with a Xe lamp operating at 150
W as the excitation source at an excitation wavelength of 405
nm. The configurations of the hole- and electron-only devices
were ITO/PEDOT : PSS/small molecule : PC,;BM/V,05/Al and
ITO/Cs,CO3/small molecule : PC,;BM/Ca/Al, respectively. The
electron and hole motilities were determined by fitting the plots
of the dark J-V curves for single-carrier devices to the SCLC
model.*® Simultaneous GISAXS and GIWAXS measurements of
all SMPV1 : PCBM blend films were performed at beam-line 23A
of the National Synchrotron Radiation Research Center
(NSRRC), Taiwan. In the GISAXS/GIWAXS measurements, the
incident angle to each thin film was aligned precisely to 0.2 +
0.002°, allowing penetration through the whole active layer.
Two-dimensional (2D) GISAXS and GIWAXS patterns were
collected simultaneously from two 2D detectors located at
different positions.**** The thin films for GISAXS and GIWAXS
measurements were deposited on PEDOT : PSS-coated silicon
wafers. The 2D patterns of the scattering profiles were expressed
as a function of the scattering vector Q.
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Results and discussion

Fig. 1(a) displays the chemical structures and energy levels of
SMPV1 and PC,;BM, which we used to form the active layers in
this study. Fig. 1(b) and (c) present the chemical structures of the
halogen-free solvents tested as host solvents (Tol, m-xylene, TMB)
and used for SVA treatment (Tol, THF, CS,, Hex), respectively.
Yang et al. were the first to introduce SMPV1 as a small molecule
for use in organic solar cells. In their pioneering study, they
processed SMPV1/PC,;BM active layers from CF, a halogenated
solvent, with and without PDMS as a solvent additive. They
achieved a PCE of 7.2% in the absence of PDMS and a value of
8.1% when adding PDMS at 0.5 mg mL~'.*” Commercial SMPV1-
based devices fabricated using CF containing PDMS (0.5 mg
mLfl) as the solvent, but otherwise under identical conditions,
reached a PCE of only 5.53%.*" In our present study, the as-cast
device fabricated from CF achieved a PCE of 4.83% without any
treatment and 5.52% when combining the effects of thermal
annealing and the application of PDMS (0.5 mg mL™ ") as an
additive. We also tested Tol, m-xylene, and TMB as eco-friendly
halogen-free solvents, as potential substitutes for CF, while still
achieving PCEs close to those obtained by Yang et al. Fig. 2(a) and
Table 1 present the photovoltaic characteristics of devices pro-
cessed using the various halogen-free solvents, relative to those
obtained using CF as the halogenated solvent. The devices pro-
cessed using Tol, among all the solvents examined, exhibited the
best device performance. After optimization (ESI;} Fig. S1-S4 and
Tables S3-S6), we obtained an SMPV1 : PC,;BM device, fabri-
cated using Tol as the solvent, without any subsequent treatment
(ie., as-cast) that displayed a PCE of 5.39%, compared with
a value of 4.83% for the corresponding CF-processed device
[Table 1 and Fig. 2(a)]. The synergistic effects of both thermal
annealing and the use of PDMS as an additive (hereafter, the
“controlled conditions”) led to significant enhancements in the
PCEs of devices processed from both Tol and CF [Fig. 2(b)]. The
Tol-processed device provided a PCE of 6.20%, with a significant
enhancement in the value of J. from 10.68 (for the as-cast device)
to 12.13 mA em > (for the control device). The same trend
occurred for the device processed from CF, but its PCE (5.52%)
remained lower than that of the Tol-processed device.

The AFM surface morphology (tapping mode) of active layers
processed from CF, Tol, m-xylene and TMB without any post-
treatment (as-cast) has been shown in Fig. 3. The effect of
changing the processing solvent on the surface morphology is
clearly shown. The surface morphology of active layers pro-
cessed from CF and Tol is similar without obvious changes due
to the solvent change [Fig. 3(a) and (b)]. A slight difference in the
root-mean-square (rms) roughness has been noticed for CF and
Tol with values of 0.90 and 0.74 nm, respectively. However, for
active layers processed from m-xylene and TMB shown in
Fig. 3(c) and (d) respectively, RMS showed a significant increase
to 1.73 for m-xylene 2.31 nm for TMB. Both m-xylene and TMB
showed noticeable changes in the surface morphology of the
active layers relative to Tol. This might be a reason why Tol
showed the best performance compared to m-xylene and TMB
as halogen-free solvents.
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Fig. 1 (a) Chemical structures of SMPV1 and PC;;BM and their energy levels. (b) Halogen-free host solvents used to dissolve the organic

materials. (c) Halogen-free solvents used for SVA treatment.
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Fig. 2 J-V photovoltaic characteristics of SMPV1: PC;BM devices processed from halogen-free solvents, compared with those obtained
through processing with CF as the halogenated solvent, (a) without any additive and (b) with PDMS (0.5 mg mL™%) in Tol and CF.
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Table 1 Photovoltaic characteristics of SMPV1 : PC;,BM devices processed from halogen-free solvents, compared with those processed using

CF, in the absence and presence of the additive PDMS (0.5 mg mL™)

Solvent PDMS additive Thermal Ann. Jse [mA em™?] Voe [V] FF [%] PCE [%]
CF No No 9.80 0.91 54.16 4.83
Tol No No 10.68 0.94 53.69 5.39
m-Xylene No No 8.66 0.94 53.31 4.34
TMB No No 5.32 0.87 39.97 1.85
CF 0.5 mg mL " 80 °C, 10 min 11.08 0.91 54.75 5.52
Tol 0.5 mg mL ™" 80 °C, 10 min 12.13 0.95 53.80 6.20

Fig. 3 AFM height images of the as-cast SMPV1: PC;,BM active layers
processed from (a) CF, (b) Tol (c) m-xylene and (d) TMB.

To continue the optimization process, we processed the
active layers, obtained under the controlled conditions, through
SVA treatment using various halogen-free solvents (Tol, THF,
CS,, and Hex) prior to Ca/Al deposition. SVA treatment signifi-
cantly improved the photovoltaic performance of the resulting
devices [Fig. 4(a); Table 2]. Because Tol-SVA treatment provided
the best device performance, we performed a series of optimi-
zation experiments (see Fig. S5 and S6 and Tables S7-S9, ESIT).
The device prepared using Tol-SVA for 60 s exhibited a J. value
of 12.55 mA cm ™ ? and an FF of 63%, leading to a PCE of 7%—
the highest reported for a device based on small molecules cast
from a halogen-free solvent. The same trend occurred when
applying THF-SVA for 30 s: the PCE increased to 6.5% with
a significantly improved FF of 63.34%. Although CS, SVA (45 s)
enhanced the FF to 60.10%, it adversely affected the value of J,.
and resulted in a PCE (5.63%) lower than that of the device
prepared under the controlled conditions. Hex was the only SVA
solvent that decreased the FF; in addition, it had a negative
effect on the value of J,, leading to a PCE of 5.56%. All of the
other solvents tested for SVA significantly enhanced the FFs,

This journal is © The Royal Society of Chemistry 2016

suggesting that they all enhanced the crystallinity of SMPV1
inside the active layer.*> We calculated the series resistance (R;)
and shunt resistance (Ryy,) of the OPV devices to investigate the
effects of SVA treatment on their FFs. Table 2 shows that the
values of R, decreased after SVA with Tol, THF, and CS,,
accompanied by significant increases in the values of Rs,—an
indication that SVA treatment led to suppression of the leakage
current.** We observed decreases in the open-circuit voltages
(Vo) of the devices subjected to SVA with Tol, THF, and CS,. The
value of V,. is defined mainly by the difference in energy
between the highest occupied molecular orbital (HOMO) of the
donor (SMPV1) and the lowest unoccupied molecular orbital
(LUMO) of the acceptor (PC,,BM). SVA positively influenced the
crystallinity of the SMPV1 molecules and PC,;BM domains in
the active layer. Consequently, the number of delocalized elec-
trons increased upon increasing the crystallite sizes, leading to
a decrease in the energy difference between the HOMO of
SMPV1 and the LUMO of PC,;BM and, hence, a decrease in the
value of V,..>*32

The enhancements in the values of J,. after SVA treatment
with the various solvents were recorded through measurements
of external quantum efficiencies [EQEs; Fig. 4(b)]. Compared
with the devices processed under the as-cast and controlled
conditions, the Tol- and THF-SVA-treated devices exhibited
broad photoresponses over the entire photoresponsive range
from 300 to 700 nm. The EQE peaks of the Tol- and THF-SVA-
treated devices reached 65.5 and 61.0%, respectively, at 550 nm.
For the CS,- and Hex-SVA-treated devices, we observed
decreases in the intensities of the EQE signals over the entire
range of wavelengths, consistent with their lower values of J.
mentioned above. Fig. 4(c) presents the UV-Vis absorption
spectra of the active layers prepared under the same treatment
conditions as those discussed above for device performance.
The absorption spectra of active layers subjected to various
treatment conditions can provide information regarding the
molecular ordering of their components. For the as-cast active
layer, the absorption range stretched from 300 to 700 nm, with
four absorption peaks. One peak at 476 nm, the absorption
maximum at 570 nm, and a weak shoulder at 630 nm were all
provided by SMPV1; PC,;BM contributed the fourth absorption
peak, at 377 nm. Compared with the as-cast film, the active
layer formed under the controlled conditions revealed
increased absorption intensities, combined with red-shifts and
pronounced vibronic peaks. After Tol- and THF-SVA, the

J. Mater. Chem. A, 2016, 4, 7341-7351 | 7345
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Fig. 4 (a) J-V photovoltaic characteristics of SMPV1 : PC;,BM devices
processed from Tol and subjected to SVA using various treatment
solvents. (b) Corresponding EQE and (c) UV-Vis absorbance spectra of
active layers prepared under the same conditions.

intensities of the signals of the active layer increased with
greater red-shifting relative to those of the as-cast and control
devices. The shoulder at 630 nm red-shifted to 644 nm after Tol-
SVA and to 635 nm after THF-SVA, with well-defined features. A
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red-shift in the absorption peak is indicative of an ordered
structure in an active layer morphology.*® We attributed the
increases in the intensity of the shoulder signals at 644 and 635
nm, after Tol- and THF-SVA, respectively, to enhanced m-m
stacking and intermolecular interactions in the donor
phase.”*** Such interactions are one reason behind the
enhanced values of J;. and FF of the devices prepared using the
Tol- and THF-SVA conditions. Although the CS,- and Hex-SVA-
treated films did not feature any changes in intensity in their
absorption profiles, their signals were slightly red-shifted rela-
tive to those of the as-cast films. This phenomenon is indicative
of unfavorable morphological changes in the films subjected to
CS,- and Hex-SVA, consistent with their poorer device perfor-
mances. From the UV-Vis absorption profiles, we conclude that
SVA had a powerful effect on the crystallinity and morphology of
the active layers and, therefore, on the device performance.
Heeger et al. reported a drop in the value of V,. after using
a solvent additive to enhance the donor crystallinity in the active
layer; they attributed this behavior to stronger molecular
interactions arising through better crystallization.*® From our
present results, we ascribed the observed decreases in the
values of V,. after SVA to the enhanced m-m stacking and
intermolecular interactions occurring in the donor phase.

To understand the effect of SVA on the device performance
we used AFM (tapping mode) to investigate the morphology of
active layers of SMPV1:PC,;BM under various treatments.
Fig. 5 shows the height images of active layers all processed
from Tol under controlled conditions (a), Tol-SVA (b), THF-SVA
(¢), CS,-SVA (d) and Hex-SVA (e) and the corresponding phase
images are shown in Fig. S7 (ESIt). Active layers subjected to
SVA featured a significant difference in the morphological order
relative to the active layers formed under the controlled condi-
tions. The films that had been subjected to Tol- and THF-SVA
[Fig. 5(b) and (c), respectively] featured a more uniform
morphology and better donor/acceptor interpenetrating
network compared to the active layers obtained without SVA
(controlled conditions). An increase in rms roughness after Tol-
and THF-SVA to 1.20 and 1.14 nm, respectively, has been
observed compared to that of the active layer formed under the
controlled conditions (rms = 0.80 nm). With Tol- and THF-SVA
we were able to manipulate the morphology of active layers in
a way to obtain the favored donor/acceptor aggregation size
benefited charge transfer and separation. Fig. 5(d) and (e)
display the active layer morphologies of films subjected to CS,-
and Hex-SVA treatment, with an rms roughness of 0.93 and 0.90
nm, respectively. Although the FF of the device prepared using
CS,-SVA was higher (60%) than that of the control device, it had
a lower value of i, leading to a lower PCE of 5.6%. We suspect
that the moderate solubility of the donor phase in CS; led to this
solvent vapor having lower ability to penetrate into the active
layer. Similarly, SMPV1 has limited solubility in Hex, and, thus,
we observed no change in the FF after Hex-SVA treatment.
Although both CS,- and Hex-SVA treatments led to noticeable
changes in the morphologies relative to those of the control
device, these morphologies were quite close to those of the as-
cast film.
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Table 2 Photovoltaic characteristics of SMPV1 : PC,BM devices processed from Tol and subjected to SVA using various treatment solvents

Condition SVA duration [s] Jse [MA cm™?] Voe [V] FF [%)] PCE [%] R [Q cm?] Rgp, [kQ cm?]
As-cast (Tol) — 10.68 0.94 53.69 5.39 7.01 0.40
Control (Tol)’ — 12.13 0.95 53.80 6.20 5.37 0.61
Tol-SVA? 60 12.55 0.89 63.03 7.04 2.71 1.30
THF-SVA? 30 12.11 0.85 63.34 6.52 2.85 1.12
CSZ-SVAb 45 11.15 0.84 60.11 5.63 2.78 1.07
Hex-SVA? 60 11.48 0.94 51.52 5.56 4.64 0.47

@ Without additive; without thermal annealing. > With PDMS (0.5 mg mL™") added to Tol solution; with thermal annealing at 80 °C for 10 min.

Fig. 5 AFM images of SMPV1 : PC,;BM active layers processed from Tol and subjected to SVA using various treatment solvents; (a) control, (b)
Tol-SVA, (c) THF-SVA, (d) CS,-SVA, and (e) Hex-SVA. (a—e) Height images and (al) corresponding phase images of the control device.

AFM can only observe the surface morphology of the active
layers, while TEM can be used to probe the bulk morphology of
the films. We recorded TEM images to further confirm the
ability of SVA to tune the morphologies of active layers cast from
halogen-free solvents (Fig. 6). Similar to the observation in the
AFM images, the as-cast film [Fig. 6(a)] exhibits finer features
than does the film processed under the controlled conditions
[Fig. 6(b)]. The Tol- and THF-SVA-treated films [Fig. 6(c) and (d),
respectively] exhibited phase separation and domain sizes
larger than those in the as-cast films and smaller than those
obtained under the controlled conditions. Films treated with
CS,- and Hex-SVA [Fig. 6(e) and (f), respectively] had domain
sizes smaller than those obtained using Tol- and THF-SAV. The
morphologies observed in the TEM images are consistent with
those recorded using AFM, confirming that SVA can be
a powerful tool for tailoring active layer morphologies. Fig. S8
(ESIY) reveals the effect of the various treatment conditions on
the photoluminescence (PL) behavior of SMPV1 : PC,;BM. The
film of the pristine SMPV1 donor had its maximum emission
peak at 707 nm. For the SMPV1 : PC,;BM films, significant

This journal is © The Royal Society of Chemistry 2016

quenching of the PL emission occurred under all treatment
conditions. There was, however, a clear difference between the
quenching capabilities obtained after applying each condition,
confirming the tuning of morphologies observed in the AFM
and TEM analysis. The Tol- and THF-SVA-treated films exhibi-
ted moderate quenching relative to the as-cast (higher PL
quenching) and control (lower PL quenching) films. This
behavior, together with the AFM and TEM analysis and device
performance data, suggested that Tol- and THF-SVA treatment
optimized the film morphology and led to efficient device
performance.

Three-dimensional self-organized BHJ nanostructures
formed through phase separation of organic molecules and
fullerenes in the blend films are complicated structures on
multiple length scales. The multi-length-scale BH]J structures of
the active layers in molecular solar cells***** and polymer solar
cells®****3> have been studied previously using the powerful
tools of grazing-incidence small- and wide-angle X-ray scat-
tering (GISAXS and GIWAXS, respectively). In the present study,
we used simultaneous GISAXS and GIWAXS to gain insight into
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Fig. 6 TEM images of SMPV1 : PC,,BM active layers processed from Tol and subjected to SVA using various treatment solvents. (a) As-cast,

b)

control, (c) Tol-SVA, (d) THF-SVA, (e) CS,-SVA, and (f) Hex-SVA films. Scale bar: 200 nm.

the structural evolution of SMPV1 : PC,;BM blend films fabri-
cated using Tol as a halogen-free solvent and then tuned using
various post-treatment conditions; we also used it to examine
the correlation between structure and performance. It has been
reported that the m-conjugated SMPV1 molecules can self-
assemble into ordered lamellar structures during crystalliza-
tion.*” The 2D GIWAXS patterns (Fig. S9, ESIT) of the pristine
SMPV1 and SMPV1 : PC,,BM blend films featured diffraction
spots of the (100) lamellar plane dominating in the out-of-plane
direction (i.e., perpendicular to the film surface), indicating the
preferred orientation of the small-molecule crystallites. There-
fore, the representative 1D GIWAXS profiles can be mainly
reduced by a cake cut along the out-of-plane direction, as shown
in Fig. 7(a). For the pristine SMPV1 film, the strong peak at a Q
value of 5.9 nm™ " and the weak peak at a Q value of 8.85 nm ™" in
the out-of-plane GIWAXS profile are the second- and third-order
diffraction peaks, respectively, of the (100) plane of the lamellar
structure of crystallites. We estimated that the (100) diffraction
peak appearing at a Q value of 2.95 nm ™" (i.e., 20 = 4.15° for the
normal XRD peak) corresponds to an interspacing between
(100) planes of 21.3 A, consistent with the reported value.*” The
SMPV1 crystallites had their main orientation with the (100)
plane of the lamellar structure perpendicular to the film surface
(i.e., edge-on orientation).

In contrast, the 1D GIWAXS profiles of the SMPV1 : PC,;BM
blend films processed using various post-treatment procedures
displayed two features. First, a broad peak at 13.5 nm ' was
observed, evidence of PC,;BM aggregation.® The formed
PC,;BM clusters had an isotropic orientation, also exhibiting
a ring shape in the 2D GIWAXS patterns (Fig. S9, ESIT). Second,
the intensity (peak area or height) of the (200) peak at a Q value
of 5.9 nm ™ for the blend films was much lower than that of the
pristine SMPV1 film. Thus, the crystallinity of the SMPV1
molecules in the blend film decreased as a result of the presence
of PC,;BM molecules; the PC,;BM clusters were dispersed in
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Fig. 7 (a) GIWAXS profiles and (b) corresponding GISAXS profiles of
SMPV1: PC7BM active layers processed from Tol and subjected to
various treatment conditions.
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the small molecule matrix, effectively interfering with the
nucleation and growth of SMPV1 crystallites. In the GIWAXS
profile of the as-cast blend film [Fig. 7(a)], the (200) and (300)
diffraction peaks were the weakest among those of all the blend
films, signifying the lowest degree of crystallinity of SMPV1. In
contrast, the relative crystallinity, indicated by the integrated
peak intensity or height of the GIWAXS (200) peak at a Q value of
5.9 nm ", of the blend films increased substantially with post-
treatment in the following order: Tol-SVA > THF-SVA > control >
as-cast. The GIWAXS data demonstrate that SMPV1 crystalliza-
tion could be enhanced more greatly through SVA than through
the combined effects of thermal annealing and use of an
additive.

1D GISAXS profiles reduced from the in-plane direction
(parallel to the film surface) can reveal morphological infor-
mation of the inner film in a BHJ structure.*>** Fig. 7(b) reveals
that the up-turn intensity appears in the low-Q region (0.003-
0.006 A™") of the GISAXS profile of the pristine SMPV1 film,
implying the existence of SMPV1 domains larger than 200 nm
(beyond the detection limit or the lowest Q value of 0.003 A™).
Upon the addition of PC,,BM, the up-turn intensity in the low-Q
region of the blend films disappeared, suggesting disruption of
the original SMPV1 domain into smaller domains. The GISAXS
profile of the pristine SMPV1 film had a weak shoulder at 0.015
A™', suggesting the existence of a few SMPV1 crystalline
domains having a size of approximately 42 nm. The GISAXS
profiles of the blend films featured a significant shoulder (or
Guinier knee) at 0.01-0.012 A, revealing the existence of
a large number of PC;;BM clusters or domains having dimen-
sions of 52-63 nm. Their simultaneous GIWAXS measurements
revealed the PC,;BM peak [Fig. 7(a)] and, thus, evidence that
this shoulder in the GISAXS profile may be attributed to the
formation of PC,;BM clusters. The intensity of the shoulder is
mainly due to the high scattering contrast of PC,,BM clusters. It
is possible that the SMPV1 crystalline domains were of similar
size because of a confinement effect between the PC,;BM and
SMPV1 phases. Both SMPV1 and PC,;BM nanodomains form
a miscible distribution or bicontinuous interpenetration
network, as depicted in our TEM images and in the Yang
group's HRTEM data.*” The domain larger than 200 nm is not
discussed in the GISAXS analysis because this size is beyond the
limitation of GISAXS.

The GISAXS profiles of the as-cast blend film and the blend
film processed with thermal annealing and use of the additive
(i.e., the control) featured the shoulder at 0.012 A~' (corre-
sponding to domains of approximately 62 nm). Previous
studies® using GISAXS found that thermal annealing at 70 °C
had no effect on PC,;BM clustering. Therefore, the slight
discrepancy between these two GISAXS profiles, due to the
additive affect, may be attributed to the dispersion of PC,;BM
clusters and SMPV1 phases or to the slight difference in the
content of PC,;BM clusters. It can be concluded, therefore, that
the performance of the control blend film was better than that
of the as-cast blend film mainly because of the crystallinity of
SMPV1. The GISAXS profiles of the Tol- and THF-SVA blend
films featured the shoulder signals at 0.01 A~* (corresponding
to domains of approximately 53 nm). According to the
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intensities of the shoulder signals, the volume fraction of the
nanodomain of the Tol-SVA blend film was slightly higher than
that of THF-SVA blend film, but significantly higher than that of
the as-cast blend film. The large number of nanodomains in the
SVA-processed blend films would, presumably, form an effective
connected network for transporting the charge carriers, leading
to better performance than devices based on the as-cast and
control blend films.

To gain further insight into the influence of SVA treatment
on the charge transport, we used the space-charge limited
current (SCLC) model to determine the charge carrier mobil-
ities. A high charge collection efficiency—and, consequently,
a high FF—requires balanced carrier mobilities.* Fig. S10(a)
and (b) and Table S10 (ESIt) present the j-V characteristics of
electron- and hole-only devices prepared using the various
treatment conditions. After fitting of the dark current to the
SCLC model, we obtained electron and hole mobilities of the as-
cast film of 4.37 x 107> and 1.12 x 107> cm® V™' 57, respec-
tively, giving a charge carrier mobility ratio (u./un) of 3.90. After
Tol- and THF-SVA treatment, higher carrier mobilities in the
order of 10™* em? V! s7! have been observed with u./un, values
of 1.33 and 1.64, respectively, revealing much more balanced
charge transport properties. The combination of enhanced
charge carrier mobility, superior morphology, and greater
donor crystallinity provides a reasonable explanation for the
enhanced FFs obtained after SVA treatment, leading to higher
PCEs.***® To confirm that our devices performances are not
instantaneous, we performed stability tests for devices prepared
under various treatment conditions (as-cast, control, Tol-SVA
and THF-SVA). Results are shown in Fig. S11 (ESIt) in which
both the as-cast and control devices lose half of their perfor-
mances after 14 days of storage in a N,-filled glovebox. For Tol-
and THF-SVA, around 40% of their performances have been lost
under the same storage conditions.

Conclusion

We have developed an efficient molecular solar cell processed
using Tol as a halogen-free solvent. A device featuring an
SMPV1 : PC,,BM blend processed in Tol achieved a PCE of 5.4%
without any post-treatment. The combined effects of thermal
annealing and the use of PDMS as an additive improved the
value of J,. significantly, from 10.68 mA cm > (for the as-cast
device) to 12.13 mA cm > (for the control device), and led to
a PCE of 6.2%. For further optimization, SVA treatment was
tested using various halogen-free solvents (Tol, THF, CS,, and
Hex). SVA with Tol and THF positively influenced the device
performance, with significant enhancements in FFs leading to
PCEs of 7.04 and 6.52%, respectively. In contrast, CS,- and Hex-
SVA treatment had negative effects on the values of J,., leading
to decreases in PCEs to 5.63 and 5.56%, respectively. SVA
treatment was a powerful tool for manipulating the morphol-
ogies of active layer films processed from Tol as a halogen-free
solvent. Significant improvements in the FF were measured
after Tol-, THF-, and CS,-SVA treatment, primarily because of
the improved morphology and phase separation. Using Tol as
the halogen-free solvent led to a PCE of greater than 7% for our
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optimized molecular solar cell—the highest performance re-
ported to date. Our work paves the way toward replacing toxic
halogenated solvents commonly used in the fabrication of
molecular solar cells with halogen-free solvents—an important
step in the large-scale industrial fabrication of organic solar
cells.
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