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ABSTRACT: The effect of an environmentally friendly alcohol treatment on
bulk heterojunction (BHJ) polymer solar cells using the low-bandgap
copolymer based on thieno[3,4-b]thiophene-alt-benzodithiophene units and
[6,6]-phenyl-C71-butyric acid methyl ester is systematically investigated.
Different alcohols are tested, and besides the most commonly used methanol
treatment, other alcohols such as ethanol, 2-propanol, and 1-butanol also
improve the device performance to certain extents as compared to the
untreated solar cells. Changes of the surface structure caused by the alcohol
treatment are probed with atomic force microscopy, and the modification of
inner film morphology is probed by time-of-flight-grazing incidence small-
angle neutron scattering (TOF-GISANS). UV/vis measurements show that
the thickness of all BHJ films remains unchanged by the different solvent
treatments. Thus, the enhanced device performance induced by the alcohol

treatments is correlated to the reconstruction of the inner film structures probed with TOF-GISANS and the modified energy
levels at the interfaces between the BHJ layer and the aluminum electrodes, evident by the enhanced short-circuit current and

open-circuit voltage of the I-V curves.
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1. INTRODUCTION

As an alternative renewable energy technology, polymer solar
cells (PSCs) experienced compelling progress on the basis of
device efficiency and lifetime in the past decades.'® Although
the power conversion efficiency (PCE) of traditional crystalline
silicon has reached 25% with a typical lifetime of about 20 years
and PSCs have achieved only PCE values of 12% with reported
7 year operating lifetimes, PSCs have promising advantages as
compared to the traditional silicon solar cells such as
mechanical flexibility and the use of lightweight materials.>”®
Moreover, PSCs promise feasible cheap device fabrication costs
and a rapid energy payback time.” However, to unlock the great
potential of PSCs and to achieve a breakthrough in
applications, further improvements of the device performance
of PSCs are needed. Many approaches, such as the synthesis of
new low-bandgap polymers, the introduction of solvent
additives, the optimization of device geometry, post production
treatments with thermal or vapor annealing, and interface
engineering, have been examined.'’™'* To date, the highest
published PCE of PSCs in a single junction device has reached
10%, above which commercialization is feasible."s Among the
systems with high reported PCE values is a bulk heterojunction
(BHJ) system which uses a low-bandgap copolymer based on
thieno[3,4-b]thiophene-alt-benzodithiophene units (PTB7)
and the fullerene derivate [6,6]-phenyl-C61 butyric acid methyl
ester (PCBM) (e.g,, reported PCE value is 9.2%)." In this type
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of system, PTB7:PCBM, solvent additives have shown to
improve the efficiency of the PSCs considerably.'®'” These
solvent additives are generally small molecules, which are
known to selectively dissolve the fullerene and to assist in
forming the desired interpenetrating network-type morphology
of the photoactive layer in the BHJ approach. For example, 1,8-
diiodooctane (DIO) has shown to be a very successful solvent
additive especially for PTB7:PCBM BH]J systems.'® However,
recently researchers have revealed that, although these small
molecules indeed boost up the device performance of PSCs, the
additive residues in the active layer of the fabricated devices due
to its low volatility may adversely affect the device performance.
As reported by Ye et al, the potential solvent additive residue
limits the lifetime of such potentially higher efficiency devices.'?

Several effective methods have been demonstrated to tackle
the problem of residual processing additives, such as quick
drying or slow drying and methanol treatment of the polymer
blend thin films.'”” Among these approaches, the methanol
treatment appears to be the most favorable strategy to remove
the residual additives, as methanol is assumed to effectively
remove the residual additives such as DIO and consequently
improve the morphological stability. The low boiling point and
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poor solubility (solubility <0.01 mg/mL) of methanol toward
the organic materials present in the active layer make the post
solvent treatment feasible. These results of Ye et al. are in
agreement with a previous investigation by Zhou et al, who
reported that efficiencies of PSCs as high as 7.9% have been
achieved by the same methanol treatment procedure for the
PTB7:[6,6]-phenyl-C,,-butyric acid methyl ester (PC,BM)
BH]J system.”® Thus, the great potential, induced by the solvent
treatment method for enhancing the efficiency of PSCs, is
clearly evident.*'™>* The positive effect induced by methanol
treatment for the PTB7:PC,;BM BH]J system is attributed to an
increased built-in voltage, a decreased series resistance, and a
reduced charge recombination as reported by Zhou et al.*°
Moreover, Ye et al. claimed that the vacuum level on the metal
side of the device is lifted by the methanol treatment, thereby
reducing the electron injection barrier at the organic/metal
interface and resulting in a better device performance.' So far
all investigations about the impacts of methanol treatment have
only addressed changes of the film surface of the active layer in
PSCs and not that of inner structures. However, it is commonly
recognized that the inner film morphology has a significant
influence on the device performance.”*”>” Thus, a potential
restructuring of the morphology inside the active layer induced
by the solvent treatment is mostly neglected. Moreover,
previous research was only focused on the well-working solvent
methanol for enhancing device efficiency in PTB7:PCBM
PSCs.>° Investigations on the impacts of other alcohols, such as
ethanol, 2-propanol, and 1-butanol, are still very limited.*®

In the present investigation, we employ a variety of alcohols
for post solvent treatment of the active layer of PSCs consisting
of PTB7:PC,;BM in a BHJ geometry to optimize the final
device efficiency. We focus on examining the effect of different
solvent treatments on the electronic properties of the solar cell
devices and on the modification of the active layer morphology
by comparing four alcohol treatments (methanol, ethanol, 2-
propanol, and 1-butanol treatment). As the effect of solvent
treatment using these four alcohols is investigated systemati-
cally for the first time, the main aim of this study is to track the
trend of efficiencies of the solar cells obtained after different
solvent treatments rather than fabricating novel record PSCs by
fully optimizing the devices. After solvent treatment, the surface
modifications of the polymer blend film are probed by atomic
force microscopy (AFM), and the changes of inner film
morphology are revealed by time-of-flight-grazing incidence
small-angle neutron scattering (TOF-GISANS). To detect
inner structures, diffuse scattering needs to be applied,*”*° and
the grazing incidence §eometry has proven to be very well
suited for this task.’' >* Using neutrons instead of X-rays has
the particular advantage that contrast conditions are improved
in systems relevant for PSCs.***® As a result of our
investigation, the efficiency—morphology relationship is
elucidated, and the reasons for the positive impact of solvent
treatment on PTB7 based PSCs are suggested.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. Based on thieno[3,4-b]thiophene-alt-
benzodithiophene units, low-bandgap copolymers PTB7 and [6,6]-
phenyl-C71-butyric acid methyl ester (PC,;BM) were both purchased
from 1-material. The solvent chlorobenzene and the alcohols
methanol, ethanol, 2-propanol, and 1-butanol of above 99.8% purity
were purchased from Carl Roth, and the additive 1,8-diiodooctane
(DIO) from Sigma-Aldrich. All the materials and solvents were used as
supplied. To prepare the solution, PC,;BM was first dissolved in
chlorobenzene and then added into PTB7. The weight ratio between
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PTB7 and PC;;BM was 1:1.5, and the final solution concentration was
25 mg'mL™". In the end, 3 vol % solvent additive DIO was added into
the blend solution. The solution was prepared in a nitrogen-filled
glovebox. Due to the low solubility of the polymer PTB7, external heat
(60 °C sand bath for 24 h) was used to obtain a well-dissolved
solution and homogeneous photoactive layers afterward. Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) as
received from Ossila Ltd. is a blend of two polymers, PEDOT and
PSS, dispersed in H,O. It was spin-coated as an ultrathin film and used
as an electron blocking layer in the device. Films investigated by UV/
vis spectroscopy were prepared on acid-cleaned transparent glass
substrates. Films investigated with atomic force microscopy (AFM)
and time-of-flight-grazing incidence small-angle neutron scattering
(TOF-GISANS) were prepared on acid-cleaned and subsequently
PEDOT:PSS-coated silicon substrates. For the TOF-GISANS
investigation large silicon substrates with a size of (60 X 70) mm®
were prepared due to the large footprint of the neutron beam. The
corresponding solar cell devices were fabricated on ITO substrates
purchased from SOLEMS with the size of (2.2 X 2.2) cm*

2.2. Device Fabrication. The simplest device configuration
without a second hole-blocking layer or any optical spacer layers
was adopted in our solar cells. The ITO substrates were partly covered
by scotch tape and treated by chemical etching to remove the
uncovered part. They were consecutively cleaned with alconox
solution and several organic solvents in an ultrasonic bath (ethanol,
acetone, and 2-propanol). PEDOT:PSS PH1000 water-based solution
was first put in the same ultrasonic bath for breaking out large
aggregated clusters and filtered by a PVDF filter with a pore size of
0.45 pm. After filtration, it was spin-coated with a rotation speed of
4000 rpm for 60 s. The obtained PEDOT:PSS films were dried at 150
°C for 10 min under ambient conditions, and premade PTB7:PC, BM
blend solution was spin-coated with a rotation speed of 1000 rpm for
60 s in a nitrogen-filled glovebox. After the deposition of the
photoactive layer, the solvent treatment procedure was directly applied
to the samples: methanol (or other alcohol solvents) was deposited on
top of the photoactive layer until the film surface was fully covered.
The solvent was then subsequently spun off from the photoactive layer
via spin coating at 2500 rpm for 40 s. All the solvent treatment
procedures for the photoactive layer were performed in the same
glovebox. Finally, the samples were shifted to an evaporation chamber,
and a layer of aluminum under vacuum conditions (3.0 X 10™° mbar)
was deposited by thermal evaporation to complete the solar cell
fabrication. The rate of aluminum deposition was monitored by a
quartz crystal rate meter purchased from Inficon. The deposition rate
was started at 0.1 A~s™" and speeded up to 20 A-s™" at the highest. The
evaporation was manually stopped when the aluminum film thickness
reached 100 nm.

The solar cell performance was characterized under standard 1000
W-m™ AM 1.5 G illumination. The simulated solar spectrum was
always precalibrated by a calibration cell made of monocrystalline
silicon purchased from Fraunhofer ISE. The corresponding I—V curves
were recorded with a source meter (Keithley 2400) with 200 points in
the range from —1 to 1 V. The effective area of the diode was on the
order of 13 mm? and the precise values for efficiency calculation were
individually determined for each pixel with the assistance of optical
microscopy. More than 200 devices were fabricated and measured.

2.3. Device and Active Layer Characterization. Absorption
measurements were performed with a UV/vis spectrometer
(Lambda3s, PerkinElmer) in transmission geometry. The transmitted
signals were recorded in the wavelength range between 300 and 850
nm.

Atomic force microscopy (AFM) was used to obtain topography
and error images of the film surfaces. All the samples were measured in
tapping mode at different positions with different scan sizes to verify
the homogeneity of the films. The software Proscan Image Processing
(Park Scientific Instruments) was used to process the obtained AFM
images and to avoid deviations from the real film thickness.

Time-of-flight-grazing incidence small-angle neutron scattering
(TOF-GISANS) measurements were performed at the Forschungs-
Neutronenquelle Heinz Maier-Leibnitz (FRM II) in Garching,
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Germany. A neutron beam with variable wavelengths from 2 to 20 A
was used with a resolution of 10%. The sample—detector distance was
set to 10.5 m to obtain a reasonable g, range. A multiwire 2D detector
made of *He with an active area of S00 mm?® was used to record the
scattered neutron signals. The *He detector had (200 X 200) pixels
with a pixel size of (2.92 X 2.92) mm? A double-chopper system with
the required rotation speed was used to define the neutron pulses. By
varying the wavelength of the neutrons instead of varying the incident
angles, the TOF-GISANS measurements provided direct information
covering a large g range with full penetration of the film from a single
incident angle @; = 0.45°. To get precise structure information, vertical
and horizontal line cuts (and the corresponding modeling) of the 2D
GISANS data were performed (referring to the sample surface) as
described in the main text.

3. RESULTS AND DISCUSSION

3.1. Current—Voltage Characterization. The photo-
voltaic performance of pristine PTB7:PC,;BM BH]J solar cells
is compared with that of solvent-treated solar cells using four
different alcohols. More than 200 individual devices were
fabricated, and the I—V curves of these devices were measured
and analyzed. In order to gain fundamental insights in the
efficiency—morphology relationship, we have chosen the
simplest device configuration so that the unexpected non-
morphological reasons can be ruled out. A second hole-
blocking layer or optical spacer layers are also neglected. The
realized PSCs use a functional stack which consists of indium
tin oxide (ITO)/poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS)/PTB7:PC,,BM/aluminum
(Al). Moreover, a relatively large solar cell pixel size (13 mm?
in this work as compared with 4.5 mm” in the investigation by
Zhou et al.) is used in our study.”® Therefore, slightly lower
values of the device efficiency as compared to the reported
results are reasonable. Besides the recently published methanol
treatment route, the use of other alcohols (ethanol, 2-propanol,
and 1-butanol treatment after the deposition of the photoactive
layer) is also found to be able to improve the efficiency of
PTB7:PC,,BM BHJ solar cells to a certain extent. The
measured I—V curves of the reference PTB7:PC,;BM polymer
BHJ solar cell and counterparts with additional alcohol
treatments are presented in Figure 1.

It can be observed that simultaneous improvements of the
short-circuit current density ], the open-circuit voltage V,
and the fill factor FF are obtained by these alcohol treatments.
However, the efficiency improvement does not exhibit a simple
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Figure 1. I-V curves of PTB7:PC,;BM BHJ solar cells without
(dashed line) and with post solvent treatment (solid lines) using
methanol (black), ethanol (red), 2-propanol (gray), and 1-butanol
(blue), measured under illumination with 1000 W-m™ (air mass AM
1.5G spectrum).
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relationship with the used alcohols’ properties, such as the
number of carbon atoms or the vapor pressure of certain
alcohol. Methanol treatment gives rise to the highest efficiency,
whereas the ethanol treatment presents the most moderate
enhancement of the device performance.

In order to obtain a comparison, the corresponding cell
parameters ], V., and FF are listed in Table 1. The PCE of the

Table 1. Average Characteristic Parameters of
PTB7:PC,;BM BH]J Solar Cells without and with Post
Solvent Treatment Using Methanol, Ethanol, 2-Propanol,
and 1-Butanol Measured under Illumination with 1000 W-
m~2 (AM 1.5 G)

sample Joc (mA/cm?) V. (V) FF (%) PCE (%)
reference 14.58 + 0.3 —0.62 + 0.01 S50 +1 45 + 0.1
methanol 15.75 + 0.1 —0.69 + 0.01 SS+1 6.0 + 0.1
ethanol 15.00 + 0.1 —0.63 + 0.01 52+1 49 £ 0.2
2-propanol 1832 £ 0.1 —0.66 + 0.01 S2+1 52 +£02
1-butanol 15.60 + 0.1 —0.66 + 0.01 S3+1 54 +02

polymer solar cells in a conventional device structure increases
from 4.5 + 0.1% to a maximum of 6.0 + 0.1% for methanol-
treated devices, whereas ethanol-treated devices only achieve
4.9 + 0.2%. As for solar cell devices with 2-propanol and 1-
butanol treatment, the PCEs improve up to 5.2 # 0.2% and 5.4
+ 0.2%, respectively. As mentioned above, solvent treatment
leads to a simultaneous improvement of J, V., and FF in
general.

The improvement of the final device performance is mainly
ascribed to the enhanced V. and FF introduced by the solvent
treatment: For methanol-treated devices, a significant increase
of V. from 0.62 + 0.01 V to 0.69 + 0.01 V is achieved, and FF
also shows a decent enhancement from 50% up to 55%.
Similarly, a relatively moderate increase of V,. (up to 0.66 +
0.01 V) and FF (up to about 52 + 1%) is observed for both 2-
propanol- and 1-butanol-treated devices. The increase of V.
(0.63 + 0.01 V) and FF (52 + 1%) for ethanol-treated devices
is the lowest. In comparison, only the increase of J. is
moderate, irrespective of the used alcohol, which indicates that
the charge mobility is not dramatically affected by the alcohol
treatment. Further optimizations of the device performance can
be realized for instance by an incorporation of spacer layers
between the photoactive layer and the Al electrode or by having
the complete device fabrication and measurement procedures
under nitrogen atmosphere.zo‘23 However, the implementation
of spacer layers is very time-consuming and challenging due to
the complexity of multilayer devices, which adds an
unnecessary degree of complexity to the investigation of the
film structure. Moreover, a meticulous selection of the
interlayer material is additionally required in order to perfectly
match the highest occupied molecular orbital (HOMO) value
of the donor material and the lowest unoccupied molecular
orbital (LUMO) value of the acceptor material. In comparison,
alcohol treatment, with which we can achieve comparable
results, appears to be a much more efficient method of
improving the efficiency of PSCs without time-consuming and
laborious fabrication procedures. Since we mainly focus on
understanding the significant positive effect of post solvent
treatment, our results are sufficient to provide first insight on
further investigation onf the efficiency—morphology relation-
ship.
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3.2. Absorption Characterization. From the UV/vis
measurements (see Figure 2), a linear superposition of the
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Figure 2. Absorption spectrum of PTB7:PC,;BM BHJ active layers
without (dashed lines) and with postsolvent treatment (solid lines)
with methanol (black), ethanol (red), 2-propanol (gray), and 1-
butanol (blue).

spectra of the individual materials, the fullerene PC,;BM and
the polymer PTB7, is observed to successfully explain the
measured data. For pristine (dashed curve) and alcohol-treated
PTB7:PC,,BM BHJ films (solid curves), the absorption spectra
are identical. According to the Beer—Lambert law, the
absorption is proportional to the film thickness, if the same
material composition is used. Hence, it is concluded that the
solvent treatment with the four different alcohols causes no
evident change in the film thickness, which is in agreement with
Zhou’s findings as verified by profilometry.”® Moreover, the
characteristic shape of the absorption spectra remains
unchanged, which implies that the crystallinity is not affected
by the alcohol treatment. These observations show that the
optical properties of the components of the blend are not
altered by the alcohol treatments. Hence, it rules out the
possibility that the difference among device performances of the
pristine and the solvent-treated PTB7:PC,;BM BHYJ solar cells
is caused by the change of the film thickness or crystallinity and
consequent change in the light absorption of each film. The
performance enhancement must arise from either the
reconstructed morphologies of the PTB7:PC,;BM active layers
or the modified interface energy levels, which is discussed in the
following,

3.3. Mesoscopic Surface Structures of Active Layers.
Since the photovoltaic performance of PSCs is significantly
determined by the morphology of the photoactive layer,>>>%
we study the morphology of the surface of the PTB7:PC,;BM
films without and with solvent treatment using optical
microscopy and AFM. Optical micrographs show homogeneous
film surfaces for all investigated samples (see Figure SI,
Supporting Information). In order to further resolve smaller
surface structures and to determine the surface roughness of the
films down to nanometer length scale, AFM measurements are
performed in tapping mode. The topography images of pristine
and solvent-treated PTB7:PC,BM films are shown in
Supporting Information Figure S2 . Both the pristine and
solvent-treated PTB7:PC,;BM films exhibit similar surface
topographies, irrespective of the used alcohols. Thus, regarding
the film surface topography, homogeneous films are observed
down to the nanometer level without serious impact of the used
alcohols. The surface roughness values measured from the
topography images are ~12 A for pristine blend films as well as
for methanol- and ethanol-treated films. The roughness of the
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active layers slightly increases up to ~14 A for 2-propanol- and
1-butanol-treated films. Thus, the PTB7:PC,;BM film rough-
ness stays rather constant before and after solvent treatment.
However, AFM error images of pristine and solvent-treated
PTB7:PC,BM films reveal small differences in the surface
structures (see Figure 3). A phase-separated morphology is

Figure 3. AFM error images (scan size 2 X 2 um?*) of PTB7:PC,BM
films: (a) pristine film without any solvent treatment, (b) the
corresponding line cut profile of the pristine film at the position
indicated by the red line, (c) methanol-treated, (d) ethanol-treated,
(e) 2-propanol-treated, and (f) 1-butanol-treated. Different color bars
are used for illustrating the height variation.

observed in general for all preparation procedures, in which
details in the morphology depend on the sample treatment: A
phase separation structure with coarsened domains is formed
for pristine PTB7:PC,BM films, whereas smaller structures are
generally observed for all films after alcohol treatment. Among
all, the smallest structure sizes are obtained from methanol-
treated films, which is in %ood agreement with previous
investigations by Wang et al*® Such smallest structure sizes
match well with the highest solar cell efficiency found for the
methanol treatment. Since AFM measurements provide only a
direct image of the film surface morphology, no quantitative
results regarding the modification of the inner film morphology
can be obtained from such technique. To further explore the
morphological evolution induced by solvent treatment within
the films, advanced scattering techniques are applied to gain
statistically relevant structure information.

3.4. Mesoscopic Inner Lateral Structures of Active
Layers. In this work, diffuse scattering in grazing incidence
geometry is used to detect lateral structures of the active
layers.***®** Grazing incidence small-angle neutron scattering
(GISANS) is applied to obtain information about the inner
nanoscale structures, such as characteristic lateral length scales,
domain geometries, and size distributions.>**® The GISANS
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experiments are performed in time-of-flight (TOF) mode,
which uses a broad neutron wavelength range instead of a fixed
value. TOF-GISANS has proven its ability to probe depth-
sensitive information from the film volume based on different
neutron wavelengths; ie., the structural information from the
bulk film is probed at short neutron wavelengths, whereas
surface sensitive information is obtained using long neutron
wavelengths.41_43

In Figure 4 several representative two-dimensional (2D)
GISANS data of the pristine PTB7:PC,,BM film (Figure 4a—d)

(e)

— shielded
direct bearq

(b)

Ay
Intensity / a.u.

0.0 05 1.0 1520 25 3.0 35 40

Figure 4. Example of 2D GISANS data of the pristine PTB7:PC, BM
film (a—d) and 1-butanol-treated PTB7:PC,;BM film (e—h) obtained
simultaneously in the TOF-GISANS measurement. From top to
bottom, the corresponding mean wavelengths are 3.25, 4.25, 6.25, and
9.25 A, respectively.

are shown compared with the 1-butanol-treated PTB7:PC, BM
film (Figure 4e—h). From the broad wavelength band we have
selected four wavelengths (3.25, 4.25, 6.25, and 9.25 A) in this
graph, which were all measured simultaneously in the TOF-
GISANS measurement. Three main features are observed in
these 2D GISANS data (from top to bottom for each GISANS
image): the specularly reflected peak, the intensity side maxima
at the Yoneda peak position, and the transmitted signal
centered on the shielded direct beam. For the 2D GISANS data
obtained from the pristine PTB7:PC,;BM film shown in Figure
4a—d, no obvious changes can be observed with the increase of
wavelength except the variation of the intensity, which only
originates from the wavelength distribution of the incoming
neutron flux. In comparison, the GISANS data of the 1-butanol-
treated PTB7:PC;,BM film shown in Figure 4 (e—h) exhibits
more pronounced intensity side maxima at the Yoneda peak
position. Moreover, these side maxima expand to high g, values,
indicating that a decreased prominent length scale is obtained
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after 1-butanol treatment. In addition, the intensity side maxima
in Figure 4e—h first expand to a high-q, range at low neutron
wavelengths (range from 3.25 to 6.25 A) and then diminish at
long neutron wavelengths (above 9.25 A), which further
implies that the average domain size on the film surface is
bigger than that of the inner film.

In order to obtain quantitative structure information, vertical
and horizontal line cuts of the 2D TOF-GISANS data are
performed (referring to the sample surface).** The vertical line
cuts of pristine and solvent-treated PTB7:PC,BM films are
shown in Supporting Information Figure S3. In general, one
can obtain structural information from the analysis of such
vertical line cuts (referring to sample surface). From the vertical
line cuts shown in Supporting Information Figure S3,
pronounced specular peaks and a shift of the Yoneda peak
toward larger exit angles (as indicated by the arrow in
Supporting Information Figure S3) are observed. The shift of
the Yoneda peak position can be explained by the relation
between the critical angle (which determines the position of the
Yoneda peak) and the neutron wavelengths according to the
equation @, = 2\/(SLD/7x).** Therefore, the shift of the Yoneda
peak position is caused by the increase of the neutron
wavelength. It should be noted that the shift of the Yoneda
peak observed in the vertical line cuts does not contradict with
the inconspicuous shift seen in the 2D GISANS data shown in
Figure 4, as each 2D GISANS image covers a different q,, range.
The detected angle oy exhibits a linear dependence on the
wavelength, as summarized in Figure S4 (Supporting
Information).

Since the horizontal line cuts at the critical angle of each
material contain the information about the lateral structures,**
we focus on these line cuts to determine the domain sizes and
furthermore the size distribution. The horizontal line cuts are
plotted in Figure S for all 2D GISANS data obtained from the
pristine and the solvent-treated films. In Figure S the neutron
wavelength increases from 5.25 A (bottom, red data points) to
10.75 A (top, green data points) with an increment of 0.5 A. As
explained above, the morphology of the bulk film is revealed at
short wavelengths (smaller than 8 A at our chosen parameters)
and the surface sensitive information at long neutron
wavelengths (larger than 8 A at our chosen parameters). To
analyze the intensity distribution of all horizontal line cuts we
use a simplified model to describe the structure of the
PTB7:PC,BM films. This model assumes spherical-shaped
scattering objects distributed over a one-dimensional para-
crystal lattice within the frame of the distorted-wave Born
approximation (DWBA) to determine the most prominent in-
plane length scales.***® From this model, form factors and
structure factors as well as the size distributions can be
extracted. The form factor is responsible for resolving the
scattering objects, and the structure factor is associated with the
spatial distribution of different scattering objects. Depending if
volume or surface sensitive structure information is to be
extracted, different numbers of form and structure factors are
considered while modeling.

To detect the volume information (horizontal line cuts
probed with short neutron wavelengths), two objects (R1 and
R2) are required as well as two respective structure factors (D1
and D2). On the other hand, if surface information (horizontal
line cuts probed with long neutron wavelengths) is of interest,
only one object (R3) and structure factor (D3) are sufficient
for modeling the corresponding curves. In Figure 6, the most
prominent structural features of the PTB7:PC,,BM BHYJ active
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Figure S. (a) Scheme of 1D paracrystal model within the framework of distorted wave Born approximation (DWBA) and logarithmic plots of the
horizontal line cuts at the critical angles of the 2D TOF-GISANS data and the corresponding fits for PTB7:PC,,BM films: (b) pristine film without
any solvent treatment, (c) methanol-treated, (d) ethanol-treated, (e) 2-propanol-treated, and (f) 1-butanol-treated. The wavelength increases from
5.25 A (bottom data points) to 10.75 A (top data points) with an increment of 0.5 A. The curves are shifted along the intensity axis for clarity of the

presentation.
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Figure 6. Most prominent structural features of PTB7:PC, BM BHJ
active layers without and with post solvent treatment (methanol,
ethanol, 2-propanol, and 1-butanol) as extracted from TOF-GISANS:
two inner film domain sizes R1 (black squares), R2 (red circles), and
one surface domain size R3 (blue triangle).

layers, without and with alcohol treatment (methanol, ethanol,
2-propanol, and 1-butanol), are shown. The two inner film
domain sizes R1, R2, and the one surface domain size R3, as
extracted from the fitting results, are plotted.

For both the pristine and solvent-treated PTB7:PC,;BM BH]J
films, the large inner domain sizes R2 (about 250 nm) and the
distances between two adjacent domains D2 (not shown in the
graph) remain rather constant. The surface domain sizes R3
and distance D3 are in a similar order. For all solvent-treated
films a certain size decrease is found, and the smallest domain
size is seen in case of methanol-treated films, agreeing with
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previous features of AFM error images. In contrast, more
pronounced differences are observed for the small inner
domain size R1, which evolves from (70 + 6 nm) for the
pristine PTB7:PC,;BM BHJ films to smaller sizes in general for
solvent-treated PTB7:PC,;BM BH]J films. Among all the
solvent-treated films, the one after methanol treatment exhibits
the smallest inner lateral structures (35 + 3 nm), which as a
reasonable deduction will contribute to the improved J,. and FF
values since exciton splitting can be most efficient. Similar
structural rearrangements induced by solvent treatment on a
different low-bandgap polymer PBDTF-DFBO:PC,,BM BH]J
system were also observed by Wang et al. The authors claimed
that the improved device performance originates from the
formation of fiberlike interpenetrating morphologies and more
balanced charge transport.28 Therefore, it is suggested that
solvent treatment improves the blend solubility and miscibility
between PTB7 and PC, BM. Particularly, the alcohol solvent
with high volatility can take away residual DIO in the blend
layer during evaporatlon, hindering further diffusion of
PCBM molecules,"” and consequently produce an optimal
interpenetrating structure for maximum PCE, as observed in
the present investigation. In addition to the morphology
changes found in the present study, it was also suggested by
Zhang et al. that the modification of the interface between the
active layer and PEDOT:PSS layer can be a reason for the
efficiency enhancement induced by methanol treatment.*® It
was reported that methanol may also modify the work function
of the PEDOT:PSS layer underneath the polymer:fullerene
blend film, which contributes to improve the V.  and
consequently the device performance.*** However, V,. is

oc
also related to the morphology via charge recombination, and
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an optimized morphology of the active layer results in the
highest V,_ values.

A sketch of the morphology of PTB7:PC,;BM in the active
layers without and with post solvent treatment is shown in
Figure 7. The pristine film contains the largest average domains

o

ES )
methanol treatment

w/o treatment

ethanol (2-propanal,
or 1-butanol) treatment

S0 PTB7 ¢ PC,,BM

Figure 7. Representative schematic morphology of PTB7:PC, BM
BH]J active layers (a) without solvent treatment, (b) with ethanol, 2-
propanol, or 1-butanol treatment, and (c) with methanol treatment.
Blue lines represent the polymer PTB7, and red spheres correspond to
PC,BM.

(Figure 7a), which due to alcohol treatment shrink to smaller
length scales as shown in Figure 7b and ¢, evident by both AFM
and TOF-GISANS data. Among all, methanol treatment gives
rise to the smallest domain sizes (see Figure 7c), which cannot
be explained by solubility of PTB7 or PC,;BM, since the four
used alcohols have an extremely low solubility of the organic
materials of the active layer. Therefore, we postulate that the
shrinking of domain sizes for solvent-treated samples is caused
by differences in the diffusion of the alcohol molecules and in
the removal of residual DIO. As methanol has the smallest
volume, it can penetrate best the whole active layer as
compared with the other alcohols. Moreover, it can be removed
best together with the residual solvent additive DIO from the
blend layer due to its much higher volatility during
evaporation,'? thereby producing an optimal stable morphology
for maximum PCE.*” Ethanol is an exception, which might
originate from an incompatibility between ethanol and certain
materials used for the whole solar cell. In conclusion, the
observed changes of the inner film morphology of the active
layers are responsible for the enhanced PCE of the
corresponding solar cells, evident by the improved J, V,
and FF simultaneously.

)

4. CONCLUSION

This study further confirms that facile post treatment methods
like alcohol treatment could become an efficient, economic
strategy toward higher efficiency low-cost polymer solar cells
superior to the laborious interlayer implementation. For the
first time a systematic study of the effect of solvent treatment
with a series of four different alcohol solvents on the polymer
solar cell efficiency is reported. It is observed from our
investigation that alcohol treatments with methanol, ethanol, 2-
propanol, and 1-butanol all have a clear positive influence on
the corresponding device performance. Devices with methanol
treatment perform the best, and up to 25% enhancement of the
PCE is obtained. The reason for this improvement is mainly
studied in this investigation. From the absorption and optical
characterization, homogeneous films with identical film thick-
ness are observed for both pristine and alcohol-treated
PTB7:PC,;BM films. Thus, the performance enhancement is
assumed to be caused by the morphological rearrangement.
From the results obtained from AFM error images, slight
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structural modifications on the film surface are observed after
solvent treatment: Phase separation structures with smaller
domains are formed for all blend films with solvent treatment,
and the film with methanol treatment gives rise to the smallest
domain structures. From the TOF-GISANS measurements, we
find an obvious change of the inner film morphology. The
domain and structure sizes shrink for all the alcohol-treated
samples, and the structural modifications for methanol-treated
samples are the most pronounced among all the four tested
alcohols.

As a result, it is proposed that the optimized film morphology
improves the charge separation, transportation, and extraction
effectively, which is evident by the simultaneous increase of J,
FF, and especially the V. introduced by alcohol treatment.
Moreover, among the four alcohol solvents, methanol appears
to be the most effective, possibly due to its smallest size and
highest penetration rate through the active layer, resulting in
optimized film mophology and consequently highest PCE.
Taking into account the success of solvent treatment on other
material combinations such as the well-studied P3HT:PC¢BM
BHJ system,”***” it is positively suggested that alcohol
treatment can be widely applied to other polymer:fullerene
systems as an easy and efficient method to greatly improve the
device performance.
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