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ABSTRACT: Nanoparticles have been shown in some cases to improve phase separation and morphology in bulk
heterojunction organic photovoltaic cells. In this study, the effect of incorporation of polyhedral oligomeric silsesquioxane
(POSS) molecules of different structures in air processed poly(3-hexylthiophene-2,5-diyl) (P3HT) and [6,6]-phenyl Cg; butyric
acid methyl ester (PCBM) films and photovoltaic cells was evaluated. Morphology and composition of the nanoscalephase-
separated domains were determined via conductive atomic force microscopy in conjunction with nanomechanical mapping and
Raman imaging. UV—vis and fluorescence spectroscopy analysis of the films was performed at different stages of the process and
with different levels of solvent vapor and thermal annealing. It was found that POSS molecules of selected structures provided
enhancement in morphology control in films, translating to improvements in fill factor and power conversion efficiency of
laboratory-scale OPV cells. The findings indicate the potential for further improvements in solar cell performance with

specifically tailored POSS/polymer phase-separated systems.
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1. INTRODUCTION

Polymer-based organic photovoltaic (OPV) devices have
attracted considerable attention over the past decade because
of their ease of fabrication, low weight, flexibility, and potential
reduction in cost." The key disadvantage of OPV cells is their
low power conversion efficiency compared with inorganic cells.
Power conversion efficiency is determined by the process of
photon absorption, exciton separation, and prevention of
recombination of electron/hole pairs prior to collection at
the electrode, which is determined in turn by the composition
and morphology of the phase-separated active layer in the OPV
device. The active layer typically consists of a p-type conjugated
polymer, which serves as the donor, and an n-type fullerene
derivative, which serves as the acceptor. On absorption of light
energy, an exciton is generated, which undergoes charge
separation after diffusion to the donor/acceptor interface. The
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degree of phase separation, the size of thephase-separated
domains, and the organization of the domains determine the
charge diffusion pathways and recombination processes. It has
been reported that the highest conversion efficiency is achieved
when the domain size is equal to the exciton diffusion length.>>
Phase separation is generally achieved through control of the
crystallization and aggregation processes of the donor and
acceptor components, respectively. Processing techniques
including therma1,4_6 solvent,” and solvent vapor annealing8
have been reported to enhance phase separation.

A typical air processed photovoltaic cell consists of an anode
layer, hole transporting layer, active layer and cathode layer. For
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such a device with P3HTand PCBM, the power conversion
efficiency is 2.2%, when processed in air.” Higher efficiencies
can be achieved by inserting an interfacial electron transport
layer and when processing under inert conditions; however, this
is an obstacle for large scale industrial production.

Studies have been reported of incorporation of nanoparticles,
including carbon nanotubes,'® silver nanowires,'' and gold
nanoparticles,'” in the active layer in an attempt to enhance
morphology control. However, difficulty in obtaining adequate
dispersion of the nanoparticles in the polymer blend limits their
beneficial effects on the OPV system.

POSS nanostructured chemicals are hybrid organic—
inorganic structures, monodisperse in size, consisting of a
silicon oxide cage with a corona of organic substituents. By
varying the organic groups, it has been shown that the
migration and aggregation behavior of POSS molecules can be
controlled in polymeric matrices to produce desired nanostruc-
ture development with associated performance improve-
ments,”>™*> and POSS molecules can be tailored to serve as
dispersing agents for organic and metallic nanoparticles.'®"” It
is also possible to effect changes in the morphology, crystallinity
and phase dispersion in polymeric blend systems on
incorporation of specific POSS systems.'®'® It has been
reported that POSS molecules facilitate the electron injection
and promote current density when attached to semiconducting
polymers.”>*' To the best of our knowledge, a study of POSS
performance in OPV films has not yet been reported.

Polydimethylsiloxane (PDMS), a linear, long-chain macro-
molecule with siloxane backbone structure similar to that of the
POSS cage, was evaluated by Graham et al. in a low band gap
polymer blend. They reported that addition of PDMS increased
Jio by S0% and efficiency by 70% over the low-efliciency
control.>* PDMS is not as easily functionalized as POSS to
provide compatibility with the active layer, and, as it is a flexible,
long-chain molecule, it is not expected to provide structural
rigidity to the blend. Small molecule additives with better
miscibility than PDMS also have been used to improve the
performance of organic photovoltaic cells by controlling the
ternary morphology during the solvent evaporation proc-
ess.”>"2° However, unlike the rigid POSS molecules, they are
removed during solvent evaporation and cannot impart
additional structural rigidity to the blend after drying.

Although incorporation of nanoparticles may result in
enhanced OPV performance, development of a full under-
standing of the nanoscale morphology and mechanism of action
in these complex blends is challenging. Raman imaging has
been utilized to distinguish the donor and acceptor domains on
the micrometer scale;***” however, it does not have the
resolution to determine nanoscale morphology. Atomic force
microscopy (AFM) provides resolution of less than 10 nm in
evaluating surface features of polymeric films. Traditional AFM
tapping mode evaluation is widely used in morphology
characterization; however, it is difficult to extract compositional
information of phase-separated systems on the basis of only the
height and phase images. Recently developed nanomechanical
mapping AFM modules have become available in which it is
possible to simultaneously extract topographical and materials
properties information, including relative surface hardness,
modulus, and adhesion, at each point using a calibrated probe
with known parameters.zg’29 Conductive AFM (C-AFM)
techniques allow further determination of the composition of
phase-separated OPV blends, where the hole and electron
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pathways can be identified at the nanoscale using current
mapping analysis.>’

In this study, POSS molecules were first introduced into an
air processed P3HT and PCBM OPV system. Two types of
POSS molecules with different functional groups were chosen
to explore the effects of POSS interaction with blend
components. Films were analyzed at different stages of the
pre- and postannealing processes of the active photovoltaic
layer, and the relationship between morphology and
composition was studied by nanomechanical mapping,
conductive AFM, spectroscopic studies, and Raman imaging.
The effects of POSS-induced morphology and absorbance
changes on OPV device performance were determined.

2. EXPERIMENTAL SECTION

Materials. Unpatterned indium tin oxide (ITO) glass slides with
8—12 Q/sq resistance were purchased from Sigma Aldrich. Patterned
ITO coated glass slides with coating thickness ~100 nm and surface
resistivity of 8—12 Q/sq were purchased from Luminescence
Technology Corp., to use as the transparent anode. Poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS), ob-
tained from Ossilla as a 1.3 wt % dispersion in water having resistivity
in the range of 500—5000 ©Q cm, was used as the hole transporter.
P3HT, electronic grade, 98% regioregular, 99.995% pure on trace
metals basis, average M, ~ 45 000, was obtained from Sigma Aldrich.
PCBM obtained from Sigma Aldrich with purity >99% and molecular
weight of 911 g/mol was used as the acceptor. Octaphenyl POSS (Ph-
POSS) and mercaptopropylisobutyl POSS (SH-POSS) with 99%
purity were provided by Hybrid Plastics, Inc. o-Dichlorobenzene
(DCB) from Acros was used as the solvent to form the actual
photovoltaic donor/acceptor blend. For solvent vapor annealing
(SVA), isopropanol (IPA) was used. All the materials were used as
received.

Sample Preparation. Photoactive Films for Spectroscopic and
Microscopic Analysis (without cathode layer). The photoactive
P3HT:PCBM blend (ratio 1:0.6) was prepared in DCB (25 mg/mL)
in an amber vial. The mixture was heated at 60 °C for 1 hto promote
dissolution and then subjected to gradient cooling to room
temperature in the same oil bath. It was then kept at room
temperature for 24 h. The POSS-modified samples were prepared
by adding 1 wt % Ph-POSS or 1 wt % SH-POSS to the initial
P3HT:PCBM mixture. POSS concentration was held at 1 wt % based
on preliminary screening studies indicating optimum device perform-
ance at this level. ITO (~100 nm)-coated glass plates were
successively cleaned ultrasonically in deionized water, acetone and
IPA for 10 min each. They were dried under N, and exposed to UV/
ozone for 40 min and then immediately spin-coated with a uniform
layer of PEDOT:PSS. The PEDOT:PSS dispersion was spin-coated at
a speed of 5000 rpm for 2 min. The PEDOT:PSS-coated substrates
were then dried for 15 min on a hot plate at 150 °C in air, which was
measured by AFM to be 40 = 5 nm thickness. The P3HT:PCBM
blend solution was spin-coated on top of the PEDOT-PSS layer at
1250 rpm for 70 s. The thickness of such active layers was found to be
100 + 10 nm, as measured using AFM scratch testing. Solvent vapor
annealing was performed for 20 min in a chamber saturated with IPA
vapor. The samples were then thermally annealed at 150 °C in argon
for 30 min. The entire fabrication process was conducted in an air
environment except for the thermal annealing (TA) step. The above
samples prepared on unpatterned ITO glass were further studied by
optical microscopy, AFM, Raman imaging, UV—vis spectroscopy and
fluorescence spectroscopy. Two annealing processes were conducted
in this study, one involving only solvent vapor annealing (SVA) and
the other using both SVA and thermal annealing (SVA-TA).

Solar Cells for Analysis of Power Conversion Efficiency (with 100
nm coating of aluminum to form the cathode). The devices for
performance measurement were prepared on patterned ITO glass. The
glass cleaning process was the same as that used for the unpatterned
ITO glass. After exposure to UV/ozone for 40 min, the ITO glass was
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spin coated with the PEDOT:PSS dispersion at a speed of 5000 rpm
for 2 min. Then the slides were heated on a hot plate at 150 °C in air
for 1S min. The P3HT:PCBM (ratio 1:0.6) photoactive blend (the
same composition as described previously for microscopic analysis)
was spin coated on the baked PEDOT:PSS layer, then subjected to 20
min of solvent vapor annealing in an IPA saturated chamber, and then
a 100 nm thick layer of Al (cathode) was evaporated on top of the
active layer through a shadow mask using metal evaporation function
by a Q150T Turbo-Pumped Sputter Coater. The deposition rate was
controlled to 35 nm/min to achieve reproducible coatings and device
performance. The solar cells thus formed were then annealed at 150
°C in argon for 30 min. Three identical devices were made and each
device had six cells, with an active area of 0.042 cm?.

Analytical Techniques. The optical microscopy images were
obtained using a VHX digital microscope from Keyence. For this
study, all images were collected at a magnification of 1000X .

Raman images were collected with a DXR Raman Microscope from
ThermoScientific. A laser beam of 532 nm was focused with a 100X/
0.95 objective in the optical microscope. The laser power was 5 mW
and the aperture was a 25 pm pinhole. The autofocus function was
employed during the scanning to ensure that the laser was focused on
the surface of the film. All images were baseline corrected. The
resolution of the images is 540 nm.

AFM studies were conducted on a Dimension ICON scanning
probe microscope from Bruker. The nanomechanical mapping images
were acquired after calibration of the probe. A silicon probe from
Bruker (RTESP) with nominal spring constant of 20—80 N/m was
employed. The calibration process followed the absolute method and
was checked through the relative method, which is suggested by the
supplier. After calibration of the AFM tip, the elastic modulus of the
surface is estimated from the slope of the force-displacement curve
when the tip is in contact with the surface, following Derajaguin—
Mueller—Toporov (DMT) theory. This is known as the DMT
modulus® ™ The evaluation of the DMT modulus was carried out
using the Nanoscope Analysis 1.40 software, Bruker. All the processes
were performed in the peakforce QNM air mode in Nanoscope 8
software. First a standard sapphire sample from Bruker was scanned
and a force curve was obtained. The deflection sensitivity was
calculated from the force curve using the software. Three different
positions were chosen to ensure consistency of measurements. The
average value was then used as the final deflection sensitivity. After
obtaining the deflection sensitivity, the probe was withdrawn from the
surface. Thermal tune function in the software was performed to
obtain the resonance frequency of the probe, through which the spring
constant was calculated. A standard titanium sample from Bruker and a
neat P3HT:PCBM sample were then scanned with the previous
parameters. The tip radius was calculated from the deformation image
of the Ti sample and the height image of the neat P3HT:PCBM
sample through the Nanoscope Analysis software. Finally a standard
PEG-PS reference sample from Bruker was tested to make sure the
expected elastic modulus value was obtained. A value of 0.3 was used
as an estimate for Poisson’s ratio and the scan rate was held at 1 Hz
during the measurements. The height image and corresponding
modulus image were obtained during one single scan. The root-mean-
square (RMS) value from the height image was utilized to characterize
the roughness of the surface. The average modulus value of the
modulus image was used to show the stiffness of the surface. For those
images with large (>1 pm) phase-separated features, the modulus
values were calculated on the basis of the flat areas, which exclude the
micrometer-scale features.

The conductive AFM analysis was performed using a probe from
Bruker (SCM-PIC) with a thin platinum/iridium front side coating.
The nominal spring constant of the probe was 0.18—0.42 N/m. Tip
radius of the probe was 8 nm. During scanning, a bias of +2 V was
applied between the ITO layer and the AFM probe. Both height
images and corresponding current images were obtained during the
measurements. Since the height images in C-AFM are similar to those
obtained in nanomechanical mapping, only current images are shown.
In calculations of average current, the micrometer-sizedphase-
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separated features were excluded in those images where they were
present.

Fluorescence spectra were obtained using a TECAN Infinite M1000
microplate reader with premium Quad4 monochromators. UV—vis
spectra were obtained using a Perkin-Elmer Lambda 6 UV/vis
spectrophotometer. The spectra normalization was carried out at 700
nm, where there is negligible absorption by the blend components. It
was so chosen to identify the effect of each component (P3HT and
PCBM) independently.

UV—vis and XRD analyses were preformed immediately after
completion of the annealing procedure. AFM imaging was performed
on the same day, while Raman and fluorescence studies were
performed within two days of processing to standardize the time
between processing and characterization. In each case, the three types
of samples (neat, Ph-POSS, and SH-POSS) were produced and
evaluated together.

Current—voltage (J-V) measurements were carried out using a
Keithley 2400 source unit. Irradiation was provided by an AML.S solar
simulator (Photo Emission Tech. Inc.) with illumination of 1000 W/
m* from a Xenon lamp coupled to a monochromator. The total
incident light intensity was calibrated with a standard reference silicon
solar cell.

3. RESULTS AND DISCUSSION

It is well-known that processing conditions, including thermal
and solvent vapor annealing, affect nanoscale morphology and
conversion efficiency in P3HT/PCBM OPV systems.** For the
current study, a protocol was determined that reproducibly
yielded the highest conversion efficiencies in air-processed OPV
cells produced in our laboratories (results reported previ-
ously).*® It was found that cells produced with a 20 min IPA
solvent vapor annealing step followed by a 30 min thermal
annealing step at 150 °C yielded the best performance. The
choice of solvent for solvent vapor annealing was governed by
two parameters — the solubility parameter and the boiling
point. We previously demonstrated that during solvent vapor
annealing of partly wet thin films, the use of a nonsolvent
resulted in a more favorable self-assembly of the polymer than
that produced with a good solvent.>’A good solvent increased
the phase domain sizes beyond desirable limits. So a solvent
(IPA*) with solubility parameter close to that of PCBM*’ but
farther from that of PZHT® was chosen. This facilitated greater
PCBM mobility, thereby initiating favorable PCBM aggregation
even before the thermal annealing step. Also, the choice of a
low boiling solvent ensured greater and faster penetration
through the cross-section of the film, resulting in efficient
donor—acceptor assemblies. Similar concepts have been utilized
earlier.””. In an attempt to further optimize the morphology of
the active layer, two types of POSS were introduced into the
P3HT:PCBM system separately, whose structures are shown in
Scheme 1. The POSS structures were chosen for their potential
interactions with the phase-separated domains, where Ph-POSS
is expected to have greater affinity for the PCBM phase and
SH-POSS for the P3HT phase. Spectroscopy and microscopy
analyses were performed on multilayer photoactive films
without the cathode layer, whereas solar cell performance
studies were performed on cells with an Al cathode layer
coating.

Optical Microscopy. Figure 1 shows the optical micros-
copy images of the OPV blends with and without POSS. The
neat OPV film appears uniform and smooth (Figure 1A). In the
Ph-POSS-modified film (Figure 1B), oblong features 1—3 ym
in diameter are observed which are attributed to POSS/
polymer clusters. A smaller number of widely distributed
oblong features are observed in the SH-POSS-modified film
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Scheme 1. Structures of SH-POSS and Ph-POSS
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Figure 1. Optical microscopy images (1000X) of (A) the neat
P3HT:PCBM film, (B) the Ph-POSS-modified film, and (C) the SH-
POSS-modified film after SVA-TA. POSS is incorporated at 1 wt %.

(Figure 1C). The morphology variations in the samples arise
from the different functional groups on the POSS molecules, as
discussed in the following sections.

Raman Imaging. Raman imaging analysis was performed to
gain information about the compositions of the clusters
observed in the Ph-POSS and SH-POSS-modified films
observed by optical microscopy. The Raman spectrum of the
neat film was obtained to provide baseline information (Figure
2). The peak at 1447 cm ™ is attributed to the symmetric C=C
stretch and the peak at 1325 cm™ is attributed to the C—C
intraring stretch of P3HT.***" Because of the high intensity of
the P3HT bands (related to the high crystallinity and close
packing of the P3HT phase), the much lower intensity PCBM
bands are difficult to discern. Thus, in accordance with previous
literature reports,2 the high intensity peak at 1447 cm™ was
used to determine the distribution of P3HT in the films.

Raman imaging maps of the 1447 cm™' peak are shown in
Figure 3 for the neat P3HT:PCBM film (a), the Ph-POSS-
modified film (b), and the SH-POSS-modified film (c). The
neat OPV film shows nearly uniform peak intensity, indicating
uniform P3HT concentration distribution at the resolution of
the Raman imaging (540 nm). Images b and ¢ in Figure 3 show
wide variations in peak intensity, with the red domains
representing highest peak intensity and thus highest relative
P3HT concentration, and the blue domains representing lowest
P3HT concentration. The Ph-POSS-modified film (Figure 3b)
shows micrometer-sized, oblong, low-intensity features that are
attributed to domains with low P3HT concentration. The SH-
POSS-modified film (Figure 3c), in contrast, shows high
intensity oblong features that are attributed to domains with
high P3HT concentration.

AFM Analysis. Nanomechanical mapping allows simulta-
neous analysis of surface topography and mechanical properties
of the film surface. Utilizing a calibrated probe with known
physical parameters, it is possible to determine relative hardness
and stiffness of nanoscale-separated features on the surface, and
thus infer the composition of the phase-separated morpho-
logical features. Figure 4 shows comparative height (1), DMT
modulus (2), and current (3) images for the three
P3HT:PCBM films, neat (A), Ph-POSS-modified (B), and
SH-POSS-modified (C). Physical parameters measured for the
films are given in Table 1. The neat P3HT:PCBM film displays
the nanoscaled phase-separated morphology typically observed
for this system. The bright spots (approximately 20 nm in
diameter) apparent in the AFM DMT modulus image
correspond to the bright spots in the C-AFM image for the
P3HT:PCBM film (A2 and A3, respectively), AFM analysis of
neat PCBM and P3HT films showed that PCBM DMT
modulus was 1 order of magnitude higher and PCBM
conductivity 2 orders of magnitude higher than that measured
for P3HT (Table 1). Under positive bias, electrons flow from
the AFM tip to the surface, and the PCBM electron acceptor
phase is expected to show higher conductivity and appear
brighter in the C-AFM images.*” The bright features in the neat
PCBM:P3HT DMT modulus and C-AFM images are therefore
attributed to the PCBM phase. The POSS-modified films show
quite different morphologies, with large (1 ym in size), bright,
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Figure 2. Raman spectrum of the neat P3HT:PCBM film after SVA-TA.
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Figure 3. Raman images of the (A) neat P3HT:PCBM film, (B) Ph-POSS-modified film, and (C) SH-POSS-modified film after SVA-TA. The color

bar indicates the peak intensity at 1447 cm™.
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® 171.4pA
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Figure 4. (A1) Height image, (A2) corresponding DMT modulus image, and (A3) current image of P3HT:PCBM film after SVA-TA; (B1) height
image, (B2) corresponding DMT modulus image, and (B3) current image of the Ph-POSS-modified film after SVA-TA; (C1) height image, (C2)
corresponding DMT modulus image and (C3) current image of the SH-POSS-modified film after SVA-TA. The lateral dimensions of all images are

Spum X S pm.

oblong features apparent in the height images (B1 and C1). For
the Ph-POSS-modified film, corresponding bright features are
observed in the DMT modulus image (B2), indicating that the
raised features observed in the height images have higher DMT
modulus than that of the surrounding material. For the SH-
POSS-modified film, however, the oblong features appear
darker in the DMT modulus image (C2), indicating that they
are lower in relative DMT modulus than the surrounding
phase. As determined from cross sectional analysis of the
topographic images, the raised features in the Ph-POSS-
modified film range from 100—150 nm in height while those in
the SH-POSS are 10—20 nm in height.

AFM cross-sectional DMT modulus and conductivity
analyses were performed in order to obtain more information
about the composition of the raised features observed in the
height images of the POSS-containing blends (Figure S). The
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baseline information of the individual components listed in
Table 1 indicates that the polymeric P3HT shows relatively
lower DMT modulus (2.2 GPa) than that of the carbon
supported PCBM (11 GPa) and silicon—oxygen supported
POSS (15 GPa). The average DMT modulus of the Ph-POSS-
modified film excluding the raised areas is 5.3 GPa, whereas the
average DMT modulus of the raised features is greater than 10
GPa (Figure SA1). This indicates that the raised areas consist of
clusters of POSS and/or PCBM, while the surrounding phase is
a blend with the softer P3HT. For the SH-POSS-modified film,
in contrast, the raised areas show lower DMT modulus than the
surrounding matrix, indicating that the clusters are high in
P3HT content. The surrounding matrix has higher modulus
than that of the Ph-POSS film because it is enriched in PCBM.
The C-AFM images of both POSS-modified films show that the
clusters are lower in conductivity (darker) than the surrounding

dx.doi.org/10.1021/am4010489 | ACS Appl. Mater. Interfaces 2013, 5, 6136—6146
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Table 1. Nanomechanical and Conductive Properties of
Individual Blend Components and OPV Films at Different
Stages of Processing”

RMS DMT modulus average current

sample (nm) (GPa) pA)
neat P3HT N/A 22 25
neat PCBM N/A 11.0 1730
neat Ph-POSS N/A 15.0 N/A
neat SH-POSS N/A 15.0 N/A
P3HT:PCBM SVA 0.4 5.6 47
P3HT:PCBM SVA- 2.7 3.9 4

TA

Ph-POSS SVA 0.5 6.5 248
Ph-POSS SVA-TA 1.1 5.3 112
SH-POSS SVA 0.5 114 75
SH-POSS SVA-TA 1.0 9.6 63

“Numbers are collected from AFM images excluding micrometer-size
phase-separated features.

g
IJII'L '! “d’ﬁ“. “

) NMWM‘; ‘il

[ g R

Figure 5. AFM cross-section curves of POSS-modified films after SVA-
TA. Ph-POSS: (A1) DMT modulus image and (A2) current image;
SH-POSS: (B1) DMT modulus image and (B2) current image. White
line indicates cross-section analyzed. The scale of all images is 5 ym X
S pm.

matrix (Figure 4B3, C3). This indicates that the clusters have a
high content of the nonconducting POSS molecules. The cross-
sectional analysis of the C-AFM images indicate that there is
limited conductivity in the clusters found in the Ph-POSS-
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modified film (Figure SA2), but no measurable conductivity in
the clusters in the SH-POSS-modified film (Figure SB2). The
combined AFM mechanical and conductivity analyses indicate
that the raised features observed in the Ph-POSS-modified films
consist of clusters of Ph-POSS with the highly conductive
PCBM, whereas the features observed in the SH-POSS-
modified film consist of clusters of SH-POSS with P3HT.
These findings are consistent with the conclusions from the
Raman imaging analysis of the micrometer-sized phase-
separated features.

The POSS aggregates observed in Figure 4B protrude from
the surface more than 200 nm, and are thus of much greater
height than thephase-separated P3HT/PCBM blend compo-
nent (maximum height approximately 20 nm). With such a
great disparity in the height of the topographical features, it is
not possible to simultaneously obtain high resolution of the two
planes, POSS surface and active layer surface, in the same
image. Thus, to evaluate the nanoscale morphology of the
blends, AFM images were obtained of 500 nm flat areas in
between the raised POSS clusters (Figure 6). Figure 6 A1—C1
shows the 5 ym X 5 ym DMT modulus images, with Figure
6A2—C2 providing corresponding DMT modulus and Figure
6A3—C3 providing corresponding height images from the 500
nm X 500 nm flat areas. Phase-separated polymer domains of
10—20 nm, close to the size of the exciton diffusion length,” are
observed in the DMT modulus images. The bright features are
attributed to the higher modulus PCBM phase and the darker
regions to the softer P3HT phase. The Ph-POSS-modified film
exhibits the most regular morphology, with a clear network of
fiberlike features surrounding evenly spaced softer features. The
SH-POSS film shows a higher average DMT modulus, as was
observed in the larger scale images in Figure S, because of
enrichment of PCBM in the matrix surrounding the SH-POSS
clusters.*®

To gain a better understanding of the interactions between
the POSS molecules and the components of the photoactive
polymers, we conducted a study of the effects of processing
conditions. Films were prepared using only SVA and both SVA
and TA. Nanomechanical mapping and C-AFM images of the
POSS-modified films produced with SVA only are shown in
Figure 7. The Ph-POSS-modified film after SVA shows a
morphology similar to that of the neat OPV film, with a smooth
surface and no aggregates. The corresponding SH-POSS-
modified film, on the other hand, displays aggregates with low
DMT modulus and conductivity, similar to those observed after
SVA-TA. Therefore, it is believed that the PCBM/Ph-POSS
aggregates are formed during the TA step and the P3HT/SH-
POSS aggregates are shaped during the SVA process. This is in
accord with previous reports that suggest SVA aides P3HT self-
assembly and TA has a more dominant effect on the PCBM
aggregation.”>** The differences in aggregate formation and
composition are attributed to differences in the POSS molecule
interactions with the P3HT/PCBM matrix. It is expected that
the phenyl substituted Ph-POSS molecules preferentially
interact with the PCBM phase through 7—7 interactions,
and Ph-POSS/PCBM aggregates are formed only after thermal
annealing. The SH-POSS molecules are expected to form
dimers through thiol coupling reactions when exposed to air,*
and most likely serve as nucleation sites for P3HT
crystallization during the SVA process, resulting in the observed
SH-POSS/P3HT aggregates.

The average roughness, DMT modulus and current values
collected from AFM images of samples prepared with only SVA

dx.doi.org/10.1021/am4010489 | ACS Appl. Mater. Interfaces 2013, 5, 6136—6146
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§ 18.9GPa

Figure 6. (A1) S X S ym DMT modulus image, (A2) 500 X 500 nm DMT modulus image, and (A3) corresponding S00 X SO0 nm height image of
the P3HT:PCBM film after SVA-TA; (B1) 5 X S gm DMT modulus image, (B2) 500 X 500 nm DMT modulus, and (B3) corresponding S00 X 500
nm height image of the Ph-POSS-modified P3HT:PCBM film after SVA-TA; (C1) S X S yum DMT modulus image, (C2) 500 X S00 nm DMT
modulus image, and (C3) corresponding S00 X 500 nm height image of the SH-POSS-modified P3HT:PCBM film after SVA-TA.

and both SVA-TA are listed in Table 1. RMS roughness is
slightly increased after TA, while DMT modulus and
conductivity are slightly decreased. During the thermal
annealing process, the amorphous P3HT content decreases as
a highly crystalline P3HT phase with finer crystal structure
emerges. Similar redistribution of the amorphous and
distributed PCBM molecules into well-packed aggregates also
ensues. The increases in P3HT crystallinity and PCBM
aggregation accompany a small increase in the measured
RMS roughness after the TA step. At the same time, a small
decrease in the measured DMT modulus and conductivity is
observed. We attribute these findings also to the redistribution
and restructuring of the amorphous domains into finer
crystalline domains, which results in an increase in interfacial
material. Rather than being dominated by the peak values
obtained from distributed PCBM molecules, the measured
values of DMT modulus and conductivity represent an average
of the overall contribution of thephase-separated material and
interfacial material. Thus, both increased phase separation and a
greater distribution of finer structures are expected and
desirable changes in morphology, and both correspond to
improvements in solar cell performance.

The absorption spectra of the neat P3HT:PCBM and POSS-
modified films, with SVA and SVA-TA, are shown in Figure 8.
It was found that for all of the films, the absorbance increased
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after TA. Neat POSS samples showed no absorption in the
350—700 nm range (see the Supporting Information, Figure S1,
and previous reports*’), and thus the increments are attributed
to increased crystallinity and packing of the P3HT phase.*®
Remarkably, absorption almost doubles for the Ph-POSS-
modified film after thermal annealing. This is attributed to the
formation of PCBM-rich clusters during thermal annealing,
which enhances phase separation and allows the P3HT to
undergo further crystallization. At the same time, the PCBM/
POSS clusters play an important role as scattering vectors,
which reflect and scatter the light into the film. Such scattering
results in increases in the path length traversed by light inside
the active layer leading to enhancement of net absorption. We
suggest that the PCBM/POSS clusters act in a similar way as
the light entrapment features in inorganic solar cells, which can
increase the performance greatly.*’

Fluorescence Study. P3HT fluorescence in the range of
600 and 800 nm is quenched when it is blended with PCBM,
due to charge transfer between the molecules.’”" Thus the
fluorescence quenching intensity is related to the efliciency of
charge separation in the OPV film. Figure 9 shows the
fluorescence spectra of the neat and POSS-modified films with
SVA and SVA-TA. For all of the films the fluorescence intensity
is reduced after thermal annealing, implying more efficient
phase separation. The Ph-POSS-modified films show reduced
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Figure 7. (Al) Height image, (A2) corresponding DMT modulus
image, and (A3) current image of the Ph-POSS-modified film after
SVA; (B1) height image, (B2) corresponding DMT modulus image,
and (B3) current image of the SH-POSS-modified film after SVA. The
scale of all images is S ym X 5 pm.
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Figure 8. UV—vis spectra of the neat P3HT:PCBM film, the SH-
POSS-modified film, and the Ph-POSS-modified film with SVA and
SVA-TA.

fluorescence intensity in comparison to the neat film, while the
SH-POSS-modified films show increased fluorescence intensity.
This indicates that Ph-POSS enhances phase separation and
charge transfer, while the SH-POSS reduces efficiency of phase
separation. The integrated areas of the spectra between 600 and
800 nm were calculated and tabulated in table 2. Assuming that
lower values correspond to better quenching and phase
separation, the efficiency trend is Ph-POSS SVA-TA> Neat
SVA-TA > Ph-POSS SVA > SH-POSS SVA-TA> Neat SVA >
SH-POSS SVA.
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Figure 9. Fluorescence spectra of neat P3HT:PCBM, SH-POSS-
modified, and Ph-POSS-modified films with SVA and SVA-TA.

Table 2. Integrated Area (X 107*) of the Normalized
Fluorescence Spectra from 600 to 800 nm

neat neat Ph-POSS Ph-POSS SH-POSS SH-POSS
SVA SVA-TA SVA SVA-TA SVA SVA-TA
93 78 81 59 96 87

Performance of Solar Cells. Current—voltage curves of
the OPV devices with and without POSS incorporation after
(A) SVA and (B) SVA-TA are shown in Figure 10. Device
performance characteristics (short circuit current density (J;.),

A

4

g
<
E 24
=
-4 —/
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I
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Figure 10. I-V curves of (a) devices with only solvent vapor annealing
and (b) devices with both solvent vapor and thermal annealing.
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Table 3. Performance of OPV Devices”

Jie (mA/cm?) Voe (V)
neat SVA 5.8 +£02 0.57 + 0.01
neat SVA-TA 79 £ 0.2 0.6 + 0.01
Ph-POSS SVA 5.8 +£03 0.59 + 0.08
Ph-POSS SVA-TA 9.0 +£0.3 0.57 + 0.02
SH-POSS SVA 3.7 +£04 0.33 + 0.07
SH-POSS SVA-TA 6.0 + 0.1 0.54 + 0.04

FF (%) PCE (%) Ry, (Q cm?) R, (Q cm?)
32.1 + 4.0 1.07 + 0.08 144 + 49 70 + 18
439 + 1.9 2.08 + 0.10 261 + 16 29+5
334 +45 1.14 + 013 144 + 54 81 + 22
512 + 1.7 2.62 + 0.13 426 + 79 13+1
29.8 + 2.2 0.36 + 0.07 126 + 41 82 + 25
352 + 2.1 1.14 + 0.11 144 + 20 38+8

“SVA = isopropanol vapor annealing for 20 min, TA = thermal annealing at 150 °C for 30 min. R, and R; are calculated to be equal to the inverse
slope at ] and V,, respectively. Values presented are averages with + one standard deviation.

open circuit voltage (V,.), fill factor (FF), power conversion
efficiency (PCE), shunt resistance (Ry,), and series resistance
(R,) are given in Table 3 (box plot analysis of the data is
provided in the Supporting Information, Figure S2). The
devices with only SVA show poor performance, with low FF
and PCE. Thermal annealing of the neat OPV blend resulted in
an increase of the FF from 32.1 to 42.9% and increase of the
PCE from 1.07% to 2.08%, attributed to increased phase
separation and crystallinity of the P3HT.** The addition of Ph-
POSS increased the performance while SH-POSS decreased the
performance of the cells. Similar trends were observed in ] as
observed in UV—vis absorbance measurements, with the Ph-
POSS demonstrating almost 50% improvement in comparison
to the SH-POSS system. Absolute levels of improvement were
not as high in the device as in the thin films, attributed to
device inefficiencies. The thermally annealed Ph-POSS-
containing cells exhibited the highest Ry, the lowest R and
increases in the FF to 51.2% and PCE to 2.62%, in comparison
to 43.0 and 2.02%, respectively, for the neat cells. The
improvements are attributed to improved phase separation and
scattering of the light by the PCBM/POSS clusters into the
film, which increases the light absorbance efficiency in the
device. Such scattering within the active layer is thought to
increase the photon absorption by lengthening the optical path
traversed,**>? resulting in increased exciton generation. The
P3HT/POSS clusters in the SH-POSS-modified films, on the
other hand, disrupt thephase-separated morphology, and
reduce charge transfer efficiency. It is interesting to note that
the measured device efficiency trend follows the same order as
that of fluorescence quenching of the films, which indicates that
the simpler fluorescence spectroscopy analysis could be used to
predict solar cell performance.

Power conversion efliciencies achieved with the incorpo-
ration of 1 wt % Ph-POSS are reproducible, statistically
significant, and comparable to or greater than those reported
with other types of nanoparticles,'®"'>** where simple
incorporation without further treatment often results in a
decrease in efficiency. The improvements are also similar to
those reported with the addition of PDMS.>* Addition of high
percentages (5—13%) of alkyl thiols yielded greater enhance-
ment of PCE (up to 130% improvement in comparison to 25%
improvement for Ph-POSS). These films, however, were twice
as thick as our active layers.”* The promising results reported
herein with low weight percentages of POSS materials indicate
their potential for further enhancement of device performance,
alone or in combination with other additives. The ability to
tailor the POSS organic corona with a wide range of specific
compositions presents the possibility for compatibility with
different photoactive polymeric systems, dispersion of syner-
gistic nanomaterials, and/or introduction of other functionality.
Additionally, we suggest that the enhancement in nano-
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mechanical properties obtained on incorporation of the hybrid
POSS nanomaterials may provide an avenue for strengthening
and improving the long-term performance of the OPV cells.

4. CONCLUSIONS

Air-processed P3HT:PCBM based photovoltaic films were
prepared under both isopropanol solvent vapor annealing alone
and SVA combined with thermal annealing. Ph-POSS and SH-
POSS were introduced into this system in an attempt to
enhance control of the morphology and phase separation.
Micron sized aggregates (1—3 ym) were observed in the POSS-
modified films after SVA-TA. Raman imaging indicated that the
aggregates in the SH-POSS-modified films were rich in P3HT,
whereas those observed in the Ph-POSS-modified films had low
concentrations of P3HT. Conductive-AFM and nanomechan-
ical mapping demonstrated that the aggregates in the Ph-POSS-
modified film exhibited a small amount of conductivity and
were of higher relative hardness, providing further evidence of
their low P3HT and high Ph-POSS/PCBM content. The
aggregates observed in the SH-POSS-modified films, on the
other hand, demonstrated low relative hardness and no
conductivity, providing further evidence of their higher
concentration of P3HT. AFM analysis of the films at different
steps in the process indicated that while the SH-POSS/P3HT
aggregates formed during solvent vapor annealing, the Ph-
POSS/PCBM aggregates did not form until the thermal
annealing step. This phenomenon was attributed to the
different interactions of the POSS molecules of different
structures with the P3HT and PCBM phases; Ph-POSS is
expected to interact with the PCBM phase through 7—n
interactions, whereas the SH-POSS displays greater interaction
with the P3HT phase. UV—vis spectroscopy analysis
demonstrated that Ph-POSS incorporation resulted in a
doubling of the absorbance in comparison to the neat
P3HT:PCBM film, while SH-POSS incorporation reduced
absorption. The enhanced light absorption was attributed to
improved phase separation and nanoscale morphology in the
Ph-POSS containing films and to the Ph-POSS/PCBM
aggregates acting as scattering sites to reflect and scatter light
within the film. Fluorescence spectroscopy analysis produced a
trend of fluorescence quenching in the order of Ph-POSS SVA-
TA> Neat SVA-TA > Ph-POSS SVA > SH-POSS SVA-TA>
Neat SVA > SH-POSS SVA. Laboratory-scale photovoltaic cells
were assembled and their performance analyzed. The Ph-POSS-
modified P3HT:PCBM cell exhibited improved performance in
comparison to the neat P3HT:PCBM cell, with the short
current density increasing from 7.9 to 9.0 mA/cm?, the fill
factor increasing from 43.9 to 51.2% and the power conversion
efficiency improving from 2.08 to 2.62%. These improvements
were attributed to enhanced phase separation and improved
scattering within the film due to Ph-POSS/PCBM aggregates.
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The SH-POSS-modified film, on the other hand, showed
poorer performance than the standard, which was attributed to
greater irregularity in the nanoscale morphology. The trends
observed in conductive AFM and fluorescence quenching of the
films were the same as those observed in the OPV cells. These
findings indicate the promise for improving OPV cell efficiency
through incorporation of properly functionalized POSS
molecules in phase-separated bulk heterojunction OPV
systems.
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UV—vis absorption curves of Ph-POSS and SH-POSS samples
in THF and box plots showing means and variation of the
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