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Polymer fullerene blends have gathered substantial interest in recent years for their potential
technological applications, such as optoelectronics and photovoltaics. The performance of these
blends is highly dependent on the properties of the nanoparticle-polymer, the polymer-polymer,
and the air polymer interfaces. We first investigated the effect of processing additives on the
morphology of active layer in polymer solar cell and improved the efficiency by controlling the
interface region between active layer and electrode. In particular, polystyrene (PS) with different
molecular weights (MW) are used as processing additives in poly[N-9'-heptadecanyl-2,7-
carbazole-alt-5,5-(4',7'-di-2-thienyl-2’,1’,3"-benzothiadiazole)] (PCDTBT)/ phenyl-C61-butyric
acid methyl ester (PCBM) solar cell. The interfacial tension between PCDTBT and PS is
increased with the increasing PS Mw, which enhances the segregation of the PS phase to the
vacuum surface, where the interfacial area is decreased. The migration of PS to the surface

mitigated the aggregation of PCBM in the active layer and thus optimized interface region



between active layer and electrode, which led to higher efficiency. Secondly we studied the
interfacial interaction between graphene or graphene oxide and poly(methyl methacrylate)
(PMMA). The effects of graphene and graphene oxide on the dewetting dynamics of thin
polymer films are also investigated. The results indicated that graphene oxide were much more
effective than graphene in stabilizing the films against dewetting. The influence of graphene and
graphene oxide on the interdiffusion of PMMA films was measured by neutron reflectivity. The
diffusion coefficient was unaffected by the presence of graphene but was reduced with graphene,
indicating that interactions between the PMMA and graphene were weaker than that between the
PMMA and graphene oxide. Finally, eletrospining method is applied to prepare poly[2-methoxy-
5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV)/ polyvinylpyrrolidone (PVP)/PCBM
fibers for solar cell devices. By incorporation the fibers into active layer, multipledonor-acceptor
interfaces are created in the fibers and in the backfill layer. Compared with the thin-film
counterpart, the short-circuit current density and the fill factor are both enhanced in nanofiber-
based systems, which is attributed to the favorable morphology provided by the fibrous network

serving as a template for the active layer.
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Chapter 1. Introduction

1.1 Polymer/Fullerene Blend

Fullerenes, the new molecular allotrope of carbon, is among the first places in terms of carbon-
based materials in modern material nanoscience.' Since they were discovered experimentally for
the first time in 1985, fullerenes have attracted increasing attention due to their unique
properties””. Based on those excellent properties, the combination of fullerene with functional
polymers has made them candidates for a wide range of applications, such as optical and
temperature sensors, photoconductivity, and antimicrobial device.”® In particular, the blends of
conjugated polymers and various fullerene derivatives have shown great potential for bulk-
heterojunction (BHJ) polymer solar cells and underwent revolutionary growth in the last
decade.”"" So far, the most widely used fullerene derivativein the BHJ solar cell for the acceptor
is Phenyl-C61-butyric acid methyl ester (PCBM) and conjugated polymer for the donor is Poly
(3-hexylthiophene) (P3HT). However, the high bandgap of P3HT restricted its absorbance to
wavelengths below 650nm and thereby limited further enhancement of the power conversion
efficiency(PCE)."> A great deal of effort has been expended recently to develop low-bandgap
polymers, such as Poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1",3'-
benzothiadiazole)] (PCDTBT), to replace P3HT." The active layer in BHJ solar cell is typically
spin coated from the solution of the conjugated polymer and fullerenes and then interconnected
domains are formed because of phase separation. With sunlight, the exciton (electron-hole pair)
can be generated from the m electrons delocalization in the conjugated polymer in the donor
region. And then the excitons will diffuse through the donor phase and dissociate at the interface
between the donor and acceptor. Due to the different electron affinities and ionization potentials
between the donor and acceptor, the separated free holes will head to the anode of the solar cell
along the highest occupied molecular orbital (HOMO) level of the donor and free electrons will
forward to the cathode through the accepters lowest unoccupied molecular orbital (LUMO) level.
Therefore, the current will be created in the external circuit of the BHJ solar cell by collecting

the electrons and holes at corresponding electrode.'*'®



Morphology control in BHJ solar cell is an essential consideration for enhancing the power
conversion efficiency (PCE). Earlier studies have attempted to optimize the morphology of the
active layer with different methods including thermal annealing, components ratio adjustment,
and processing additives.'”'” Among those methods, adding processing additive is the simplest and
fastest way for morphology optimization because this method only requires the incorporation of a
small amount of the processing additives into the polymer and fullerene blend solution without any

post-‘ureatment.20

Even though the efficiencies of BHJ solar cells have been improved by different additives, such
as poly(N-(4-(9,9-dioctyl-fluoren-2-yl)phenyl)-N,N’,N'-triphenyl-1,4-phenylenediamine) (PFLAM)

and poly(oxyethylene tridecyl ether) (PTE),'> >

the interaction between additives and polymer
donor, especially the interface properties, has not been fully understood. Here, we show how
polystyrene (PS) can be used as a processing additive to enhance the performance of
PCDTBT/PCBM BHI solar cell device through increasing the crystallinity of the polymer donor.
This enhancement in efficiency is correlated with the interface properties between PS and

PCDTBT including interfacial tension and interfacial width.

As a 2D monolayer of carbon crystal with similar honeycomb lattice in fullerene, graphene and
graphene derivatives such as graphene oxide (GO), have also been an area of intense interest in
recent years owing to its exceptionally unique electronic and optical properties.*'?® Graphene
and GO are usually used as functional nanofiller for improving mechanical, electrical, thermal,
and gas barrier performance of polymers.”’>" Although considerable research has been devoted
to studying the improved properties and compatibilization effect of graphene and GO in bulk
polymer-blend nanocomposites,”” ** little attention has been paid to the dynamics and
morphology of graphene and GO doped polymer thin films. Polymer thin films exhibit different
physical properties compared with bulk polymers due to that the confinement effect in thin films
affects the dynamic properties and wetting characteristics.”* Polymer thin films have been shown
to be increasingly important because of their indispensable role in applications such as protective
coatings, lubricants, decorative paints, adhesives, biomembranes, sensors, as active layers in

devices such as organic light-emitting diodes (OLED), organic field effect transistors (OFET),



35-41
However, a

organic solar cells and organic laser devices, and to modify surface wettabilities.
persistent concern with polymer thin films is their stability against dewetting, which is caused by
the unfavorable interfacial tension between most polymers.*” We here show that the dewetting
can be controlled by adding graphene and GO into polymer thin films due to the favorable

interactions of the polymer with the nanofillers.

Electrospinning is a well-established and straightforward technique for the realization of
continuous fibers with diameters ranging from tens of nanometers to several micrometers

4 This process allows the

through the application of a high voltage bias to polymer solutions.
production of an entangled nonwoven fiber network with high surface-area-to-volume ratio,
which can be deposited in random networks or in uniaxially aligned arrays with three-
dimensional porosity. Due to its versatility in terms of usable polymers and blends,
electrospinning shows high potential as a method to tailor the microstructure and the
composition of active materials for polymer optoelectronic devices such as polymer solar cells*.
However, electrospinning conjugated polymers with fullerenes is frequently difficult due to the

%9 Here we report a simple method to

generally poor viscoelastic behavior of the solutions.
facilitate the electrospinning process by using polymer blend of poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4 phenylenevinylene]/polyvinylpyrrolidone/PCBM (MEH-PPV/PVP/PCBM).
The resulted nanofibers are stable, easily produced, and yet photoactive, and can also improve

the performance of BHJ solar cells when incorporated into the active layer.



1.2 Outline of Chapters

In Chapter 2, we show how the efficiency of PCDTBT/PCBM blends can be enhanced via the
addition of small volume fractions of PS and we directly establish a correlation between the
interfacial tension between the polymer components and the efficiency. We also explore the
influence of PS with different molecular weight on the compositional gradient in the vertical
direction for PCDTBT/PCBM inverted solar cell. With high molecular weight PS, the devices
show a great increment in efficiency resulted from optimized compositional gradient in the

vertical direction.

In Chapter 3, we have investigated the effect of graphene and GO on the long-ranged motion and
chain dynamics of polymer thin films. In the dewetting experiment where long-ranged motion
occurs, GO is more effective than graphene at stabilizing the polymer films against dewetting.
The same trend was also observed for the single chain dynamics of poly(methyl methacrylate)
(PMMA) film. The tracer diffusion coefficient was reduced by addition of GO while it was
unaffected by the presence of the graphene nanoparticles. Those effects are caused by the more

favorable interaction of GO with the polymer thin film.

In Chapter 4, we showed that MEH-PPV/PVP/PCBM nanofibers can be successfully prepared
via electrospinning and incorporated into the active layer of polymer solar cell devices. The
entangled fiber network serves as a template for the active layer, with effects promoting
diffusion and dissociation of photogenerated excitons at involved organic interfaces as well as
light-scattering redirecting incident photons across active layers. The resulting devices are found

to exhibit improved efficiency compared to the control device without nanofibers.
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Chapter 2.Enhancing the Efficiency of Bulk Heterojunction Solar
Cell with Processing Additive

2.1 Introduction

Bulk heterojunction (BHJ) solar cells have been extensively studied due to their flexibility and
the potential to enable high-throughput roll-to-roll fabrication.'*Recently, Most of the high-
efficiency polymer:fullerene solar cells have adopted an inverted-type device structure, in which
metal oxides such as titanium oxide or zinc oxide (ZnO) are used as the charge-collecting buffer
layer instead of the corrosive and hygroscopic  hole-transporting  poly(3,4-

5-10

ethylenedioxylenethiophene):poly(styrenesulphonic acid) (PEDOT:PSS). By avoiding the

need for PEDOT:PSS and low-work-function metal cathode, inverted- type devices achieve

better long-term ambient stability than normal-type devices.'" '*

Morphology control of the active layer in BHJ solar cellshas been shown to be an essential
consideration that could improve the power conversion efficiency (PCE)."> The active layer of
the BHJ usually consists of an interpenetrating network of electron- donating conjugated
polymers and electron-accepting fullerenes.'*The miscibility of the donor and acceptor materials,
the size and composition of the phase-separated domains, their crystalline character, the presence
of percolating charge transportnetworks, and the vertical concentration gradient are all important

15-19
In

factors that must be considered when optimizing the morphology of the BHJ active layer.
particular, The use of BHJ with favorable compositional gradient in the vertical direction to
establish charge selectivity at the electrode have been proposed as an effective approach to
enhance the efficiency of polymer solar cell, regardless of the types of polymer donor and

20-22
electron acceptor.

For example, the preferential segregation of the polymer donorto the
anode-active layer interface can block electrons and enhance hole collection, which would lead
to enhanced short circuit current density and improved device performance. Conversely,
preferential segregation of fullerene to the anode-active layer interfacecould dramatically
increase the seriesresistance and block the hole transportation, resulting in decreased device

performance.” Segregation of the electron acceptor phase can be controlled within the blend by
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the addition of a tertiary component. Pan .et al and Li .et al have shown that addition of a third
component could lead to the formation of columns within the films which can template the
PCBM, thereby shortening the pathway to the electrodes and decreasing the recombination rate.
" 2*This method though introduced large volume fractions of an inert component, which

decreased the photoconversion of the films.

Sun et al have shown that the addition of small amounts of block copolymers as the tertiary
phase in a poly(3-hexylthiophene-2,5-diyl) (P3HT) and phenyl-C61-butyric acid methyl ester
(PCBM) blend can decrease the interfacial tension and prevent layering due to phase segregation
within the film. This method was shown to significantly increase the efficiency of devices since
it minimized the volume of the inert phase while preventing the obstruction of charge carriers
reaching the respective electrodes.”’However, the high bandgap of P3HT restricted its
absorbance to wavelengths below 650nm andtherebylimited further enhancement of the PCE.*°’A
great deal of effort has been expended recently to develop low-bandgap polymers, such as
poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1’,3'-benzothiadiazole)]

(PCDTBT), to replace P3HT.*’However, since the interfacial energies between PCDTBT and
PCBM are very different from those in the P3HT/PCBM blends, the internal morphology of the
films is also very different, and new approaches must be developed in order to find the structures
that optimize the efficiency. In contrast to P3HT, PCDTBT is far more compatible with other
polymers making it more difficult to achieve a phase segregated morphology and requiring a
much larger volume fraction of PCBM to achieve percolation. In this blend therefore, the
challenge is to increase immiscibility, and sharpen interfacial contrast, while at the same time
preventing layering. Hence the approaches which increased the efficiency of P3HT/PCBM
blends would not work in this case since they were based on reduction of the interfacial tension,

rather increasing it.

It is well established that immiscibility between polymers can be enhanced with increasing
molecular weight.**Therefore in this chapterwe show how the efficiency of PCDTBT /PCBM
blends can be enhanced via the addition of small volume fractions of high molecular weight
monodispersed polymers and we directly establish a correlation between the interfacial tension

between the polymer components and the efficiency. Weexplore the influence of processing

12



additives on the compositional gradient in the vertical direction for PCDTBT/PCBM inverted
solar cell. High molecular weight polystyrene (PS) was used as a processing agent to control the
vertical components distribution of the active layer. We extend the previously studies on lateral
morphology through probingchemical composition distribution verticallywith SIMS and WAXS.
The photovoltaic properties of devices are correlated with the vertical components distribution in
the active layer. Upon only a small amount of PS, the devices show a great increment in
efficiency resulted from optimized compositional gradient in the vertical direction. We believe
that this study will contribute to optimizing the morphology for other electron donor—electron

acceptor pairs and lead to improved device performance for those systems.

2.2 Experiment

2.2.1 Materials

PCDTBT was purchased from 1-material Company. PCBM is provided by SES research.
Chlorobenzene is obtained from Sigma-Aldrich. PS with different molecular weight was

purchased from Polymer source. All materials are used without further purification.

2.2.2 Device Fabrication

Indium tin oxide (ITO)-coated glass slide was polished in UV ozone for 10 min. TiO, solution
was synthesized according to previous report.”’A 30 nm thick TiO, layer was spun-cast onto the
ITO glass at 3000 rpm for 20 s and was baked at 400 °C for 2h on the hot plate exposed to the
air. Chlorobenzene solution composed of PS/PCDTBT/PCBM was spin-cast at 3000 rpm for 45s
on top of TiO; layer in atmosphere. The typical film thickness of active layer is around 100 nm.
Then the samples were annealed in vacuum oven at 150 °C for 10 min. Finally, the devices were
completed by thermal evaporation of § nm MoO3 and 100 nm Ag electrode with the help of Kurt

J. Lesker PVD 75 vacuum deposition systems at Brookhaven National Laboratory.
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2.2.3 Sample Characterization

Device Characterization: The performance of solar cell device was tested by a 150 W solar
simulator (Oriel) with an AM 1.5G filter for solar illumination. The light intensity was calibrated
to 100 mW cm * by a calibrated thermopile detector (Oriel). UV-vis absorption spectroscopy
was carried by a Thermo Scientific Evolution 200 UV-VIS Spectrophotometer. Images of the
surface topography were obtained using a Bruker Dimension Icon atomic force microscope

(AFM) (Multimode, Bruker) operating in contact mode.

SCLC Mobility Measurement: The hole-only diodes and electron-only diodes were fabricated for
SCLC mobility measurement. The devices geometry similar to solar cell devices, except that
Ti0O, was replaced by PEDOT:PSS for hole-only diodes while MoOs/Ag was substituted by Al
for electron-only diodes. The J-V characteristics of the diodes were fitted with the Mott—Gurney
equation for space charge limited current (SCLC): J = 9g.gouV> /8L°, where ¢ is the relative
dielectric constant, gy the permittivity of free space, p the zero-field mobility and L the active

layer thickness.

GIWAXS measurement: GIWAXS measurements for the PCDTBT/PCBM blend films were
carried out at the 8-ID-E beamline (A = 0.11363 nm and E = 10.91 keV) at the Advanced Photon
Source (APS), Argonne National Laboratory. The experiment is conducted with two different
mode:(i) incident angle (o= 0.12°) is just below the critical angle (o.) of the total external
reflection for PCDTBT such that the electric field intensity decays exponentially into the film,
and therefore the scattering intensity is dominated by the surface area of 10 nm depth; (ii)
incident angle (o= 0.14°) is just above the critical angle (o.), where we can obtain information on
the average structures over the entire film. All samples were measured at room temperature

under vacuum.

SIMS measurement: The depth profiles of the blend films on SiO, / Si substrateswere obtained
with a PHI TRIFT V nanoTOF SIMS at the City University of New York Advanced Science
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Research Center. A 20 kV Gas Cluster Ion Beam (GCIB) with Ar'at ca. 6 nA was rastered across
a 300 pm x300 pm area, of which only the middle 10% was analyzed for composition by
collecting negative secondary ions. The films were prepared by spun cast blends solutions atop
of Si0,/Si substrate using the same processing parameters for solar cell devices. The signal for
the PCBM comes from '°0O~ while the *H ™ signal represents the deuterium polystyrene (d-PS)
component.The Si and carbon signal is collected for determining the end point of film. The
typical depth profile is shown in figure 2.1, in which the small oxygen peak with width of 3nm at
near depth of 90 nm represents the thin SiO,layer The appearance of this peak indicates the
finishing line of blend film.

Volume Fraction

[ 1 .

"o 20 40 60 80 100 120

Thickness (nm)

Figure 2. 1SIMS profiles for the composition volume fraction in PCDTBT:PCBM blends film on Si substrate
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2.3Results and Discussion

2.3.1 Device Performance

Pan et al’as well as Vohra et al’’have shown that the efficiency of BHJ solar cells could be
increased by adding a tertiary photo inert componentPS, in a concentration of 1:1 with P3HT. In
their case it was postulated that the third component would template the PCBM, shorten the path
length to the conductors, ’and nucleate crystal structure.’’Ade et al’'added only a few percent of
PS to a blend of small molecular weight photoactive polymer and also achieved enhanced
performance, even though the PS concentration was too low for the formation of columns. The

volume fraction of polymer with face on crystalline orientation was significantly increased.

In order to understand the mechanism responsible in greater depth, and whether it was also
applicable to long chain photovoltaic polymers, we explored the role of molecular weight and
concentration on the PS:PCDTBT system.In figure 2.2a we show the current density—voltage
characteristics for a device made from a blend of PCDTBT:PS:PCBM where the PS had a
Mw=2M. The fitting parameters for the curves for various concentrations of PS are given in table
2.1 and the efficiency is plotted as a function of concentration in figure 2.2b. From the figure we
find that there is a distinct peak in the concentration around 2.5%, or roughly the same weight
percent as that reported by Ade.’'Hence in this system of high molecular weight polymers,
enhancement can be achieved without formation of columnar internal structures, which is a

distinct advantage, since less volume is occupied by the photo-inertcomponent.
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Figure 2. 2 (a) Current density—voltage (J—V) characteristics of BHJ devices based on PCDTBT:PCBM with
different doping ratio of PS; (b) the device efficiency with different PS doping ratio
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PCDTBT:PCBM Jsc(mA/cm2) Voc(V) FF PCE(%)
Control 10.02+03 0.8410.01 0.5710.02 4.75%0.12
1wt% PS 10.57+0.5 0.8410.02 0.5910.03 5.2240.23
2.5wt%PS 11.251+0.4 0.8510.01 0.60£0.02 5.7410.15
S5wt% PS 859103 0.8410.01 0.5910.02 4.2610.25

Table 2. 1 Device parameters of BHJ devices based on PCDTBT:PCBM with different doping ratio of 2M PS

In order to explore this mechanism in greater detail, we then measured the efficiency as a
function of molecular weight, at a fixed volume fraction of 2.5%. The current density—voltage
cruvesfor this set of experiments are shown in figure 2.4, and the fitting parameters are tabulated
in table 2.3. The efficiency is plotted as a function of molecular weight in figure 2.6d where we
see that initially for the lower molecular weights starting atMw=50K, the efficiency is decreased
relative to the control sample, but as the PS molecular weight increases, it climbs above the value
for the control device, reaching a plateau in the region of Mw=2M to at least Mw=7M, with a
total enhancement exceeding 20%. It should be noted though the PS concentration in each case

was kept fixed at 2.5%. Increasing the concentration to 20%, as would be required for the

formation of columns decreased the efficiency (figure2.3 and table 2.2).
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Figure 2. 3 The efficiency of BHJ devices based on PCDTBT:PCBM with and without 20%wt 650k PS

PCDTBT:PCBM Jsc(mA/em2) Voc(V) FF PCE(%)
Control 10.0240.3 0.8440.01 0.5740.02 4.7540.12
20 wt% PS 7.6+0.4 0.8540.02 0.3540.03 2.284+0.25

Table 2. 2 Parameters of BHJ devices based on PCDTBT:PCBM with and without 20%wt 650k PS

Examination of table 2.3 shows that the fill factor remains essentially constant with molecular
weight, indicating that the addition of the third phase does not affect the recombination rate. On
the other hand, the increase in total current, which seems to be responsible for the enhanced
efficiency, indicates that the hole mobility may be one factor. In order to isolate the effect of the
PS molecular weight on hole mobility hole-only diodes were fabricated with PEDOT:PSS and
MoO;j as the electron blocking layers. The measured J-V characteristics of the diodes were fitted
with the Mott—Gurney equation®'and the results are plotted as a function of MW, in figure 2.6a.

From the figure we can see that the hole mobility increase with increasing PS molecular weight.
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The functional form appears to be nearly the same as that of the efficiency, except that the
absolute values of the mobility exceed those of the control for all molecular weights tested,
achieving values of 1.75 x 10™*cm™v"'s™ or nearly five times the control values before reaching

the plateau values at Mw=2M-7M.

- —a— 50k PS
—»— 650k PS

—e— 1M PS

4k v— 2M PS

7™M PS

—<— Control

Current Density (mA/cm2)
)

=N
N

0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V)

Figure 2. 4 Current density—voltage (J-V) characteristics of BHJ devices based on PCDTBT:PCBM with different
MW PS
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Material Jsc(mA/cm?2) Voc(V) FF PCE(%)

PCDTBT:PCBM 10.02+0.3 0.8410.01 0.5710.02 4.751+0.12

SOKPS:PCDTBT:PCBM 8.38+0.5 0.84+0.02 0.481+0.03 3.36+0.27

650kPS:PCDTBT:PCBM

9.50 0.4 0.82+0.02 0.5240.03 3.99+0.24
IMPS:PCDTBI:PCBM 10.0340.3 0.82+0.01 0.55+0.02 4.52+0.12
2MPS:PCDTBT:PCBM 11.25+0.4 0.85+0.01 0.60 % 0.02 5.7440.15
’MPS:PCDTBI:PCEM 11.25+0.4 0.84+0.02 0.59+0.02 5.5840.20

Table 2. 3 Device parameters of BHJ devices based on PCDTBT:PCBM with different MW PS

Milner’*has shown that polymer crystalline nucleation dynamics are a function of the interfacial
tension between the amorphous and crystalline phases of polyehtylene. In order to probe the
relationship in our case which involves the dissimilar polymers, semi-crystalline PCDTBT and
amorphous PS phases, we used nanoscale contact angle goniometry.The interfacial tension

between two polymers can be determined using equation 1:

Vpcdtbt = Vps COS 0 + Vinter (1)

where Ypcqtpe and ypsare the surface tensions of the two polymers ,y;neris the interfacial tension

and 6 is Young’s contact angle.

The optimal annealing temperature for the PCDTBT device was reported be around 150 °C,*and
hence, in order to apply equation 1 for measuring the interfacial tensions, we first determined the
surface tensions of both PS and PCDTBT as a function of temperature. The surface tension
measurements were conducted using the two-liquid (water and diiodomethane) contact angle

method.**To obtain the temperature coefficient, we covered the sample stage with a hot plate and
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checked the exact temperature of the polymer film surface using an infrared thermometer. The
surface tension of PCDTBT and PS at different temperature points is shown in Figure 2.5, where
we can see that the surface tensions of the two polymers are similar, where initially PS exhibited
the higher values. With increased temperature the surface tension of PS falls more steeply that
PCDTBT, such that above 150°C, PS becomes the lower energy surface. Bilayer films were then
formed, with PCDTBT, the polymer having the lower surface tension, spun cast onto the Si
substrate and the polymer with the higher surface tension, PS, floated on top. The samples were
then annealed at 150°C for three days inorder to induce dewetting and achieve the equilibrium
contact angle between phases. The contact angle between the droplets formed by the PS film and
PCDTBT was directly measured using AFM and analyzed by the VEECO/DI contact angle
software.” The contact angles are plotted in figure 2.6b as a function of molecular weight, where
it can be seen that they increase with increasing molecular weight, reaching a plateau above
Mw=2M.Substituting the values of the surface tension at 150 °C into equation 1 we can derive
the interfacial tension between the polymers, which can then be substituted into equations 2 and
3 to obtain the chi parameter, ), as well as the interfacial width,W, describing the degree of

immiscibility. The results are shown in table 3.

Y = apkgT \/%(2)

3)

N
(o))
BE

Where a is the effective length per monomer unit,p is the monomer density,kp is the Boltzman

constant and T is the termperature.
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Figure 2. 5 Surface tension of PS and PCDTBT as a function of temperature

Polymer Interfacialtension | Huggins interaction | Interfacial
Yes/pcorer (MN/m) | parameter (x) width W (A)
50k PS 1.19+0.04 0.086 18.66
650k PS 1.86 +0.03 0.212 11.88
1M PS 0.423

2.63+0.06 8.41

2ZMPS 3.39+0.08 0.703 6.52

M PS 3.55+0.08 0.772 6.22

Table 2. 4 The interaction parameters of PCDTBT and PS with different MW
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PS, plotted as a function of the PS molecular weight; (a) Hole mobility of PCDTBT:PCBM with different MW PS
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tension

The interfacial tension is plotted as a function of molecular weight in figure 2.6¢, where we can
see that it also increases with molecular weight reaching a plateau in the region of Mw=2M-7M.
Therefore comparing figures 2.6a-d, we find that they all have a similar functional form, where
they increase linearly with molecular weight, reaching a plateau at Mw=2M. In figure 2.7 we
plot the hole mobilityas a function of interfacial energy, consistent with the hypothesis that
decreasing interfacial width enhances the crystalline nucleation and hence hole mobility. The
electron mobility were also measured as a function of PS molecular weight and the results are
shown with red dot in figure 2.6a, where we can see that there is nearly no difference between

the samples with added PS and control sample, regardless of PS molecular weight.
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2.3.2 Crystallinity and Vertical structure

Crystalline orientation and degree of crystallinity can further be measured using wide angle x-ray
scattering (WAXS). Figure 2.8 shows the two-dimensional glancing incidence, GIWAXS,
spectra obtained, at two glancing incidence angles, 0.12°and 0.14°, of the PCDTBT/PCBM blend
films with 2.5% weight percent PS of different molecular weight. The spectra obtained above
the critical angle, zeta= 0.12°, is sensitive to the structure of the film near surface, while the
spectra obtained at the angle below the critical value probes the interior of the film. In all spectra
distinct scattering rings are visible, having q -values of 0.33, 0.67, 1.36, and 2.0 A ! The broad,
diffuse rings at 0.67, 1.36, and 2.0 A "' correspond to the crystalline PCBM domains.*® *'The
peaks at 0.33and 1.36A” ' are attributed to the distance between the PCDTBT backbones
separated by the long alkyl side-chains in the edge on configuration and the distance between 7 -
n stacked polymer backbones in the face on configuration, respectively.’’However, it is not
possible to assess if the scattering from the PCDTBT = - @ stacking in these PCDTBT: PCBM
blend films is most intense in the out-of-plane direction because this peak is also dominated by

the PCBM ring in the scattering ring.*®
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Figure 2.9 shows the one-dimensional GIWAXS profiles of PCDTBT:PCBM blends film with
different molecular weight of PS under surface mode and film mode. In surface mode, it is clear
that the multiple peak intensities with high molecular weight PS are much higher than those with
low molecular weight PS and without PS, indicating an increase in crystallinity of PCDTBT and
PCBM. In film mode, the multiple peak intensities with low molecular weight PS are also
enhanced compared with the control, suggesting addition of low molecular weight PS (50k)

mainly influenced the region in the film outside of the topmost surface.

The efficiency of the holes in reaching the electrode is another important factor determining the
overall efficiency of a BHJ solar cell. In this case, since we are using an inverted configuration
for the BHIJ cell, the nature of the free air surface is critical for establishing a good connection
with the hole acceptor electrode. From table 2.4 we find that the surface tension of PS at 150°C
nearly the same as that of PCDTBT at that temperature, and independent of polymer molecular
weight. Therefore in a binary blend of the two polymers, surface segregation would be driven
primarily by minimizing the interfacial tension between the two polymers. The interfacial
tension between the two polymers is strongly dependent on the PS molecular weight where we
can see from table2.4 that the Flory Chi parameter differs by nearly an order of magnitude.
Hence the driving force for surface segregation is also expected to be a strong function of the

polymer molecular weight.

In order to determine the structure of the air interface, TOF-SIMS was employed to obtain the
film composition as a function of depth. Deuterated PS (d-PS) was used as the additive because
of the excellent sensitivity of TOF-SIMS for detecting “H. Figure 2.10 shows the SIMS profiles
for the dPS volume fraction in PCDTBT:PCBM blends film with dPS of different molecular
weights. From Figure 2.10, we find that 50k PS tends to aggregated at the substrate. When 1M
dPS was introduced in the film, 1M dPS aggregated at the surface and the substrate. With the
molecular weight of dPS increased to 2M, dPS is distributed mostly at the surface in the
blendfilm.
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Figure 2. 10 SIMS depth profiles for dPS volume fraction in different PCDTBT:PCBM blends film (a) 50k PS ; (b)
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Figure 2.11 shows the SIMS profiles for the PCBM volume fraction in PCDTBT:PCBM blends
film with different PS. From Figure 2.11, one finds that PCBM aggregated at the surface in the
film of control sample and annealing promoted this aggregation. With 50k PS, the aggregation
of PCBM at the surface is maintained in the blend film. When 1M PS was introduced in the film,
the aggregation of PCBM at surface is mitigated. With the molecular weight of PS increased to
2M, the distribution of PCBM at the surface is greatly reduced compared to the control since 2M
PS is distributed mostly at the surface in the blend film. The migration of PS to the surface
mitigated the aggregation of PCBM in the active layer and thus optimized vertical morphology,
which would lead to higher efficiency. The migration of PS to the surface with increased
molecular weight is consistent with X-ray data, which suggests low molecular weight PS (50k)
mainly influenced the region in the film outside of the topmost surface and high molecular PS

mainly influenced the topmost surface.
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Figure 2. 11 SIMS profiles for the PCBM volume fraction in different PCDTBT:PCBM blends film: (a) control ; (b)
50k PS; (¢) IM PS ; (d) 2M PS.
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2.3.3 Morphology of Blend Sample

In figure 2.12we show AFM topography and friction scans of the surfaces, together with TEM
images. From the figures we can see that for low Mw samples, both AFM and TEM images
show a uniform surface composition. For the high molecular weight samples, topographical
images indicate small depressions on the surface, which the friction scans show to be a
component with lower friction coefficients. TEM scans show white regions of the same
diameter, identifying these regions as the PS phase. Hence the large surface segregated
structures shown in the SIMS figures are not laterally homogenous, explaining the broad
structures observed. A cartoon representation of the chemical structure at the surface of these
films is shown in figure 2.13. PCBM is has a lower surface tension than the polymers and
segregates easily to free air interface. Since PCBM is the electron acceptor in this structure, it
forms an electronic block to the conduction of holes to the electrodes in the inverted structure. In
figure 2.13b we show a schematic of the surface when low molecular weight PS is mixed with
PCDTBT/PCBM. In this case the interfaces are broad, the domains are small, and only a small
fraction participates in nucleation of the crystalline domains. Furthermore, the PS domains do
not segregate to the free air surface, leaving the PCBM layer intact. The addition of non-
photoactive polymer as well as the disruption of the PCBM phase segregated domains within the
material decrease the overall efficiency. In figure 2.13c we show the structure when high Mw PS
is added. In this case the high interfacial energy drives the PS domains to the free surface,
reducing the overall contact areas with the PCDTBT polymer matrix. The PS domains displace
and disrupt the PCBM layer, increasing access for the hole current to the electrodes.
Furthermore, the enhanced nucleation of the face-on configuration further enhances the current,

contributing the high hole mobility being measured.
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Figure 2. 12 AFM topography images for different PCDTBT:PCBM blend films:(a) control (b) SOKPS (d) IM PS
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and (j) are corresponding magnified images for the region delineated by red squares in (d) and (h). TEM images for
PCDTBT:PCBM blend films (k) control (1) 2M PS.
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Figure 2. 13 Schematic representation of the chemical structure at the surface of PCDTBT/PCBM films with

different MW PS. The black dot represents PCBM, red dot represents PS and grey rod represents crystalline of
PCDTBT.

2.4 Conclusion

In conclusion we have shown that the addition of a low volume fraction of high molecular
weight PS to PCDTBT:PCBM polymer blend can enhance the overall efficiency of BHIJ
photovoltaic cells. The enhancement increases with molecular weight reaching a plateau above
Mw=2M. This phenomena is explained in terms of increasing interfacial tension, which in turn
drives the PS to the film surface, disrupting the PCBM layer, and enhancing the collection

efficiency of the hole charge carriers.
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Chapter 3. The Effect of Graphene and Graphene Oxide on the
Interdiffusion of PMMA Thin Film

3.1 Introduction

Graphene and graphene derivatives such as graphene oxide (GO) have received increasing
interest due to their unique two-dimensional structure and outstanding mechanical, thermal, and
electrical properties as well as large surface area.' *Based on those excellent properties, graphene
and GO have been regarded as ideal functional nanofillers for improving mechanical, electrical,
thermal, and gas barrier performance of polymers.®” The polymer/graphene and polymer/GO
nanocomposite have shown promising potential for a wide range of applications such as
supercapacitor, reinforced materials, fuel cell and solar cell.'>'*Although considerable research
has been devoted to investigating the enhanced properties and compatibilization effect of
graphene and GO in bulk polymer-blend nanocomposites,'® 'little attention has been paid to the

dynamics and morphology of graphene and GO doped polymer thin films.

Polymer thin films are proving to be increasingly important because of their indispensable role in
applications such as protective coatings, lubricants, decorative paints, adhesives, biomembranes,
sensors, as active layers in devices such as organic light-emitting diodes (OLED), organic field
effect transistors (OFET), organic solar cells and organic laser devices, and to modify surface

wettabilities. !>

The confinement of polymers in thin films influences the dynamic properties
and wetting characteristics, hence polymer thin films exhibit different physical properties
compared with bulk polymers.”> Multilayer polymer thin films in particular have numerous
practical applications because of their potential for combining different homopolymer

attributes.”*?’

However, a persistent concern with multilayer polymer thin films is their stability
against dewetting, which is caused by the unfavorable interfacial tension between most
polymers.”® Kim have shown that the dewetting behavior of PMMA/PS bilayer films is
significantly inhibited by GO monolayers at the polymer-polymer interface due to the favorable

interaction of GO with both PS and PMMA®'. Here, we show that the dewetting can also be
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controlled by adding graphene and GO into polymer thin films instead of depositing monolayer

at the interface.

In this work, we investigated the influence of graphene and GO loading on the dewetting
behavior of polymer thin films and correlate the data with interdiffusion measurements. The
interdiffusion rate of polymer thin films is inhabited by GO while graphene does not affect the
diffusion of polymer chains. The results show that GO are more effective at stabilizing the films

due the more favorable interaction of GO with the polymer thin film.

3.2 Experiment

3.2.1 Materials

Poly(methyl methacrylate) (PMMA) with molecular weight of 106K and PS (MW=2000K) are
purchased from Polymer Sources Inc. Dimethylformamide (DMF) is purchased from Sigma-

Aldrich Co. LLC. Graphene and GO were from Graphene Laboratories Inc.

3.2.2 PMMA Bilayer Sample Preparation

Si(100) wafers were partitioned to 2x2 cm” and then treated with a modified Shiraki technique:
the substrates were immersed in H,O:H,0,:H,SO4 (3: 1:1 vol) solution for 15 min at 80 °C,
rinsed in deionized water, and immersed in very diluted hydrofluoric acid solution H,O:HF (15:1
vol) for 20 s at room temperature to create a hydrophobic surface. PMMA was chosen as the
bottom layer for test purpose. The sample geometry is illustrated in Figure 3.1 PMMA
(Mw=106K, Mw/Mn=1.05) and graphene or GO were dispersed in the toluene, in ratios ranging
from 0.02% to 0.08% by weight. The resultant solutions were clear and stable for at least 3
weeks, indicating that the graphene and GO were well dispersed in the PMMA solution during
the time of the experiment. The PMMA solution with graphene or GO was spun-cast onto HF

etched Si wafers at 2000 rpm for 60s. The samples were then annealed at 150 °C in a vacuum of
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107 Torr for 5 h to remove the residual solvent and relax strains induced by the spinning process.
The thickness of the layers, 1200 = 55 A, was measured using ellipsometry. PS (Mw=2000K,
Mw/Mn=1.06) dissolved in toluene was spun-cast onto Si substrate and then PS film with
thickness of 300 + 15 A was carefully floated from DI water onto the PMMA layer on Si
substrate. Control samples were prepared using the same procedure without graphene or
graphene oxide. After preparation, the films were allowed to dry at room temperature for at least

12 h before annealing.

PS (2000K) A (a)

PMMA (106K) B

PS (zooox) A (b)

PMMA + G or GO

Figure 3. 1 Schematic of the sample geometry for the dewetting experiments. (a) A liquid PMMA layer, B, is spun-
cast onto the substrate. A more viscous PS layer, A, is floated on top of the bottom layer. (b) To investigate the

effect of graphene or GO on dewetting dynamics, the bottom PMMA layer is filled with graphene or GO.

3.2.3 Characterization Methods
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Dewetting Measurement:To initiate dewetting, the PS/PMMA bilayer samples were annealed
at a fixed temperature of 190 °C in a high-vacuum oven with a vacuum of 107 Torr for different
annealing time. The samples were then quenched to room temperature and the diameters of the
dewetting holes were measured by using an atomic force microscope (AFM) (Digital

Instruments, USA) with a silicon nitride tip.

Neutron Reflectivity:The specular neutron reflectivity (NR) experiments were conducted with a
NG?7 reflectometer at the National Institute of Standards and Technology (Gaithersburg, MD,
USA). The wavelength (Ax) of the neutron beam was 0.47 nm, with AA/Ax = 2.5%. A wave
vector magnitude, q,, range 0.008—0.12 was scanned for the bilayer samples on silicon substrate,
where q, = 4nsin(0)/A and 0 is the angle of incidence. The data were reduced for varying incident
beam intensity and background scattering and then fit by Reflpak software (NIST CNR).To
obtain a good contrast between the polymer-polymer interface, deuterated poly(methyl
methacrylate) (IPMMA) was used in neutron reflectivity experiment. The control bilayer
samples were prepared by floating PMMA layer onto the dPMMA layer that was spun-cast on
the HF etched thick silicon wafer in advance. For experimental samples, the graphene and GO
nanoparticles were added into PMMA layer or dPMMA layer with the ratio of 0.1wt%and
0.02wt%respectively. Each sample was dried in a vacuum oven at 50 °C to remove residual

water and then annealed at 150 °C with different annealing time.

Contact Angle measurement: The contact angle measurement was conducted to characterize
the interaction between PMMA with the graphene and GO. The layers of graphene and GO were
prepared by drop-casting the graphene and GO DMF dispersion on the Si wafers. The wafers
with graphene and GO layers were imaged by SEM. PMMA pellets were cut into small pieces
(around 5 mg) and located on the Si wafers covered with graphene and GO nanoparticles. To
melt the polymer pieces and let them form droplets on the nanoparticle layers, the samples were
put in a vacuum oven with the temperature at 180 °C, and then annealed for overnight. A CAM
200 optical contact angle meter (KSV Instrument Ltd., Helsinki, Finland) was used to measure
the contact angles of PMMA droplets on each nanoparticle layer. The contact angle value

represents the average measurements of 5 polymer droplets.
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3.3 Results and Discussion

3.3.1 Dewetting Dynamics

In order to investigate the influence of grpahene and GO on the dewetting dynamics of polymer
films, bilayer samples were prepared with graphene or GO doped PMMA film as bottom layer
and PS film as top layer. The sample geometry is shown in Figure 3.1. The samples were
annealed for different time to allow dewetting to occur. The dewetting hole growth of those
samples were then studied using AFM. In the first row of Figure 3.2, we show topographical
AFM images of the samples annealed for 12 h. The dewetting holes produced in the PS films
floated on the PMMA substrates were clearly observed. Holes with smaller size (1.65 + 0.15
um) were seen in the sample with 0.04wt%graphene. For sample with 0.04wt% GO, the holes
size is so small (0.65 £+ 0.12 um) that they can only be observed with a high magnification mode
(40 pum scan size). After annealing for 24h, a significant increase is seen in the holes size (2.41+
0.27 um to 3.96 + 0.35 um) and overlapping rims were also observed in the control sample, as
shown in Figure 3.2d. In the case of the sample with 0.04 wt%graphene, the holes gradually
grow and maintain their original round shape after annealing 24 h (Figure 3.2¢).In the sample
with 0.04wt%GO, however, the holes size does not increase much after annealing for additional
12 h at 190 °C. And the average size of holes only reaches 3.17 £ 0.36 pm even after annealing
for 87 h(Figure 3.2g). This implies that the addition of GO into PMMA film is more effective
than graphene at stabilization of bilayer thin films of PS/PMMA against dewetting.
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Figure 3. 2 AFM images of dewetting holes of PS films on the PMMA substrates unfilled and filled with 0.04% wt

graphene and 0.04% wt GO annealed at 190 °C for (a-c) 12 h, (d-f) 24 h, (g) 87 h, and (h) 66 h. (i) Cross sectional

scan and contact angle measurement corresponding to sample in (h).

According to the model developed by Brochard-Wyart et al,*® the dewetting velocity (V) of the
polymer layer is related to the relative viscosities of the PS and PMMA layers (nps, Npmma), the
surface and interfacial tension (Ips, Ipmma, and Ipspmma), and the thickness of the bottom and top
layers, L and e, respectively. In the liquid/liquid bilayer system, the energy is dissipated in the
less viscous layer when two liquids slide along each other. In our case, the viscosity of the
bottom layer (nlmm=l.2x105 Ns/cm®) is much less than that of the upper PS layer (8.0 x 10°
Ns/cm?®) at 190 °C.**** Therefore the bottom layer behaves like a liquid and the dewetting hole

growth is governed by npmma. And if the bottom layer thickness (L) is smaller than the rim width
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(1), the hole diameter (R) is proportional to 23 according to equation 1 and then the velocities

can be calculated by equation 2.

k= (@)m t2% (1)

neZe

Vo= (V2L29)1/3 £ =173 (2)

nele

Where y is the effective surface tension and can be caculated by 1/y =1/ yps + 1/ ¥ ps/pmma. 0 1s the
equilibrium contact angle obtained from 0 = 0, + 0 according to classical Neuman
construction.”* And 0, is the equilibrium apparent contact angle while 0 is the Neuman angle

below the liquid/liquid interface. 05 is allowed to be calculated from equation 3.
yampsinOg =y sinfs (3)

The contact angle 04 between the droplets formed by the PS film and PMMA layer was directly
measured using AFM and analyzed bythe slope of the profile close to the contact line.”” From
Figure 3.2i, we find unfilled bilayer sample has a contact angle of 4.3 + 0.5°. The obtained
contact angles are 3.6 = 0.3 and 3.5 = 0.4° for the samples filled with 0.04wt%graphene and
0.04wt%GO, respectively. O can be calculated by substituting those values for 6, and the
corresponding values for ¥ ps, ¥ pmm/ps 1Nt equation 3. The average hole diameters were measured
from 5 to 10 holes and plotted as a function of the annealing time for calculating the viscosity of
PMMA layer. Good fits are obtained for all experimental data with the theoretical power law, as
shown in Figure 3.3 Compared with control sample, the dewetting hole growth rate decreases for

both graphene and GO samples when the doping concentration increases.
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Figure 3. 3 Dewetting hole diameter of PS/PMMA bilayers as a function of annealing time and the concentration of

graphene (a) and GO (b).

The effective viscosity (n.) of the PMMA layers with different doping concentration of graphene
and GO can be calculated by the fitting curves from equation 1. The obtained data were then
plotted as a function of weight fraction of graphene and GO. From Figure 3.4, we can see the
effective viscosity increase dramatically starting from 0.01wt%to 0.04wt%. According to the
model used by Hough et al. and Du et al for describing the relation between viscosity and the

doping ratio of the nanofillers,*® >’

the sudden increase in the viscosity, followed by a plateau,
can be interpreted as corresponding to a rheological percolation threshold above which the
nanofillers physically impede the motion of polymers. The viscosity can be related to the mass

fraction of nanofillers with a power law function.

Me~ (m - me)” 4

Where m is the nanofiller mass fraction, mc is the threshold of percolation, and n is the
percolation exponent. The solid line with percolation threshold value mc = 0.0063 wt% and o
=0.33 gives a good fit to the data collected from graphene samples. In the case of GO loading,
percolation threshold value mc is 0.0035 wt% while a increased to 0.98, suggesting that GO are

much more effective than graphene at enhancing the viscoelastic response.

48



= Graphene

10" | e Graphene Oxide

N/-\ -
[ J

E K
—
(&) 5
)
7]
€ 10} e
S .

105 N 1 1 1 1 1 1 1 N

0.00 0.02 0.04 0.06 0.08 0.10

m (wt%)

Figure 3. 4 Thin film viscosity derived from dewetting measurement as a function of the doping concentration of

graphene and GO.

3.3.2 Interdiffusion Behavior

Neutron reflectivity is used to investigate the effect of graphene and GO on the tracer diffusion
coefficient of the polymer chains. We started with simple bilayer geometry, where a 40 nm thick
layer of deuterated PMMA (dPMMA) was first spun-cast on an HF etched silicon wafer and
covered with another layer of PMMA floated from the surface of a distilled water bath. For
experimental samples, two types of bilayers samples were investigated: one in which the
graphene or GO was added to the dSPMMA layer, another where the graphene or GO was added
to the PMMA layer. All samples were annealed above the glass transition temperature of PMMA
for different time. The neutron reflectivity data are shown in Figure 3.5, together with the SLD
profiles that provided the best fits to the experimental data. The reflectivity data shows a few
distinct fringes with a periodicity corresponding to the thickness of the deuterated bottom layer

before annealing. The initial interface is sharply defined according the fitted SLD profile. As the
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annealing time increases, the interface of the bilayer turns to broaden until dPMMA has diffused

uniformly into both layers when a uniform frequency becomes visible in reflectivity profile.

Reflectivity
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Figure 3. 5 Typical neutron reflectivity data from the PMMA/dPMMA bilayer films with different nanofillers in the
bottom layer annealed at 138 °C as a function of time (a) with 0.1 wt% of graphene, (b) with 0.02 wt% of GO. The
solid lines are the best fits to data. Consecutive reflectivities have been offset from each other for clarity. The
corresponding scattering length density profiles as a function of the annealing time are shown in (c) for graphene

and (d) for GO.

In the case of the Fickian diffusion,® the diffusion coefficient (D) can be related with the

interface thickness and corresponding annealing time, as shown in in equation 5.

D = (Ac/t"y¥/4  (5)

172

Where t is the annealing time and Ac can be obtained from Ac = (6 -6¢°)"% where o is

interfacial roughness and o is initial roughness of the interface. In order to calculate D, Acwas
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plotted as a function of the square root of annealing time for the PMMA/dPMMA bilayer
samples unfilled and filled with 0.1wt%graphene and 0.02wt%GO in either top or bottom layers
in Figure 3.6, where we find good linear fits applied in all cases. The diffusion coefficient D is
determined from the slope of the fitted and tabulated in Table 3.1. While D is unaffected by the
addition of graphene, GO significantly decreases the diffusion coefficient with only 0.02wt%at
the same annealing temperature. This can be explained by the stronger interaction between
PMMA with GO, which is supported by contact angle measurement as shown in Figure 3.7. The
Si wafers covered with graphene and GO nanoparticles were prepared and then PMMA droplets
were melted on the top of them for contact angle measurement. The SEM images indicate that
the graphene and GO nanoparticles produce uniform multilayer films that fully cover the Si
wafers. The contact angles for PMMA on graphene and GO layer are 68.33 = 2.24 ©and 32.98 +
2.16 ©, respectively. Compared with graphene, the smaller contact angle between PMMA and
GO suggests that PMMA has a higher affinity for GO.

200 200
m PMMA on dPMMA A x PMMA on dPMMA
[ o PMMA+0.1wt% G on dPMMA o PMMA +0.02 wt% GO on dPMMA
1604 PMMA on dPMMA+0.1wt% G 160~ o PMMA on dPMMA + 0.02 wt% GO
120 | ~120
2 )
o S
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80 | 80|
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Figure 3. 6 The interface roughness plotted as a function of the square root of the annealing time at 150 °C for the

PMMA/dPMMA bilayer films unfilled and filled with 0.1 wt% of graphene (a) and 0.02 wt% of GO (b).
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Diffusion coefficient

(x 10 -15cm?/s)

PMMA on D-PMMA 3.03
PMMA+0.1G on D-PMMA 3.14
PMMA on D-PMMA+0.1G 2.81

PMMA+0.02%GO on D-PMMA 1.81
PMMA on D-PMMA+0.02%GO 1.94

Table 3. 1 Summary of the Diffusion Coefficients (D) of PMMA/dPMMA Bilayers unfilled and filled with graphene

Figure 3. 7 SEM images of Si wafer covered with different nanoparticles: (a) graphen and (b) GO. Contact angle
images of PMMA droplets on each nanoparticle layer: (c) PMMA on graphene, (d) PMMA on GO
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3.4 Conclusion

We have investigated the effect of graphene and GO on the long-ranged motion and single chain
dynamics of polymer thin films. In the dewetting experiment where long-ranged motion occurs,
GO is more effective than graphene at stabilizing the polymer films against dewetting. The same
trend was also observed for the single chain dynamics of PMMA film. The tracer diffusion
coefficient was reduced by addition of GO while it was unaffected by the presence of the
graphene nanoparticles. Those effects are caused by the more favorable interaction of GO with

the polymer thin film, which is supported by the contact angle measurement.
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Chapter 4. Conjugated Polymer/Fullerene Hybrid Fibers for Bulk-
Heterojunction Organic Solar Cells

4.1 Introduction

Bulk heterojunction (BHJ) polymer solar cells are a field of intense interest due to their
flexibility, low cost, and ease of processing.' *The performance of these devices is known
to be highly dependent on the morphology of the active layers,””and to critically suffer
from unfavorable features such as isolated domains or dead ends.* Therefore a variety of

methods have been explored to finely control such morphology, such as thermal

10-12 13, 14

annealing, solvent annealing, self-assembly of columnar polymer phases," and
micropatterning.'°Recently, a different route has been developed based on the use of
organic nanofibers to optimize the donor-acceptor interface morphology.Polymer
nanorods'“and nanofibers,® prepared by melt-assisted wettingor by a variety of thermally-
assisted processing techniques'’'? have been shown to increase hole mobility, inducing
higher mesoscopic order and crystallinity, enhanced donor-acceptor interfaces, and
ultimately leading to better device performance compared with polymer films, due to the
formed nanoscale and possibly interpenetrating network of fibrillar components. Systems
investigated so far have been mostly limited to melts or self-assembled nanostructures
made of polythiophene donors, such as core-shell nanorods or layers embedding fibrils of
poly(3-hexylthiophene) or poly(3-butylthiophene) and the acceptor phenyl-Cg;-butyric
acid methyl ester (PCBM).'**° Developing processing methods which can extend the
range of used conjugated polymers and offer higher throughput are therefore strongly

desirable, in view of exploiting networked fibrillar morphologies to enhance the

performance of BHJ solar cells at larger scale.

Electrospinning is a straightforward technology for the realization of continuous fibers

with sub-um diameter through the application of a high voltage bias to polymer

21, 22

solutions, This process enables the production of non-wovens made of fibers with
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high surface-area-to-volume ratio, which can be deposited in random networks or in
uniaxially aligned arrays with three-dimensional porosity.Due to its versatility in terms of
usable polymers and blends and to its good throughput, electrospinning shows high
potential as method to tailor the microstructure and the composition of active materials
for polymer optoelectronic devices, including solar cells, in a controlled

25

way. >’ Demonstrated applications include field-effect transistors®® and

30, 3land

luministors,*°rechargeable batteries,”’energy harvesters,”® * light-emitting devices
nanopatterned lasers.’® Electrospun photovoltaic materials would ultimately lead to the
development of so-called solar cloths™ for smart textile technologies. In addition, organic
fibers with diameters matching the wavelength of solar light can exhibit exceptional light-
scattering performances, as recently found in insect scales formed by interconnected
filaments of chitin®®, thus possibly enhancing the coupling of light into the absorbing
regions of layered devices. Unfortunately, electrospinning conjugated polymers is
frequently difficult due to the generally poor viscoelastic behavior of the solutions, which
corresponds to a low amount of molecular entanglements, and to the limited solubility of
these compounds. Hence the use of electrospinning methods to produce fibrillar
components in BHJ polymer solar cells and modules has been only rarely attempted.™’
Recently it was shown that electrospinning can be carried out with a few photoactive
polymers, upon encasing them in an inert/insulating polymer in a core-shell fiber

configuration.’® >

This method though also proved to be difficult since the shell polymer
must first be removed for the device to function, and this step could potentially damage
the surface of the remaining functional fibers. Much wider efforts have been instead
directed to the realization of dye-sensitized solar cells exploiting electrospun materials, as

. . . 40
discussed ina recent review.

Here we focus on polymer blends to facilitate the electrospinning process. We have
previously demonstrated that addition of a secondary polymer component is beneficial to
maintain the structure of BHJ solar cell films, despite the fact that the second component
is not photoactive.'” Here we report on electrospun poly[2-methoxy-5-(2-ethylhexyloxy)-
1,4 phenylenevinylene]/ polyvinylpyrrolidone/PCBM (MEH-PPV/PVP/PCBM) blend

fibers which are stable, easily produced, and yet photoactive, and which significantly
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improve the performance of BHJ solar cells. Fibers are incorporated in the device active
layer upon deposition of a fully solubilized poly(3-hexylthiophene-2,5-diyl)/PCBM
(P3HT/PCBM) backfill layeron top. Partial redissolution of the electrospun fibers occurs
at the backfill layer deposition, however the structural coherence and shape of the fibers
are largely maintained in solution-processed multilayer device architectures. Therefore,
the three-dimensional entangled fiber network serves as a template for P3HT/PCBM and
the resulting overall morphology of the active layer leads to higher short-circuit current

density (Js) and fill factor (FF) values compared to thin-film devices without electrospun

fibers.

4.2. Experiment

4.2.1 Materials

MEH-PPV (Mw=150-250 KDa) is purchased from Aldrich. PCBM is provided by SES
research and PVP (Mw=1,300 KDa) by Alfa Aesar. Chlorobenzene, chloroform and
P3HT (Mw 54-75 KDa) are obtained from Sigma-Aldrich. All materials are used without

further purification.

4.2.2 Fabrication and Characterization of the Nanofibers

The solution for electrospinning is made of MEH-PPV/PVP/PCBM dissolved in
chloroform at a concentration of 15/15/10 mg/mL, respectively. It is then stirred at room
temperature for 12 hours to allow for complete polymer dissolution, loaded in a syringe
with a 21 gauge stainless steel needle, and injected through the needle at constant flow
rate (0.5 mL/h) by a syringe pump (Harvard Apparatus, Holliston, MA). A 8 kV voltage
is applied at the needle using a high-voltage power supply (EL60R0.6-22, Glassman
High Voltage, High Bridge, NJ). Electrospinning is carried out in ambient atmosphere,
and fibers are collected on square (1.5x1.5 cm?) polymer/TiO-/indium tin oxide
(ITO)/glass substrates mounted on a rotating disk collector (4000 rpm) at a distance of 15

cm from the needle. A cross-bar pattern of fibers is obtained by depositing fibers along
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two mutually perpendicular directions, rotating the substrates by 90° after the first
deposition stage, as inspected by scanning electron microscopy (SEM, FEI, Hillsboro,
Figure 4.1). Prior to electrospinning, the substrates are carefully prepared as described in

the next Section.

Figure 4. 1 SEM micrographs of electrospun MEH-PPV/PVP/PCBM fibers in cross-bar configuration, imaged at
different magnifications. Locally rough surface, suggesting phase-separation occurring in the blend during
electrospinning, is visible in the thicker regions in the fibers in (a). Images also show that fibers are superimposed at

different heights on the substrate, thus generating a truly three-dimensional network.
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UV-Visible absorption spectra are obtained with a Thermo Scientific Evolution 200 UV-
VIS Spectrophotometer. The photoluminescence (PL) properties of the fibers are
examined in micro-PL mode by using a confocal microscopy system, composed of an
inverted microscope (Eclipse Ti, Nikon) and a laser scanning head (A1R MP, Nikon). To
this aim, samples are excited by an Ar’ laser (1..=488 nm) through a 20x objective
(numerical aperture = 0.5), while the intensity of the fluorescence, collected by the same
excitation objective, is measured by using a spectral detection unit equipped with a multi-
anode photomultiplier (Nikon). This allows spatially-resolved spectra and fluorescence

images to be collected.

PL quantum yield measurements are performed following the procedure in previous
report.*'Fiber samples deposited on quartz substrates were positioned in an integrating
sphere and excited by a UV light emitting diode (LED, peak emission wavelength = 300
nm and linewidth = 18 nm). The excitation and emission optical signals are collected by
an optical fiber, coupled to a monochromator (iHR320, Jobin Yvon) and measured by a

charge coupled device camera (Symphony, Jobin Yvon).

Attenuated Total Reflectance Fourier Transform-Infrared (FTIR) spectroscopy is
performed on electrospun fibers using a spectrometer (Spectrum 100, Perkin Elmer,

Waltham, MA) equipped with a ZnSe crystal for coupling (Perkin Elmer).

Images of the surface topography and electrical conductivity are also obtained using a
Bruker Dimension Icon atomic force microscope (AFM, Multimode, Bruker) operating in

PeakForce tunneling mode.

4.2.3 BHJ Polymer Solar Cell Devices

ITO-coated glass is polished in UV/ozone for 10 min to remove any organic impurity. A
TiO; solution is prepared according to previous reports.** Briefly, the solution is obtained

by dissolving 1mL Ti(OC4Hg)s in 10 mL ethanol, followed by adding 1 mL of
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CH3;COOH, then 1 mL of acetylacetone, and 1 ml of deionized water. The solution is
stirred at room temperature for 30 min before each reagent is added. A 30 nm thick TiO,
layer is then spun onto ITO at 3000 rpm for 20 s and baked in air at 400°C for 2 hours on
a hot plate. To maximize adhesion of fibers, a ~10 nm thick film of MEH-
PPV/PVP/PCBM is spin-cast on the TiO, layer at 6000 rpm for 30 s. MEH-
PPV/PVP/PCBM fibers are then electrospun as described above. A solution of
P3HT/PCBM (15/9 mg/mL in chlorobenzene) is used to interconnect the fibers upon
spin-coating at 1000 rpm for 30 s. Samples are then annealed at 150 °C for 10 min in a
vacuum oven. Finally, the devices are completed by thermal evaporation of 8 nm
MoOs and 100 nm Ag electrode with a Kurt J. Lesker PVD 75 vacuum deposition system
at Brookhaven National Laboratory. Control devices are prepared with the same
procedure but without electrospun fibers.The performance of so-realized solar cells is
tested by a 150 W solar simulator (Oriel) with an AM 1.5G filter for solar illumination.

The light intensity is adjusted at 100 mW cm ° by a calibrated thermopile detector (Oriel).

4.2.4 Light Scattering by Non-Spherical Particles in the T-matrix Formalism

Light scattering calculations for the developed material are carried out in the T-matrix
formalism. We consider the fiber structure as composed of aggregates of spheres
embedded into a homogeneous, isotropic, indefinite medium. The optical properties of the
subunit spheres and the surrounding medium are calculated using the Bruggeman
description.*’ The incident field is the polarized plane wave (whose results are eventually
averaged over the in-plane polarization angle), hence the total field outside the particle is
the sum of the incident and scattered field. The scattered field is obtained applying the
boundary conditions across the surface of each particle of the structure, linking the
internal and external fields. The scattering problem is solved by the T-matrix method,***’
based on the definition of a linear operator relating the incident field to the scattered
field.** In brief, the starting point of the method is the field expansion in terms of the
spherical multipole fields, i.e., the vector solutions of the Maxwell equations in a

homogeneous medium that are simultaneous eigenfunctions of the angular momentum

64



and the parity operators. The operator S, called transition operator, is introduced thanks to
the linearity of the Maxwell equations and of the equations expressing the boundary

conditions across the surface of the particle. The representation of the operator S on the

basis of the spherical multipole fields gives the T-matrix whose elements, Sl(rirlj,?n,(r, k),
(with p parity index, 1 and m angular momentum indices) contain all the information
about the scattering process, but are independent of the state of polarization of the
incident field. Here, we use the cluster model*™’ to get the scattering properties of
fibrous mats embedded in a surrounding medium. The cluster model is a special case
since the T-matrix approach solves the scattering problem by an aggregate (cluster) of
spheres without resorting to any approximation.*’ This is highly useful since it allows to
simulate many situations of practical interest where one deals with non-spherical scatters.
We also highlights that in order to calculate the T-matrix of a cluster one has to solve a
linear system of equations with, in principle, infinite order. Thus, the system must be
truncated to some finite order by including into the multipole expansions terms up to this
truncation, chosen so to ensure the convergence of the calculations. As a consequence, the
computational demand for these calculations increases with the cube of the number of

48-50
spheres.
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4.3. Results and discussion

4.3.1 Optical Properties of Nanofiber Sample

The fabrication process of a BHIJ solar cell embedding electrospun MEH-
PPV/PVP/PCBM fibers is summarized in Fig. 4.2. A backfill layer of fully solubilized
P3HT/PCBM is spin-cast onto the top of the nanofibrous layer, thus interconnecting the
electrospun fibers and avoiding short circuit contacts of the two electrodes which would
be likely to occur due to the highly porous nature of the network of filaments. Finally,
MoO; and Ag are deposited as electron blocking layer and anode, respectively. For the
deposition of the nanofibrous layers, electrospinning is optimized to provide a three-
dimensional and interconnected structure made of MEH-PPV fibers blended with PCBM.
To overcome the poor spinnability of pristine MEH-PPV, due to its limited molecular
weight (150-250 KDa) and generally poor viscoelastic behaviour in solution, an easily
spinnable component given by PVP is added to the solution. MEH-PPV and PVP are
blended at a 1:1 (w:w) relative concentration, which is found to lead to fiber formation
with stable electrified jets and good efficiency. In addition, we tune the density of the
nanofibrous network to obtain a given degree of coverage onto the device surface. A
deposition time of a few minutes is used to obtain a thickness ranging from one to a few
superimposed layers of fibers. Differently from previous works,we do not employ
sacrificial sheaths in core-shell nanofibers, which would need additional processing steps to
be removed, but instead use a unique blend system relying on percolative paths for internal
charge transport. The morphology of MEH-PPV/PVP/PCBM celectrospun fibers, shown in
Fig. 4.1, highlights that three-dimensional nonwoven networks are formed, where fibers
are uniformly dispersed and exhibit ribbon-shape, and transversal size ~300-450 nm, with
very rare beads over a large area. The domains observed on the fiber surface suggest
phase separation of the different polymer components at scales (few tens of nm) well

matching the typical exciton diffusion lengths in organics.
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Figure 4. 2 Scheme of the process for realizing solar cell devices based on electrospun, MEH-PPV/PVP/PCBM
nanofibers.The fibers are spun on ITO/glass substrates (a) following the deposition of a 30 nm thick TiO2 layer (b)
and of a spin-cast MEH-PPV/PVP/PCBM film (c). After electrospinning, (d), P3HT/PCBM is spin-cast to define the

template active layer, and the electron-blocking and top electrode are thermally evaporated (f).

FTIR spectra of electrospun MEH-PPV/PVP/PCBM fibers show a band peaked at 528 cm ',

> 32 More importantly, the

which is characteristic for the fullerene derivatives(Fig. 4.3)
presence of PCBM in these fibers and the formation of effective internal interfaces
between the acceptor and the donor compounds in the organic fibers is supported by the
reduction of the PL quantum yield found for fibers with fullerene compared to MEH-
PPV/PVP fibers. Indeed, the PL quantum yield of the MEH-PPV/PVP fibers, measured
by an integrating sphere and accounting for the number of emitted photons per incident
photons, is 11+£1%, decreasing by at least one order of magnitude (<1 %) upon fullerene
addition. Furthermore, the PL spectrum of the MEH-PPV/PVP/PCBM fibers is blue-
shifted by 10 nm, compared to MEH-PPV/PVP fibers (Fig. 4.4a). Such blue-shift is also
found by measuring the spatially-resolved fluorescence spectra of the fibers by micro-PL,
allowing us to collect PL maps with sub-micron spatial resolution (Fig. 4.4b,c). The

uniform brightness along the fibers in the micrographs in Fig. 4.4b and 4.4c clearly indicates a

homogeneous incorporation of MEH-PPV in the electrospun filaments. In particular, the
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analysis of the spectra collected from different areas of the fiber samples evidence a
substantial blue-shift of the average peak wavelength (by 12 nm, Fig. 4.4d,e) due to the
presence of PCBM, together with a broadening of the peak wavelength distribution,
featuring an increase of the full width at half maximum from 2 nm to 7 nm upon PBCM

addition.
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Figure 4. 3 FTIR spectrum in the 500-550 cm-1 region, for (a) MEH-PPV/PVP/PCBM fibers and (b)
MEH-PPV/PVP fibers, highlighting the presence of the band peaked at 528 cm—1 upon fullerene doping.

Following photo-excitation, the emission properties of conjugated polymers, which are
multi-chromophore systems composed by many active sub-units, are determined by
energy migration, funneling the excitation toward those chromophores that have lower
characteristic energies.”” In pristine electrospun nanofibers made by conjugated polymers
this process occurs on picosecond timescales, and it determines the emission to occur

from the more extended and conjugated sub-units.>*

The presence of PBCM and the formation of effective interfaces for dissociation of
photogenerated excitons introduce additional nonradiative recombination pathways
limiting the exciton migration and radiative recombination. This leads to blue-shifted
emission and lower PL quantum yield, similarly to pristine samples with increased

molecular disorder and aggregation.” Overall, these findings support the occurrence of
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diffusion and dissociation of photogenerated excitons at interfaces formed within

electrospun nanofibers.
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Figure 4. 4 (a) PL spectra of MEH-PPV/PVP nanofibers (red continuous line) and of MEH-
PPV/PVP/PCBM nanofibers (blue dashed line). (b,c) Exemplary fluorescence maps of MEH-PPV/PVP and
MEH-PPV/PVP/PCBM, respectively, measured by confocal microscopy. Scale bars: 10 pm.(d,e)
Distribution of the peak emission wavelengths for MEH-PPV/PVP/PCBM and MEH-PPV/PVP nanofibers,
respectively, obtained after measuring spatially-resolved fluorescence spectra. The spectra used for the

analysis are averaged over a ~1 pm?2 area along the length of fibers.
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4.3.2 Morphology of the Active Layer

The morphology of the active layer surface as resulting from the fiber deposition is
studied with lateral- force AFM (Fig. 4.5). It can be seen from Fig. 4.5a that the structural
coherence of MEH-PPV/PVP/PCBM fibers is well maintained after depositing the
P3HT/PCBM backfill layer. Though with partial flattening due to partial dissolution, the
fiber network still serves as a templatefor the active layer (Fig. 4.5b). In this way a
complex, double-heterojunction and tandem-resembling structure is kept in the active
film. The layered structures create multiple donor-acceptor interfaces, which are formed
in the fibers and in the backfill layer, respectively, and a unique PCBM component
possibly promoting the development of percolative paths for electrons across regions
realized with different blends. In Fig. 4.5¢ and 4.5d we show a magnified view of the
region highlighted by the squared in Fig. 4.5a and 4.5b, respectively. Though not visible
in the topographic images due to their small heights (~2 nm), PCBM inclusions can be
clearly seen in the friction image (Fig. 4.5d), where they appear slightly darker or harder
than their surroundings. The PCBM is arranged in long streaks that run along the length
of the fiber. The PCBM that we view also lies directly on the surface of the fiber, since
the friction mode scans are only sensitive to differences in mechanical or adhesion surface
forces. Imaging the electrospinning process using fast X-ray analysis, it was previously
shown that particle inclusions self-assemble in long streaks that run along the length of
fiber, and delineate the stream lines of the electrospining jet. In order to maintain lamellar
flow in the viscous stream, particle inclusions are also pushed towards the surface of the
stream, where the deformation they cause is minimized.”” Along the jet, due to the
dominant effect of axial stretching accompanied by lateral contraction,the particles tend
to be segregated towards the surface of the fibers in the as spun samples. A cartoon of the
PCBM distribution in the electrospun fibers, in both side and top view is shown in Fig.
Se. If the PCBM concentration is sufficiently high a percolative network forms on the
surface of the fiber, which might be very effective in increasing the current of a BHJ
photovoltaic device. We also utilize Tunnelling (TUNA)-AFM to investigate the fiber
conductivity. Fig 4.5f displays a region of an electrospun MEH-PPV/PVP/PCBM

filament deposited on the blend film. The corresponding current map for zero bias
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highlights no significant difference between the fiber and the surrounding film. Upon
increasing the applied voltage to 2V, the fiber features are brought back and match well
with the topography image (Fig. 4.5g). The current detected from the fiber area (about 1.5
fA) is lower than that from film due to the higher serial resistance. Indeed, the ratio of the
measured current values for the fiber and the surrounding layer (~25) well agrees with the
ratio of the corresponding thickness in the two probed areas. Overall, these results
indicate a homogeneous charge transport behavior for the adhesion film and the fibers
along their transversal direction, and conductivity values (1.02-1.34x10” S/m) adequate

for optoelectronic applications, such as solar cells.
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Figure 4. 5 AFM (a) and lateral force (b) micrographs (10 pm

dots represent PCBM nanoparticles.
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deposited on the blend film with addition of the backfill layer. (c) and (d) are magnified images for the region
delineated by red squares in (a) and (b). (e)Schematic presentation of PCBM assembly at the fiber surface. The dark
(f, g TUNA images (10 pm x 10 um) of ITO-glass/Ti02/ MEH-
PPV/PVP/PCBM film/electrospun MEH-PPV/PVP/PCBM fibers samples.

corresponding current map with an applied voltage of 2 V.
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The transmission spectra of different samples (MEH-PPV/PVP/PCBM adhesion film,
MEH-PPV/PVP/PCBM film with added backfill layer and MEH-PPV/PVP/PCBM film
with fibers and backfill layer) are shown in Fig. 4.6 MEH-PPV/PVP/PCBM films exhibit
broad absorption at 430-570 nm and maximum absorption at about 490 nm arising from

the m-conjugated structure.

Following the addition of the backfill layer, extra peaks at 517 nm and 556 nm and one
shoulder at 605 nm are appreciated, correlated to m—m* transitions from P3HT,’® together
with a significant decrease of the transmitted intensity. Research shows that there is no
interaction between P3HT and MEH-PPV in terms of absorption spectra and the absorbed
energy of the films of the blend series is independent of the blending ratio.”” Therefore,
the here found decrease of transmission through the layer is to be attributed to the

incorporation of the nanofibers.

4.3.3 Device Performance and Light Simulation

To elucidate in depth the underlying working mechanisms, the light scattering properties of the
ordered fibers embedded in their external medium are described by exploiting the transition
matrix (T-matrix) formalism(see Methods). The T-matrix approach combines an accurate
description of the scattering process with computational efficiency and a wide particle size range
when describing complex non-spherical and composite particles. Here, we model the composite
polymer fibers as ordered clusters of spheres,’*as shown in Fig. 4.7a. In order to mimic the non-
spherical fiber section as well as the arrangement of the filaments used in devices we consider
ordered arrays of sphere dimers with diameter of 300 nm, as the fiber short axis, and resulting
transverse size of each dimer of 600 nm, corresponding to the transverse fiber size. The optical
constants of the fibers and of the surrounding medium are calculated using an effective medium

theory exploiting the Bruggeman effective dielectric function for composite materials, where the
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different composition of the fiber and external medium is accurately taken into account. The
Bruggeman effective dielectric function generally applies to a randomly inhomogeneous
medium, which is a medium in which no distinguishable inclusions are present. Thus, the
effective dielectric function, €.¢5, for nanofibers or the surrounding medium is calculated

separately starting from the dielectric function of their component materials as:

v, T Cetr _
Je.+2€,0¢
: J eff

J

where V; is the volume fraction occupied by the different components of dielectric constant €;.

Light scattering maps for different wavelengths of the incident light, matching different regions
of the solar spectrum (from the ultraviolet to the near infrared), are shown in Fig. 4.7b-d. For
each wavelength, a map is obtained for the scattered field normalized to an unpolarized incident
field intensity, |[Es/Eo|>. From these maps it is clear that the fibrous structures scatter light in an
effective way, producing hot spots of radiation spreading across the involved photovoltaic

interfaces.
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Figure 4. 6 Transmission spectra in the visible and near-infrared, for a MEH-PPV/PVP/PCBM thin film (black

circles), a MEH-PPV/PVP/PCBM thin film with backfill layer (blue) and a MEH-PPV/PVP/PCBM thin film with
nanofibers and backfill layer (red).
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@1000 nm

Figure 4. 7 (a) Sketch of the model structure for the light scattering calculations from the ordered, composite
polymer nanofiber mats embedded in a dielectric medium.The organic filaments are modeled as aggregate of
spheres with 300 nm diameter to match the thickness of the ribbon-shaped fibers realized in the experiments. The
optical properties of the nanofibers and of the external medium are obtained using an effective medium theory (see
text). (b-d) Normalized intensity maps (|[ES/E0|2, in logarithmic scale) of the scattered field for the fiber mats at
different wavelentgths: 375 nm (b), 500 nm (c), and 1000 nm (d). In all the calculations the light propagates
orthogonally to the fiber mats and with a polarization that is averaged in plane. The fiber structures scatter more
strongly in the infrared because of the better-matching average thickness, with scattered light also being more spread

out over the structure.
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In addition, light scattering is stronger in the near infrared where the average thickness of
deposited fibers is closer to the incident wavelength. Moreover, the scattered light at relatively
longer wavelengths is spreads out over and outside the fibrous structure, thus reliably increasing

optical coupling with the surrounding layer and ultimately photon absorption across the organics.

The performance of thin-film and of fiber-embedding solar cell devices is presented in Table 1,
with the corresponding current density-voltage curves shown in Fig. 4.8. With the inclusion of
electrospun MEH-PPV/PVP/PCBM fibers into the active layer, the J,. and FF values
respectively increase by 0.39 mA cm™ and 4.4% on average, which is indicative of enhanced
photon absorption according to the above reported mechanisms and consequently enhanced free-
charge generation.”No significant change is found for the open-circuit voltage (¥,.), suggesting
a negligible effect on shunt resistance.Finally, the power conversion efficiency (PCE) is
increased by about 20% upon nanofiber embedment (inset of Fig. 4.8). The performance
improvement is attributed to the active layer template formed with electrospun nanofibers, which
affects various properties of the overall device including the internal light-scattering properties as
specified above, in turn enhancing internal absorption of incident photons. In addition, the
nanofiber template not only serves as a guide path for electron transport but also increases the
interfacial area between donor and acceptor to induce more exciton dissociations. Such template
approach is promising in view of application to other polymer solar cell systems in order to

achieve higher efficiency under ambient conditions.
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PCE (%) T, (mA/cm?) V. (V) FF (%)
W/o fibers 0.853+0.014 3.63+0.34 0.575+0.004 41.1+3.1
With fibers 1.020.03 4.02+0.14 0.558+0.03 45.5+0.78

Table 4. 1 Comparison of different device performance (average values).
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Figure 4. 8 Current density-voltage characteristics for devices with active layers of MEH-PPV/PVP/PCBM film
without nanofibers (blue symbols) and with nanofibers (red symbols). Inset: corresponding PCE curves for

exemplary devices without (blue symbols) and with nanofibers (red symbols).
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4.4. Conclusions

In summary, MEH-PPV/PVP/PCBM nanofibers can be successfully prepared via electrospinning
and incorporated into the active layer of polymer solar cell devices. The entangled fiber network
serves as a template for the active layer, with effects promoting diffusion and dissociation of
photogenerated excitons at involved organic interfaces as well as light-scattering redirecting
incident photons across active layers. The electrospinning process forces particle inclusions
towards the exterior of the spinning stream. As a result a particle-rich layer is formed with a
well-defined pathway for electron conduction, as illustrated in Figure 4.4e. This conformation
may be partially responsible for the increased current and fill factor observed when fiber
structures are included in BHJ solar cells. The resulting devices are found to exhibit increased J;,
and FF values compared to thin-film solar cells. A 20% increase is also measured in PCE upon
fiber embedment. The here reported performances are largely in line with measurements reported
for self-assembled polythiophene nanofibers in PCBM.'® However, various strategies can be
figure out to further improve along these directions. Particularly, electrospun organic nanofibers

60,61 hich has been found an

can be easily doped or decorated by semiconducting quantum dots,
excellent route to enhance donor-acceptor electronic interaction.’’Also, electrospinning
nanofibers based on conjugated polymer in controlled nitrogen atmosphere might lead to better
charge-transport due to the reduced incorporation of oxygen during fabrication.”> The
methodology is likely to be extended to other donor-acceptor material systems, and to flexible
solar cell devices as suggested by recent evidences on highly stable bendable field-effect

transistors.**
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