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ABSTRACT

Although organic solar cells show intriguing features such as low-cost, mechanical flexibility and light weight, their
efficiency is still low compared to their inorganic counterparts. One way of improving their efficiency is by the use of light-
trapping mechanisms from nano- or microstructures, which makes it possible to improve the light absorption and charge
extraction in the device’s active layer. Here, periodically arranged colloidal gold nanoparticles are demonstrated
experimentally and theoretically to improve light absorption and thus enhance the efficiency of organic solar cells. Surface-
ordered gold nanoparticle arrangements are integrated at the bottom electrode of organic solar cells. The resulting optical
interference and absorption effects are numerically investigated in bulk hetero-junction solar cells based on the Finite-
Difference Time-Domain (FDTD) and Transfer Matrix Method (TMM) and as a function of size and periodicity of the
plasmonic arrangements. In addition, light absorption enhancement in the organic active layer is investigated experimentally
following integration of the nanoparticle arrangements. The latter are fabricated using a lithography-free stamping technique,
creating a centimeter scaled area with nanoparticles having a defined inter-particle spacing. Our study reveals the light
harvesting ability of template-assisted nanoparticle assemblies in organic solar cells. As the approach is easily scalable, it is
an efficient and transferable method for large-scale, low cost device fabrication.

Keywords: Plasmonic nanoparticles, organic semiconductors, organic solar cells, light-trapping, soft nano-imprint
lithography, gold nanoparticles

1. INTRODUCTION

The photovoltaic (PV) market is currently dominated by silicon solar cells, mainly due to their high power conversion
efficiencies. They are, however, material intensive, which has led to the development of solar cells based on organic
semiconductors. The ease of processing organic materials, the low material and fabrication costs along with the possibility of
making ultra-thin and flexible devices render organic solar cells ideal candidates for the future renewable energy market.
Over the past ten years, investigations on the synthesis of new organic semiconductors, on morphological optimizations and
on new device structures have led to improved organic solar cell performances. Nevertheless, organic solar cells still show
relatively low power conversion efficiencies, mainly due to inherent drawbacks such as short exciton diffusion lengths ' and
low carrier mobilities. The resulting loss mechanisms lead to hampered device performances, especially for optically thick
devices.
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One of the approaches to improve the device performance is by increasing the light absorption in the active layer, for
example by using nano- or microstructures that diffract light at specific wavelengths into large angles in the active layers >,
or by utilizing the Localized Surface Plasmon Resonance (LSPR) effect of metal nanoparticles (MNPs) °. The use of such
light trapping mechanisms also makes it possible to improve charge extraction, as it allows for the fabrication of thinner
devices without compromising light absorption. In particular, use of metal nanoparticles made from gold and silver has
received significant attention for use in organic solar cell applications, due to effective plasmonic effects. The introduction of
metallic nanoparticles directly into the active layer ®* or the incorporation of plasmonic metal nanoparticles in the electron
and hole transport layer ” °'° has been studied in order to enhance the performance of organic solar cells. Novel metal
nanostructures and their alloys have been the subject of extended studies owing to their plasmonic behavior, including their
ability to support Surface Plasmon Polaritons (SPPs) aside from LSPRs. The optical effects of the nanoparticles are tunable
and depend on parameters defined by the nature of their building blocks and the assembly structure such as shape, size, inter-
particle distance and colloidal distribution ® '°. However, the narrow resonant wavelength region for metallic nanostructures
is typically limiting the ability to obtain strong efficiency enhancements from this approach. In addition, as the particle
location within the solar cell is crucial for the optical performance, random arrangements and uncontrolled aggregation of
NPs may cause undesirable exciton quenching and also short-circuits within the device ''. Theoretical investigations from,
e.g., Finite-Difference Time-Domain (FDTD) studies can be employed to study these optical effects in detail, and thus also to
assist in deciding on the most promising design rules for device fabrication, in order to maximize the effect from MNPs in
organic solar cells.

In this paper, we investigate experimentally the light absorption enhancement in the organic active layer by incorporating
surface-ordered gold nanoparticle arrangements at the bottom electrode in organic solar cells (see the experimental section).
We experimentally demonstrate absorption enhancements in the cells originating from the implemented Ag metallic
nanogratings and Au nanoparticles. In addition, we provide theoretical studies to clarify and understand the physical origins
of light absorption enhancement in the presented devices. More specifically, we study the optical interference and absorption
in multilayer organic solar cell stacks via numerical analyses based on FDTD and TMM. Based on our FDTD model, we
investigate the influence of parameters such as the period and the size of the periodic nanoparticle arrangements in the
organic solar cells.

This article is structured as follows: Section 2 briefly explains the fabrication method of the organic solar cells with
integrated, periodically arranged nanoparticles. Section 3 explains the numerical methods, which are used in order to
calculate the absorption within the device. Section 4 discusses the optical effects that are induced by incorporation of the dual
metallic nanostructures within the organic solar cell. Section 5 concludes our results.

2. EXPERIMENTAL SECTION

We demonstrate the integration of dual metallic nanostructures composed of Au NPs (i.e., for LPR) at the interface between
the poly-3-hexylthiophene:[6,6]-phenyl-C 61 -butyric acid methyl ester (P3HT:PCsBM) active layer and the hole transport
layer (HTL), followed by the formation of the silver (Ag) grating electrode as the back reflector in inverted OSCs. Figure 1
describes the fabrication method of the periodically arranged Au nanoparticles in organic solar cells. First, we fabricate the
inverted organic solar cell with the device structure of Indium Thin Oxide (ITO) covered by an alcohol-/water-soluble
conjugated polymer, poly [(9,9-bis(3’-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9—dioctylfluorene)] (PFN) 7, and
a blend of P3HT:PCsBM (1:1 weight ratio) as a photoactive layer, where the thicknesses of PFN and active layer are 10 nm
and 200 nm, respectively. Then, in order to introduce the periodically arranged metallic nanoparticles, we propose to use a



soft nano-imprint method to directly pattern and transfer the nanoparticles on the active layer, using a wrinkled PDMS
template (see method section). By evaporating the 10 nm of MoOy and 100 nm of silver on the periodically arranged
nanoparticles, the anode follows the surface profile of the active layer, and thus the grating features are present on the Ag
electrode.

To explain the light trapping nature of the integrated nanoparticles in the cells, and in order to distinguish between the effect
of the grating structure and the periodically arranged Au NPs, we extracted the absorption from diffuse reflection (R) and
diffuse transmission (T), analyzing 1-R-T for a planar solar cell and a solar cell with integrated grating structure and
periodically arranged nanoparticles, respectively. Moreover, we used scanning electron microscopy to evaluate the assembly
process on the PDMS samples and the imprint process in order to investigate the coverage over larger areas.

Figure 1. Schematic of organic solar cell fabrication: a) Drop casting of the highly concentrated polyethylene glycol (PEG)-
capped Au nanoparticles on wrinkled poly (dimethylsiloxane) (PDMS) template, b) soft imprint of nanoparticles on active layer,
applying a 500g weight on the backside of the PDMS templates, pressing it against the ITO substrate coated with PFN and active
layer and c) periodically arranged Au nanoparticle on active layer followed by thermal evaporation of MoOx and Ag.

3. NUMERICAL METHODS

The optical absorption of a solar cell can be calculated via the FDTD method, which makes it possible to determine the
spatial distribution of the electromagnetic field versus time and position, and thus, the generation rate inside the organic solar
cell (OSC). In this work, the calculation was carried out using the FDTD software implementation from Lumerical. The
materials’ complex refractive indices were taken from literature '"'. The results of the FDTD model were compared with
numerical analysis from the transfer matrix method, which calculates the reflection and transmission at each interface as well
as the attenuation in each layer 2.



In our FDTD model, the periodic boundary conditions are implemented for x and y directions and perfectly matched layer
(PML) boundary conditions are used for z direction. A normally incident plane wave polarized along the x-axis is used as a
source of illumination. The space mesh size lower that 2 nm has been chosen depending on the NPs dimension. The device
structure and detailed parameters are shown in Figure 2 and Table 1.
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Figure 2. Cross section view of 2-D schematic design used for the FDTD calculation, showing the perfectly matched layer
(PML) boundary conditions, which is used for the up and down z direction, and the periodic boundary condition (BC) is used for
x direction. The height of grating structure (h) has been set to 70 nm and P shows the period of the grating structure (300 nm,
500 nm and 700 nm).

Table 1. Material thicknesses of the solar cell

Material Thickness (nm)
Silver 100
MoO; 10

P3HT: PCsBM 200
PFN 10
ITO 150

4. RESULTS AND DISCUSSIONS

We study the optical effect from the periodically arranged nanoparticles integrated on the organic solar cell having a 15 nm
nanoparticle size and a period of 684 nm. We experimentally demonstrate a broadband absorption enhancement, which can
be explained by the strong near field caused from LPR of Au NPs embedded at the interface of the active layer and HTL
together with the diffraction effect of the grating structure. The results from the diffuse reflection and transmission spectra



are demonstrated in Figure 3. Scanning Electron Microscopy (SEM) images of the periodical arrangement of Au NPs on
active layer is shown in Figure 4.
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Figure 3. Absorption (100-R%-T%) spectrum of the ITO/PFN/P3HT: PCsBM/MoOx/Ag solar cell showing the planar structure

(black line), the grating imprinted structure (blue line) and the grating with periodically arranged Au NPs on active layer, i.e.
containing both NPs and the grating structure (red line).
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Figure 4. Scanning electron microscope (SEM) images of the periodically self-assembly of gold nanoparticles on active layer
showing on a) assembly process over a large area, and b) individual Au NP chains in detail. In the inset, it is shown that each
chain has approximately eleven Au NPs (diameter of 15 nm) with a relatively homogeneous surface coverage over a large area.

Compared to the reference OSCs without NPs or grating structures, the diffuse reflection of the OSC containing the grating
structure decreases, indicating that more light is absorbed in this device. In addition, by incorporating the periodical Au
nanoparticles in the OSC, the diffuse reflection drops further, which can be explained by the nanoparticle LSPR, leading to
an increased absorption enhancement in the cells. Experimentally, we find that the Ag grating structure has a greater impact
on absorption at a wavelength region above approx. 550 nm, whereas the Au nanoparticles mainly offer improved light
absorption enhancement in the wavelength range from 450 nm to 600 nm, compared to the grating structure.



Following our experimental results, to clarify the physical origins of the light absorption enhancement in the devices, we
solve Maxwell’s equations by using the FDTD method. Figure 5 shows the absorption spectrum of the solar cell with the
configuration of Ag/MoO,/P3HT: PCBM/PFN/ITO calculated by both the FDTD and TMM method. The absorption
calculated by the FDTD model and the TMM for these planar OSCs are in a good agreement.
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Figure 5.Absorption of a planar organic solar cell calculated with FDTD method and TMM.

Based on our model, we demonstrate the effect from integration of the dual metallic nanostructures, which is composed of
periodically arranged colloidal gold (Au) nanoparticles embedded at the interface between the active layer and hole transport
layer (HTL) leading also to a grating patterned Ag electrode. In order to understand the optical effect due to the grating
structure and the gold nanoparticles separately, we first studied light harvesting in the active layer with one type of metallic
nanostructure, the Ag grating electrode. Then, we investigated the effect from the periodical arrangement of Au NPs in the
organic solar cell. Figure 6 shows the optical absorption enhancement in the device originating from the Ag grating structure
alone and from the dual metallic nanostructure, the combined Ag grating and chain of Au nanoparticles, having the same
period as for the grating structure (particle size is 15 nm in diameter) .The interparticle gap between the particles inside of the

chain has been chosen to be 2 nm.
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Figure 6. FDTD-calculated device absorption (1-reflection-transmission) and the absorption enhancement for a planar reference
OSC, as compared to an OSC with grating structure and to a device with periodically arranged Au NPs. The grating structure and
periodically arranged nanoparticles show a broadband absorption enhancement in the wavelength range of 500 nm to 800 nm
compared to planar solar cell. In addition, by adding the Au NPs on the grating structure, the absorption enhancement is

increased further in the range of 650 nm to 800 nm.



The absorption spectrum of the device with the grating structure and grating structure plus chain of nanoparticles shows
broadband enhancement compared to the planar organic solar cell. The Ag grating structure shows light absorption
enhancement in the wavelength range of 500 nm to 800 nm for the period of 700 nm . After incorporation of the
periodically arranged Au nanoparticles together with the grating structure, we observe a stronger optical enhancement in the
frequency range of 600 nm to 800 nm. A peak centered around 700 nm shows up in our simulation model, however, does not
appear in the experimental measurement shown in Figure 3. This is probably due to the use of non-polarized light
illumination in our experimental setup. For our simulation model, on the other hand, we have used TM polarized light
source, which can be interpreted as a coupling phenomena of LPR with the Floquet mode of the Ag grating structures (see
electric field intensity profile in figure 9). The electric field intensity of the organic solar cell with a grating structure and
periodically arranged nanoparticles is shown in Figure 6. According to the electric field intensity (|E|*) calculated within the
device at a wavelength of 600 nm, the near field enhancement lies mostly near the MoOx layer, and therefore light scattering
is the main effect responsible for the enhanced absorption at this wavelength *’.
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Figure 6. Electric field intensity profile inside an organic solar cell a) with metallic Ag grating (period 700 nm) and b) with
metallic grating plus Au NP (period 700 nm, particle size 15 nm).

In order to study the effect from the metallic nanoparticles in more details, Figure 7a shows the absorption enhancement from
incorporation of different sizes of Au nanoparticles (15 nm, 35 nm, 55 nm), keeping a constant grating period of 700 nm in
the device. Furthermore, the effect from the period of the arranged nanoparticles on the absorption efficiency is shown in

Figure 7b, keeping the particle size constant at 15 nm.
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Figure 7. OSC stack absorption introducing the periodical nanoparticle and grating structure arrangement a) with a period of 700
nm, varying the Au particle size and b) with a particle size of 15 nm and varying the nanostructure period. By increasing the size
of the particle (55 nm), keeping the same period, the absorption spectrum of the device enhances in the range from 600 nm up to
800 nm (figure 8a). By introducing 300 nm period grating, the absorption enhances significantly in the range of 640 nm up to

800 nm (figure 8b).
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Figure 8. Electric field intensity profile for different Au NP sizes is plotted at 700nm excitation wavelength. The electric field
intensity is increased significantly surrounding the nanoparticle and on the active layer by increasing the diameter of the Au
nanoparticle.

For the different nanoparticle sizes, the electric field intensity profiles are also plotted for 700 nm excitation wavelength in
Figure 9. Clearly, the results show that stronger light absorption enhancements in the organic layer are observed for
nanoparticle sizes of about 55 nm in diameter. In general, increasing particle size leads to an increase of the integrated
scattering intensity, which therefore enhances the optical path length of the incident photon within the device ®. The strong
near field enhancement can be explained by LPR due to Au NPs embedded at the interface between the active layer and
HTL, as shown in Figure 8. The magnitude and the position of the near field resonances are strongly dependent on the type
of the metal and of the size and shape of the particles . By increasing the size of the nanoparticles, the strength of the near
field and thus the absorption enhancement in the OSC increases. Figure 9c also demonstrates that the enhancement at 700nm
for a 15 nm nanoparticle is stronger than at 600nm (figure 7b), explaining also the improved absorption observed at 650-800
nm in figure 6.

In addition, we studied the effect of the period of the arranged nanoparticles on the absorption efficiency. We considered the
fixed value for the particle size (15 nm) and different periodic distances of 300 nm, 500 nm and 700 nm. For 1D periodic
nanoparticle lines, two parameters become very important as the pattern does not have rotational symmetry: The inter
particle distance, which we consider to be constant at 2 nm, and the period of the nanostructures ®. Figure 7b shows that
stronger absorption can be achieved for nanostructures with a period of 300 nm. The absorption enhancement in the region of
600 nm to 800 nm are ascribed to LPR hybridized with the different Floquet modes of the Ag nanostructure *°. As shown in
Figure 7 the broadband absorption enhancement is therefore achieved by introducing LPR of Au NPs and diffraction from
the grating structure.

Although we find both experimentally and theoretically absorption enhancements in the investigated system, which can be
explained by the combined diffraction effect and LPR of the nanoparticles, we observe experimentally that the nanoparticles
only have a small effect in the range between 650-800 nm, where the enhancement should be strongest according to the
numerical investigations. One explanation to these deviations could be the small variations in the imprinted grating structure
(shape and size) and size distribution of the nanoparticles compared to the theoretical model.



5. CONCLUSIONS

In conclusion, periodically arranged gold nanoparticles have been demonstrated in single OSC units by means of a novel
lithography-free nanoimprint method. We employ both scattering effects and localized surface plasmon resonances in order
to achieve a broadband absorption enhancement. Numerical studies confirm the absorption enhancement observed
experimentally, showing absorption enhancement and strong field enhancement surrounding the Au NPs by incorporating
them into OSC devices. This technique opens up new pathways towards device applications, including efficient and cost-
effective up-scaling.

Methods

Device fabrication: The device is realized on glass substrates coated with indium tin oxide (ITO), purchased from Lumtec (sheet resistance
9-15€2/sq.), cleaned in ultrasonic bath with acetone and Isopropanol (10min each step). The substrate is covered with poly [(9,9-bis (3"-(N,
N -dimethylamino) propyl)-2,7-fluorene)- alt -2,7-(9,9—dioctylfluorene)] (PFN) via spin-coating at 4000 rpm for 45s. The PFN (1-
materials) layer was dissolved in methanol in present of small amount of acetic acid (2ul ml™") '’. Subsequently, the blend of the poly-3-

hexylthiophene: [6,6]-phenyl-C61-butyric acid methyl ester (P3HT: PCBM) (1:1,weight ratio) (>, purchased from Ricke Metals: Solenne)
dissolved in chlorobenzene to form the active layer by spin-coating at 1500rpm for 45 s. In parallel, highly concentrated polyethylene
glycol (PEG)-capped Au nanoparticles (4.07x10”7 M) suspended in ethanol were used for drop casting on to poly (dimethylsiloxane)
(PDMS) wrinkled templates of 684+ 20 nm pitch distances and 100+3.2 nm height for directed colloidal assembly of one-dimensional Au
nanoscale lines. The soft-imprint process was carried out by applying a 500g weight on the backside of the PDMS templates while pressing
against the ITO substrate covered with PFN and active layer. After the PDMS mold had been placed on the active layer, the whole sample
was annealed on the hot plate at 140°C for 5 minutes. After removal of the PDMS mold, 10 nm of (molybdenum oxide) MoO, and 100 nm
of silver (Ag) thermally evaporated on the active layer with the periodical chain of nanoparticle at a pressure of 5*107 Torr.

Template fabrication: The PDMS slabs were prepared by mixing the cure agent and base monomer (Sylgard 184, Dow corning) at a 1:10
mass ratio. The mixture was cast onto Si wafers for ensuring a very low surface roughness and then let to outgas for 30 min followed by
complete curing at 90°C for 2 hours. The wrinkled poly (dimethylsiloxane) (PDMS) stamps were fabricated by pre-stretching 2 cm x 3 cm
slabs using a made in-house clamp prior to air plasma treatment of the surface using a commercial plasma asher (Herrick PDC-a32G-2).
By stretching the PDMS slabs in different amplitudes and by varying the oxygen plasma dose (d=power*time) onto the surface, one can
tune the amplitude and period of a sinusoidal glass-like layer, which is formed from the buckling effect while the PDMS template is
relaxed, due to a difference on the young module’s of the glass-like surface to the bulk of the sample. This causes very well defined
wrinkles on the surface of the elastomer >*. The samples were stretched by €=20%, the plasma cleaning power has been kept at 30W and
the expose time was set to 5 min, 10 min and 25 min.

Gold nanoparticle fabrication: Citrate-stabilised spherical gold nanoparticles (NPs, diameter approximately 15 nm) were synthesized
following a modified Turkevich-Frens method 2.30 153 ml of a hot 40 mM trisodium citrate dehydrate solution was added to, HAuCly
trihydrate (0.2 mmol) in Milli-Q water (150 ml), which was already refluxing under vigorous stirring, and the whole mixture refluxed for a
further 30 minutes. The solution was then cooled overnight under stirring and filtered through Whatman filter paper (grade 1 — 11 um
pores) the next day. The particles where then subsequently stabilised by PEG which were prepared as follows: 0.47mM of PEG-OH was
added to the solution and left overnight; this corresponds to approximately 10 times excess the estimated number of surface gold atoms on
the NPs. The excess ligand was then removed by three cycles of centrifugations (15,000 rpm, 30 mins, 4°C) and each time resuspended in
100% Ethanol. All nanoparticle solutions were characterized by UV/Vis spectroscopy to determine their concentration and approximate
size *'. Also the shift in the plasmon band was used to confirm ligand exchange had occurred.

Spectra were recorded in the range 400-800 nm using a Genesys 10S UV-Vis spectrophotometer (Thermo Scientific) and a 1 cm path
length plastic disposable cuvette (Sarstedt, Germany).

Nanoimprint and optical characterization: Scanning electron microscope (Hitachi-S4800) was used to evaluate the assembly process on
the PDMS samples and the imprint process itself. Total (specular plus diffuse) optical transmittance and reflectance were recorded using an
UV-VIS-NIR Lambda 900 Perkin Elmer spectrophotometer, which is equipped with an integrating sphere (LabSphere).
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