QUT

Queensland University of Technology
Brisbane Australia

This is the author’s version of a work that was submitted/accepted for pub-
lication in the following source:

Notarianni, Marco, Vernon, Kristy, Chou, Alison, Liu, Jinzhang, & Motta,
Nunzio

(2015)

Plasmonic effect of annealed gold islands for improving efficiency of or-
ganic solar cells.

Advanced Device Materials, 1(1), pp. 27-32.

This file was downloaded from: http://eprints.qut.edu.au/81584/

© Copyright 2015 W. S. Maney & Son Ltd

Notice: Changes introduced as a result of publishing processes such as
copy-editing and formatting may not be reflected in this document. For a
definitive version of this work, please refer to the published source:

http.://doi.org/10.1179/2055031614Y.0000000006



http://eprints.qut.edu.au/view/person/Notarianni,_Marco.html
http://eprints.qut.edu.au/view/person/Vernon,_Kristy.html
http://eprints.qut.edu.au/view/person/Chou,_Alison.html
http://eprints.qut.edu.au/view/person/Liu,_Jinzhang.html
http://eprints.qut.edu.au/view/person/Motta,_Nunzio.html
http://eprints.qut.edu.au/view/person/Motta,_Nunzio.html
http://eprints.qut.edu.au/81584/
http://doi.org/10.1179/2055031614Y.0000000006

Plasmonic effect of annealed gold islands for improving the efficiency of
organic solar cells

Marco Notarianni, Kristy Vernon, Alison Chou, Jinzhang Liu, Nunzio Motta*
Institute of Future Environments and School of Chemistry, Physics, and Mechanical Engineering,

Queensland University of Technology, Brisbane QLD 4001, Australia

Embedding metallic nanoparticles in organic solar cells can enhance the photoabsorption through
light trapping processes. This paper investigates how gold islands obtained by annealing 3-10 nm
thick Au layers affect the photoabsorption. Using finite-difference time-domain simulations, the cell
efficiency for various island geometries and thicknesses are analyzed and the properties of the
islands for maximal photocurrent are discussed. It is shown that a careful choice of size and
concentration of gold islands could contribute to enhance the power conversion efficiencies when
compared to standard organic solar cell devices. The conclusions are then compared to experimental
data for thermally annealed gold islands in bulk heterojunction solar cells. The results of this paper
will contribute to the optimisation of plasmonic organic solar cell systems and will pave the way for

the development of highly efficient organic solar cell devices.
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1. INTRODUCTION

There has been much research interest into organic solar cells (OSCs) as they have the potential
to be cheaper than their conventional silicon counterparts “ 2. However three pitfalls of these
devices still need to be solved: (i) the power conversion efficiency (PCE) ?; (i) the device lifetime *;
and (iii) the large scale production °.

In recent years, much effort has been directed at increasing the photon absorption into OSCs. In
fact, the active layer thickness of these devices is usually limited to ~100 nm because of the low
carrier mobilities of the conducting polymer © and the short lifetime of the excitons ’; this limits the

number of photons that can be absorbed, thereby reducing substantially the efficiency. For this



reason, increasing the light absorption would help to increase the power conversion efficiency. It has
been demonstrated that the PCE can be increased dramatically by increasing the optical path length
of the light in the device®. Light trapping to increase the optical path length has already been studied
extensively for thin film silicon solar cells but not much work has been done for organic solar cells.
Research on light trapping in silicon solar cells has been focused on the use of metallic nanoparticles,

with studies directed at obtaining the optimal particle shape, size and filling factor 2.

However,
much of this research has been based on the use of nanoparticles with defined geometry.
This research discusses the use of gold (Au) islands in organic solar cells for increasing the

PCE, comparing for the first time experimental results on cell efficiency to a theoretical model based
on the actual microscopic structure of the Au islands. It is well known that the shape and coverage of
Au islands on a substrate changes dramatically with small increases of film thickness. Our islands
have not a regular shape, so it is not possible to use standard models based on simple shapes. By
importing SEM images of the islands into finite-difference time-domain models we have been able to
model the effects of light trapping in a real island distribution, and to discuss how random gold
geometries affect the PCE. The results of the finite-difference time-domain models are then
compared to experimental values of PCE we obtain by depositing and annealing a gold film as part of
an organic solar cell. The findings of this investigation are not only helpful for organic solar cells but
for silicon solar cells as well.

2. METHOD

Several gold island morphologies were grown on ITO/glass electrodes by sputtering gold followed
by thermal annealing (Fig. 1a). The organic solar cell was then built on top of these substrates by
spin coating 20 nm of PEDOT:PSS and 100 nm of P3HT:PC;,BM, respectively. The solar cell structure
was completed by evaporating 80 nm of Al as back contact (Fig. 1b). Further details of the

fabrication can be found in **. A solar cell without gold on the ITO electrode was also fabricated as a

standard.



Gold layers of 5nm, 3nm, 1 nm and 1 nm through a mask (a 10x10 array of 1 mm diameter
holes spaced 1 mm), were deposited on ITO and annealed at 300°C in Ar atmosphere in order to
avoid an increase of the sheet resistance of the ITO due to a reaction with oxygen *>. SEM images of
the gold islands formed on ITO are shown in Fig. 2 (a-d), along with the statistical distribution the
area, obtained by analyzing images with a total area A;ota given in table 2. As the thickness decreases
the shapes become less irregular and more spherical, Fig. 2 (c) and (d). The coverage of the Au
islands also changes with thickness. As expected, the annealing of the 5 nm gold layer results in
more gold coverage while the 3 nm gold film exhibits larger islands and less film coverage. For 1 nm
gold film, small particles with round shapes similar to hemispheres are obtained. For the 1 nm layer
the resulting particles are very compact with a smaller distance between individual particles
compared to the 3 nm and 5 nm case. For the 1 nm Au film evaporated through the mask, the

spacing between the particles is wider, so more light is expected to be scattered into the device.
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Fig. 1. (a) Schematic of the gold islands formed after annealing on the ITO electrode. (b) Organic
solar cell schematic.



In order to accurately calculate the height of the gold islands we analysed SEM images of
adequate size with the software Image J 1 Knowing the area of the particles (Ajsangs), the total area
of the image analysed (Aia)) and the thickness of the Au film sputtered before annealing (hsiim), we

were able to calculate the average height of the particles (hisjangs) with the formula:

Asotal Nfilm=Aisiands Nisiands (1)

The calculated average height of the particles after annealing is 13.8 nm, 8.8 nm and 3.05 nm for
the 5 nm, 3 nm, 1 nm Au gold film deposited on ITO respectively. When the evaporation occurs
through a mask the equivalent height of the particles increases to 4.73 nm, overestimated because
of the presence of the mask. Table | summarizes all the parameters extracted from the SEM images

in order to calculate the average height of the Au islands.

Table I. Average height of the islands as obtained from the SEM images and formula (1) on a total

area Aotz as indicated in column 2.

hfiIm (nm) Atotal (M mZ) Aislands (M mz) hislands (nm)
5nm 23.15 8.38 13.82
3 nm 24.44 8.26 8.88
1nm 6.25 2.05 3.05
1 nm + mask 25.92 5.49 4.73

We also analysed the area distribution of a statistical sample of the islands (Table Il), which
confirms the shrinking of the average island size with the decreasing of the thickness (Fig. 2). The
average area of an island is respectively 2873.17 nm? for 5 nm deposition, 980.24 for 3 nm and
205.66 nm” for 1 nm. The calculated equivalent radius, (assuming all the islands as circular) is 30, 17

and 8.09 nm, respectively.

Table Il. Statistical analysis of the islands obtained by depositing decreasing Au thickness.



Thickness Number Islands/pm’ Area

of Island Average Area Equivalent Radius fraction
(nm) islands (nm?) (nm)
5 2916 2873.17 30.24 125.98 0.36
3 8430 980.24 17.66 344.91 0.34
1 9965 205.66 8.09 1593.76 0.33
1+ mask 13293 412.78 11.46 512.80 0.21

The average area of the islands deposited through the mask raises instead to 412.78 nm?” and
their equivalent radius to 11.46 nm, indicating a coalescence effect. The area fraction is steadily
decreasing from 0.36 (5nm) to 0.21 (1 nm + mask). A net 36% drop in the area fraction is noticeable
when the islands are deposited through the mask, indicating the effectiveness of the mask in

reducing the coverage.

Pillai et al. ™ grew silver islands on a silicon solar cell with a similar procedure and annealing
conditions but they were able to achieve a better distribution of the islands on the substrate with a
larger distance between each island. The ITO electrode has a roughness of about 3 nm */, larger than

18, 19
. Island

a conventional Si substrate, and so the gold has a difficulty to coalesce to form islands
nucleation and ripening in fact is related to the diffusion of the atoms on the surface, which is

strongly dependent on the roughness *°.
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Fig. 2. SEM images and area distributions of the Au islands (details in table | and Il) grown on ITO

by annealing gold films of (a) 5 nm, (b) 3 nm, (c) 1 nm and (d) 1 nm through a mask (as explained
in the text).



The coverage of the Au islands on the ITO substrate and film thickness are important parameters
in the performance of the organic solar cell %, The light trapping in ultrathin gold films is difficult to
model due to the random geometries of the Au islands. To obtain an accurate simulation we
employed Lumerical FDTD solutions and imported SEM images of the islands into the software. We
then compared the scattering into the PEDOT:PSS layer to the scattering into the PEDOT:PSS layer in
the absence of Au films. The wavelength range of 400-700 nm was chosen as it corresponds to the
absorption range of the P3HT that is the active material in the device.

A SiO, glass substrate with permittivity from Palik et al. >* a 100 nm layer of ITO with permittivity

23
l.

from Suhr 2%, a 20 nm layer of PEDOT:PSS with permittivity from Pettersson et al. 2, 100 nm layer of

24
l.

PC7:BM:P3HT with permittivity from Li et al. ©*, and finally a 80 nm layer of Al with permittivity from

Palik et al. **

were used for the FDTD simulations. The gold SEM images have been imported and
placed on top of the ITO, with the gold permittivity calculated from the Drude model modified to fit
with the Johnson and Christy data for visible wavelengths®.

The scattering into the PC;;BM:P3HT was calculated (15 nm above the ITO) and normalized

against a solar cell without the gold NPs. A scattering > 1 indicates more photons entering the

PC7:BM:P3HT than in the plain solar cell case (i.e. one without Au NPs).

3. RESULTS AND DISCUSSIONS
We compared the light scattering into the PEDOT:PSS layer for a substrate with and without
islands. A normalized scattering of 1 indicates that the scattering efficiency of the Au islands
solar cell is equal to that of a conventional cell. A normalized scattering greater than 1
indicates that more photons are scattered because of the islands into the PEDOT:PSS

compared to the reference cell.
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Fig. 3 Normalized scattering into the upper PEDOT:PSS for Au films of 5 nm (black curve), 3 nm (red
curve), 1 nm (blue curve) and 1 nm through a mask (purple curve) thickness. The scattering is

normalized to the scattering from a cell without Au.

It is clear from Fig. 3 that the 5 nm thick gold layer produces a shadowing effect in the solar
cell, as the number of scattered photons into the PEDOT:PSS layer is lower than for the reference
cell for all wavelengths considered. Instead, the 3 nm and 1 nm Au thick layers produce a scattering
effect larger than 1, i.e. better than in the reference solar cell, for a wide range of wavelengths. The
3 nm thick gold layer produces a scattering larger than 1 in the range 575nm — 620nm, and 570nm -
660nm, respectively. The 1 nm thick Au layer has the maximum overall scattering amplitude, but the
efficiency of the solar cell is not as high as expected and it is actually lower than the standard cell
(see fig 4).

There are three factors to consider when discussing the scattering behavior of the 1 nm and

3 nm gold layers in solar cells: the gold thickness, the shape of the islands formed and the filling



factor. The 3 nm gold layer leads to increased absorption losses and overall lower scattering
amplitude. In fact the islands in this case are large and irregular (average area 980 nm?), while in the
1 nm case they are small and hemispherical (average area 205 nm”, equivalent radius 8.09 nm)
(Table 11). As shown by Catchpole et al. *° the best geometry is dipolar, which is obtained in
cylindrical and hemispherical particles. This explains why the scattering is higher in the case of the 1
nm gold film, where the particles are hemispherical. However, the losses due to the light reflection
at other wavelengths are still significant, limiting the overall efficiency. The 1 nm + mask case shows
a smaller peak compared to the other cases but a wider curve indicating reduced overall losses,
which compensate for the lower scattering peak. If we plot the normalized scattering vs frequency
the the area under the four curves is proportional to 2.83, 3.03, 3.16, 3.22 and for the 5 nm, 3 nm,
1nm, 1 nm + mask respectively, to be compared to 3.21 for bare solar cell (constant scattering = 1).
This indicates that more photons scatter into the active layer when the fraction of surface covered
by the islands is reduced.

In Fig 4 we present the |-V characteristics obtained in organic solar cells based on the 4 Au
island distributions compared to a standard solar cell without Au islands. The best experimental
values of the PCE are obtained for the device made with a 1 nm thick gold film evaporated through

the mask ¢ .
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Fig. 4 Current density-voltage characteristics of organic solar cells devices with islands formed by
thermal annealing of a Au layer thick 5 nm (black curve), 3 nm ( red curve), 1 nm ( blue curve), 1 nm

through a mask (green curve) and without islands (purple curve).

Table Il shows other relevant device parameters of the plasmonic and standard devices e.g.
open circuit voltage (Voc), short circuit current density (J), fill factor (FF), series resistance (R;) and
power conversion efficiency (PCE).

By comparing these devices, it is possible to appreciate an increase of the PCE due to the
reduction of the Au deposited thickness on top of the ITO electrode. As demonstrated by the finite-
difference time-domain models and confirmed by the experimental results, the 1 nm thick gold
deposition through the mask gives an increased PCE of 10% compared to a standard device because
of the hemispherical geometry of the islands obtained, which contribute to an increased light

scattering into the device '® and because of the spacing between the particles®’. The PCE could be

10



further increased by finding a balance between the efficiency of the plasmonic structures in the
PEDOT:PSS buffer layer and the other components of the solar cell. In fact, it has been demonstrated
that a high loading of plasmonic structures can deteriorate the morphology and electrical

830 For this reason, reducing the amount of Au islands on the ITO

characteristics of the polymer
electrode can be beneficial not only to reduce ohmic losses but also to keep good electrical

characteristics of the PEDOT:PSS ™. Our results indicate that by a further reduction of the amount of

. . . . . 26
Au islands a larger improvement in the solar cell performance can still be achieved™.

Table lll. Electrical characteristics of the devices incorporating Au islands grown on ITO by

thermal annealing.

Voc Jse R FF PCE

Device 2 )
(V) (mA/cm”) (Q-cm’) (%) (%)
NPs, 5 nm Au dep. 0.58 7.03 13.33 65 2.66
NPs, 3 nm Au dep. 0.58 7.34 15.6 64 2.73
NPs, 1 nm Au dep. 0.58 8.21 13.88 65 3.1
NPs, 1nm Auldep.+mask 0.6 9.9 12.53 61 3.64
standard 0.59 8.98 13.14 61 3.26

4. CONCLUSIONS
The plasmonic effect of Au islands in organic solar cells was modeled by numerical methods. The
scattering factors are calculated by importing SEM images of the Au island distributions. The results
at different coverage demonstrate that it is possible to improve the efficiency by using islands
obtained from very thin Au layers, confirming the experimental data. We demonstrate that the
particle shape and thickness obtained after annealing Au layers in Ar at 300 °C are the key to
improve light trapping in organic solar cells and to increase the efficiency. In fact, small
hemispherical islands obtained by depositing 1 nm Au layers provide an improvement to the PCE
compared to the thicker Au films but still lower when compared to a solar cell without islands.
Spacing the particles is another critical parameter to be considered. In fact, we proved that spacing

the particles by evaporating and annealing gold through a macroscopic mask is an effective

11



technique to increase the PCE. We obtained in this way a 10% increase compared to a standard
device, because more photons are scattered into the active layer. We explained this result by
theoretical simulations based on the real island distribution as obtained by SEM images. Further

studies are in progress.
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