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Abstract

The need to develop and deploy large-scale, cost-effective, renewable energy is becoming tremendously important in the last few
decades. Nanostructured organic solar cells have the long-term potential to provide low cost, and high-efficiency renewable energy. In
recent years, photovoltaic cells based on nanoparticles blended with semiconducting polymers have achieved good performance and
distinguished power conversion efficiencies, greater than 17%. These structures include various sizes and shapes of metal
nanoparticles. Intensive research is being done towards achieving organic solar cell efficiency of 20%. In this work, a detailed
numerical simulation is done for a proposed nanostructured organic solar cell design. Different nanoparticle shapes and sizes are
considered in the active layer (P3HT:PCBM) to obtain a highly efficient organic solar cell.

Keywords: Polymer Solar Cells, Organic Solar Cells, Organic Photovoltaics, Plasmonic Organic Solar Cells.

P3HT:PCBM Organik Giines Pillerinde Plazmonik Fotoakim
Iyilestirmesi

Oz

Uygun maliyetli, yenilenebilir enerji gelistirme ve dagitma ihtiyaci, son birka¢ on yilda son derece 6nemli hale geliyor. Nano yapili
organik giines pilleri, diisiik maliyetli ve yiiksek verimli yenilenebilir enerji saglamak i¢in uzun vadeli potansiyele sahiptir. Son
yillarda, yari iletken polimerlerle harmanlanmis nanopargaciklara dayali fotovoltaik hiicreler, %17'den fazla iyi performans ve segkin
glic doniistiirme verimliligi elde etti. Bu yapilar, ¢esitli boyut ve sekillerde metal nanoparcaciklar igerir. %20 organik giines pili
verimi elde etmek i¢in yogun arastirmalar yapilmaktadir. Bu ¢alismada, Onerilen bir nanoyapili organik giines pili tasarimi igin

ayrintil bir sayisal simiilasyon yapilmustir. Yiiksek verimli bir organik giines pili elde etmek i¢in aktif katmanda (P3HT:PCBM) farkli
nanopargcacik sekilleri ve boyutlar1 g6z 6niinde bulundurulur.

Anahtar Kelimeler: Polimer Giines Pilleri, Organik Giines Pilleri, Organik Fotovoltaikler, Plazmonik Organik Giines Pilleri.
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1. Introduction

Organic solar cells (OSCs) have turn out to be important
class of photovoltaics due to their low cost, small weight,
solution processing, wide choice of materials with tunable
optical properties and ease of fabrication [1-3]. Small-molecules
and solution-processed bulk-heterojunction polymer/fullerene
can be used to construct OSCs [4],[5]. Bulk-heterojunction
(BHJ) is the active layer that consist of donor and acceptor in
one blend [6]. These structures were used for solving the
problem of limitations of short exciton lifetime, BHJ improves
the charge generation and separation [6],[7]. The active layer
P3HT: PCBM blend is sandwiched between Hole transporting
layer (HTL), electron transporting layer (ETL), back electrode
and semi-transparent front electrode, usually conductive
transparent oxide (CTO) ([4],[8].[9]). A power conversion
efficiency (PCE) for a conventional BHJ OSC was reported
6.8% [10]. BHJ OSCs have many problems that make their PCE
low, still P3HT:PCBM blend have low absorption due to
insufficient light harvesting and short diffusion length of
generated excitons in polymer that limit the thickness of active
layer (<100nm), which make a problem between light absorption
and charge collection. Another problem facing OSCs is
performance degradation as result of ambient conditions, which
effect on efficiency and stability [11-13].

Overcoming these problems by adding noble metal nanoparticles
(NPs) with different morphologies and sizes into different layers
or different positions into active layer, ETL or HTL with
different three mechanisms localized surface Plasmon
resonance (LSPR), light scattering, surface Plasmon polariton(s),
SPP(s) to investigate harvesting light and photon management
([14],[25]).The most metal NPs used in BHJ for plasmonic
enhancement are silver(Ag) and gold(Au). [16]

Inorganic solar cells achieve high degree of PCE but these solar
cells materials are expensive and have
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complex fabrication techniques. On the other hand, OSCs have
many advantages compared to the inorganic solar cells such as
low cost, flexibility, light weight, solution processing.
unfortunately, OSC has low PCE this is because it has some
physical limitations such as small diffusion length of excitons
and low carriers’ mobility. These limitations lead to use a thin
active layer. hence, this results in a low optical absorption and
low PCE so, it is important to improve optical absorption to
enhance PCE. The most important approach to enhance optical
absorption is to trap more light in OSCs.

In this work, the absorption of the active layer of the cell is
studied for potential enhancement by adding two-dimensional
array of metal NPs with different sizes and shapes. The
electromagnetic interaction of the metal electrons and the
incident light creates surface wave plasmons that results in
trapping the light surrounding the metal NPs. Hence, NPs work
as scattering media of light that increases the light paths in the
active layer so do the absorption. Hence, the efficiency of the
cell increases either.

2. Device Design and Modeling

It is very important to simulate any device before fabrication
to save time and materials, therefore, the proposed OSC
structure is modeled and simulated to predict its optoelectronic
properties before fabrication process. The proposed planar
structure (without NPs) consists of five layers, SiO2 layer glass
used as a protective layer of 200 nm, Indium tin oxide (ITO) as
a front electrode with thickness of 180 nm, PEDOT:PSS as a
hole transport layer (HTL) with thickness of 50 nm, then the
active layer (P3HT:BCPM) with thickness of 250 nm, then the
anode layer of Aluminum (Al) with thickness of 120 nm. The
design is shown in Fig 1(a),
SiO2/ITO/PEDOT:PSS/P3HT:PCBM/AI. The HTL works as a
buffering layer with a band gap of 3 eV. The active layer has
band gap of 1.7 eV and the work functions of ITO and Al are 4.7
eV and 4.2 eV respectively.
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Fig 1. (a) The proposed OSC design, (b) its energy diagram
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The energy diagram of the planar model, shown in Fig 1(b),
shows the transport of charge carrier within the cell.

An in-house tool was used to model the optical simulation which
is a three-dimensional finite difference time domain method
(FDTD). The incident light source is AML1.5 that directly
incident normal to the proposed OSC. The wavelength spans
range from 300 to 1100 nm with step 10 nm. The optical model
was used to calculate the active layer absorption spectrum with
different structure of the OSC.

The calculations for the proposed OSC structure are made for a
unit cell in order to reduce simulation time, the whole OSC is
made by repeating these unit cells in both direction x and y so
we obtain our calculation for this unit cell then generalized the
result to whole OSC for any configuration of our OSCs we add a
source of plane wave with wavelength range of 300 to 1100
which used to inject sunlight in the z backward direction. 3D-
FDTD method is applied to the OSC unit cell with 8 layers as a
perfectly matched layer (PML) placed along the z-direction as
absorbing boundary at the top and bottom of the device. They
were used at the injection direction of light to absorb transmitted
and reflected spectrum. The periodic boundary condition in x-
direction is set to anti-symmetric and in y-direction to
symmetric, with a mesh accuracy value of 2 while a non-uniform
conformal mesh was applied to the entire structure. The active
layer was surrounded between two FDTD power monitors to
calculate the transmittance and reflectance spectra in the active
layer. The transmittance monitor was placed at z = -450, the
reflectance monitor at z = -200, the plane wave source of
sunlight at z = 430, and the square periodic array of NPs at z = -
325. The power absorbed was computed using equation (3)
from the transmittance and reflectance spectra. The light
absorption as function of wavelength is calculated from this
relation to calculate light absorption

A
AR = PLzr(l(zo @

where:

P;,, (1) is the power of light incident, L(A) is the power loss by
the solar cell, and it is given by

L) =
—%fff xyz div{real(E(x,y,z, )H(x,y,z,1)")}dxdydz. (2)

To calculate the photocurrent density of each model, we first get
the absorbed power

Pps=1—R-T 3)

where R is the Reflectance and T is the Transmittance, both are
obtained from the FDTD.

Then the Quantum efficiency is computed as

e-ISSN: 2148-2683

— Pabs(a)
QE() = =0, (4)

The integrated quantum efficiency is given by

[AQEW L ar1.5() A
[t am1s(@) a2

IQE = (5)

where h is planks constant, c is the speed of light, I,,,, 5 is the
AML.5 standard sunlight incident spectrum, and A is the
wavelength.

The photocurrent density is calculated by
Joe == JAQEM s dr - (6)

The photocurrent density J,. is calculated from equation (6) for
each proposed structure and a comparative study is made
between them.

3. Results and Discussion

In the planner structure, OSC(A), 200 nm of SiO2 glass is
used as a protective layer to keep our cell away from oxidation
and contamination; 180 nm of ITO which has two purposes,
optical purpose as it is anti-reflective material so it will reduce
optical loss from reflection and more sun light will enter the cell
and not reflected, electrical purpose because of its high electrical
conductivity we use it as electrical contact cathode; 50 nm of
PEDOT:PSS as a buffer layer as small thickness of it lead to
minimum reflection and hence enhance the optical absorption
shown in Fig 2; it also works as broadband layer, 250 nm of
active layer (P3HT:PCBM which have a high absorption
coefficient), 120 nm of Al layer that reflect sunlight into the
upper layer P3HT:PCBM and prevent it from escaping outside
OSC so it is effective to enhance the optical absorption. The
OSC is assumed to be extended infinitely in both x and y
directions.

Table 1. shows the photocurrent density (J,.) for different
thickness of PEDOT:PSS layer with constant active layer
thickness. It can be noticed that the photocurrent density
increases with decreasing the thickness of PEDOT:PSS layer,
For PEDOT:PSS thickness 50 nm the J,. has value of 13.4
(mA/ cm?) which is the optimized thickness of PEDOT:PSS as
enhancement increased by 4.9% compared to thickness of 110
nm and by 2.2% compared to thickness 80 nm

Table 1. The photocurrent density for different thickness of
PEDOT:PSS layer with constant active layer thickness, 250 nm

PEDOT:PSS thickness Jsc (MA/ cm?)

50 nm 13.40
80 nm 13.11
110 nm 12.74
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Fig 2. The absorption spectrum for different PEDOT:PSS layer
thickness with constant active layer thickness, 250 nm

Fig 3 represents the optical absorption curve of planner structure
(without NPs). These data are achieved by using FDTD method
and solving maxwell equations this curve shows that it has

greater absorption values in the wavelength range between 350
nm and 650nm.
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Fig 3. The aborption spectrum of the planner structure, OSC(A)

In order to trap light in the active layer to increase optical
absorption and enhance PCE, we embedded a square periodic
array of Au NPs with different sizes and shapes with lattice
constant 70 nm. Having NPs at different places such as the
active layer or the buffer layer creates localized surface plasmon
resonance (LSPR) which make NPs act as scattering centers for
the incident light. Therefore, light is scattered with different
angles, and this leads to elongate the optical paths hence more
light is trapped and the optical absorption increases.

In our study we represent 6 configurations of OSC, deploying
P3HT:BCPM as the active material. The proposed planar
structure OSC(A) depicted in Fig 4 (a) was modified by having
NPs in the active layer. The other configurations were achieved
by embedding square periodic array of gold NPs of different
shapes and sizes in the active layer such as nanospheres to obtain
OSC(B) depicted in Fig 4(b), nanocylinder to obtain OSC(C)
shown in Fig 4(c), nanocones to obtain OSC(D) shown in Fig
4(d), nanopyramids to obtain OSC(E) shown in Fig 4(e), and
nanocubes to obtain OSC(F) shown in Fig 4(f).
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Fig 4. (a) planner structure OSC(A),(b) OSC(B)with spheres NPs,(c) OSC(C)with cylinder NPs. (d) OSC(D) with cones NPs, (e)
OSC(E)with pyramids NPs, (f) OSC(F) with cube NPs.

Table 2. The geometry parameters of NPs with different shapes

Sphere Pyramid Cube side Cylinder Cone 1
Cone 2
radius (r) height (h) length (L) radius (x) height (c)
Angle (O)
nm nm nm nm nm

Size (1) 15 34.88 24.18 10.61 34.34 24.67°
Size (2) 20 46.5 32.24 16.33 45.8 35.3°
Size (3) 25 58.13 40.31 22.82 57.24 44.66°
Size (4) 30 69.76 48.37 29.9 68.7 52.41°

By embedding NPs in the active layer, the optical absorption
enhanced by LSPR which make NPs as scattering medium so
light rays will scatter with different angles so more light paths
are generated and trapped so absorption increases. NPs were
embedded with 4 different sizes and each size has 6 different
shapes; they are all collected in the table 2.

In table 2, different volumes of NPs are used in the simulation as
Size (1) =14142.86 nm3, Size (2) = 33523.81 nm3, Size (3) =
65476.2 nm3, and Size (4) = 113142.86 nm3. (r) indicates the
radius of NPs sphere, (h) denotes the height of square pyramid,
(L) indicates the side length of the cube, (x) indicates the radius

e-ISSN: 2148-2683

of cylinder as the height of cylinder is kept constant equal 40
nm, (c) in cone 1 indicates the height of the cone as the angle is
kept constant equal to 30°, (©) in cone 2 indicates the angle of
cone with the height is kept constant equal to 40 nm.Fig 5 shows
the absorption curves when the active layer is nanostructured
with size (1), size (2), size (3), and size (4) for different NP
shapes. It is noticed that we have enhancement of all absorption
curves for all shapes compared to the base structure (without
NPs). Some shapes have also higher degree of optical absorption
compared to others. The pyramid NPs absorption spectrum is the
highest among all other shapes including the base structure.
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Fig 5. The aborption spectra for different nanoshapes for the same size.

As the size of NPs increase the optical absorption increases, all
curves show enhancement in the wavelength range from 350 nm
to 600 nm. the photocurrent density was also affected and show
different enhancement for different shapes and sizes, see Tables
3-8. The nanospheres introduced an improving of the
photocurrent density up to 14.2% as shown in Table 3 while
nanocubes introduced higher maximum as 17.1% as shown in
Table 4. While in Table 5, nanocylinders introduced a maximum
improvement of 18.4%, nanopyramid introduced 20.3% in Table
6, the best improvement of photocurrent density among all nano-
shapes. In Tables 7, increasing the nanocone height enhances J,
up to 5.8%. The nanocone height is kept constant with changing
the vertex angle. This results in an enhancement up to 5%.

Table 3. The photocurrent density and the enhancement
percentage compared to the base structure for nanospheres with
different sizes

Structure Jsc Enhancement
(mA/cm?) Percentage (%)
Base structure 13.40 -
Sphere size (1) 13.73 25
Sphere size (2) 14.22 6
Sphere size (3) 15.03 12.2
Sphere size (4) 15.30 14.2

e-1SSN: 2148-2683

Table 4. The photocurrent density and the enhancement
percentage compared to the base structure for different size

nanocubes
Structure Jsc Enhancement
(mA/cm?) | Percentage (%)
Base 13.40 -
structure
Cube size
(@) 13.80 3
Cube size
2 14.13 55
Cube size
?3) 15.09 12.
Cube size
4 15.69 17.1
1513
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Table 5. The photocurrent density and the enhancement
percentage compared to the base structure for different size
nanocylinders

Structure | Js. (MA/ Enhancement
cm?) Percentage (%)

Base 13.40 -

structure

Cylinder

size (1) 13.74 2.6

Cylinder

size (2) 14.14 55

Cylinder

size (3) 14.88 11.6

Cylinder

size (4) 15.87 18.4

Table 6. The photocurrent density and the enhancement
percentage compared to the base structure for different size
nanopyramids

Structure Jsc (MA/ | Enhancement
cm?) Percentage
(%)
Base structure 13.40 -
Pyramid size (1) 14.07 5
Pyramid size (2) 14.72 9.8
Pyramid size (3) 15.32 14.4
Pyramid size (4) 16.12 20.3

The photocurrent density (J,.) varies from size to size and
from shape to shape in the same size, in general as the size of
NPs increases, we get enhancement of J.. In case of pyramid
NPs, we have the best absorption curve and hence the highest
Jsc compared to the other shapes. In case of cone 2 shape with
constant height 40 nm, we obtain the lowest enhancement of
Jsc since the optical absorption is low in this case. An
important note in these results obtained from cone 1 and cone
2 shapes is that varying shapes of NPs gives different result as

e-ISSN: 2148-2683

Table 7. The photocurrent density and the enhancement
percentage compared to the base structure for nanocones with
constant theta 30 “and variable height.

Structure Jsc (MA/ Enhancement
cm?) Percentage

(%)

Base structure 13.40 -

Cone 1 size (1) 13.47 0.5

Cone 1 size (2) 13.76 2.7

Cone 1 size (3) 14 4.5

Cone 1 size (4) 14.17 5.8

Table 8. The photocurrent density and the enhancement
percentage compared to the base structure for nanocones with
constant height 40 nm and variable vertex angle

Structure Jsc Enhancement
(mA/cm?) | Percentage

(%)

Base structure 13.40 -

Cone 2 size (1) 13.60 15

Cone 2 size (2) 13.72 2

Cone 2 size (3) 13.85 34

Cone 2 size (4) 14.07 5

both are cones but changing some parameter relative to the
other in the same shape gives different optical absorption and
hence different Jg..
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Fig 6. The electric field distribution in the active layer surrounding the same size NPs for different shapes

Fig 6 depicts the distribution of electric field by simulation
monitor for different shapes at the same size. It is noticed that
some shapes distribute electric filed around them higher than the
others and this is the reason why different shapes have different
optical absorption and hence photocurrent density although they
have the same size. The most interesting distribution is that for
the nanopyramid whose scattering was the highest among all
NPs shape.

4. Conclusions

The optical absorption and photocurrent density
enhancement were studied for possible plasmonic enhancement.
Gold nanoparticles are embedded in the active area of the
proposed structure. In house 3D FDTD software were used in
simulation to study the impact of the nanoparticles with various
sizes and shapes. For instance, we get J,. of 15.3 mA/ ¢m? and
enhancement percentage of 14.2% compared to the planner
structure for nanospheres with radius 30 nm. Also, we obtained
Jsc of 15.69 mA/ cm? and enhancement percentage of 17.1%
with cube length of 48.37 nm.

The nanocone gave the best enhancement at vertex angle of
©=30"and height of 68.7 nm. For nanocylinders, radius = 40 nm
and

height 29.9 nm results in the best improvement. We may
conclude that, among all shapes of NPs the best shape is
pyramidal which leads to a photocurrent density of 16.12 (mA/
cm?) and enhancement percentage of 20.3 % compared to the
base structure.
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