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The effects of corner shape of silver (Ag) nanocubes (NCs) on optical absorptions of organic solar cells (OSCs) are theoretically
investigated by finite element method (FEM) calculations. The absorption of sun light in the active layer is calculated. Significant
absorption enhancements have been demonstrated in metallic region with different shapes of Ag NCs, among them corner radius
(R) is zero result in the best light absorption performance of up to 55% enhancement with respect to bare OSCs. The origins
of increased absorption are believed to be the effects of the huge electric field enhancement and increased scattering upon the
excitation of localized surface plasmon resonance (LSPR). Apart from using 𝑅 = 0, we show that 𝑅 = 3, 6, and 11.29 of Ag NCs
in metallic region of active layer may also result in the maximum comparable absorption enhancement of 49%, 41%, and 28%,
respectively. In addition, a significant effect of the period of NCs is observed.

1. Introduction

Organic solar cells (OSCs) have attracted considerable atten-
tions due to that they are lightweight, flexible, inexpensive
to fabricate, and tunable on the molecular level [1, 2]. The
active layers of most OSCs, however, are not thicker than
200 nm, which is not thick enough to harvest all the solar
radiation below their optical band gaps [3].This limitation of
the thickness of the active layers is mostly due to short charge
carrier diffusion lengths stemming from their poor charge
carrier mobility. The advanced bulk heterojunction (BHJ)
concept was introduced to solve the diffusion length problem
and to keep the required thickness of the active layer for
sufficient light absorption [4, 5]. However, even with a BHJ,
the thickness cannot be too large.When the thickness is above
a certain value, the conversion efficiency will drop since free
carrier recombination becomes significant [6]. To overcome
this problem, several approaches including the utilization of
low-band gap polymers that absorb the red and infrared parts
of the solar spectrum, the application of periodic nanos-
tructure for light trapping in the active layer and metallic

electrode, and the incorporation ofmetallic nanostructures to
increase the absorption of organic materials due to the high
electromagnetic field strength in the vicinity of the excited
surface plasmons have been reported [7–14].

Several works have demonstrated that the use of metallic
nanostructures in solar cells results in optical field enhance-
ment and improvement of the optical absorption [15–19].The
metallic nanostructure not only can scatter and couple the
incident light into the solar cell [16, 20–24] but also confine
the light surrounding their surfaces [19, 25–27], which results
in the light absorption enhancement of solar OCSs. These
plasmonic light trapping systems offer twomainmechanisms
to concentrate light, localized surface plasmon resonance
(LSPR) and surface plasmon polaritons (SPP) [28].The LSPR
is a characteristic of small metallic nanoparticles and yields
very high field enhancement within a few nanometers from
the metallic surface. Moreover, it was theoretically demon-
strated that embeddingmetallic nanoparticles in active layers
leads to much greater absorption enhancements compared
with the case with metallic nanoparticles in buffer layers [29,
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Figure 1: Schematic of periodic Ag NCs embedded in the active
layer of OSCs.

30]. Moreover, the enhancement effects of gold nanoparticles
on the photocurrent and energy conversion efficiency have
been observed in experiments [30].

In this paper, we theoretically investigated the effect of
introducingmetallic nanocubes (NCs)with different shape in
OSCs on their optical absorption enhancement.More specifi-
cally, we consideredOSCs inwhich the active layer is partially
substituted by periodic silver (Ag) NCs. We found that
metallic NCs led to great absorption enhancement in 60 nm
thick blended polymer, P3HT: PCBM (poly-3-hexythiphene
andphenyl-C61-butyric acidmethyl ester), which is one of the
most widely usedmaterials for polymer solar cells.This is due
to the large field enhancement of themetallic NCs, associated
with the LSPR. Here, a concrete OSCs structure based on the
finite element method (FEM) was modeled. Actually, LSPR
mode in 3D nanostructures composed of periodic Au or Ag
nanoparticles both can be excited by TE and TM polarized
light, and they have the equivalent effect for centrosymmetric
nanoparticles. However, the calculation in 3D simulation
would take a lot of time and computer memory.Therefore we
reduced the 3Dmodel to a 2D one, since previous researchers
have shown that a 2D model can give similar results to a 3D
model [31]. In 2D case, plasmonic excitation is possible only
under TM illumination.

2. Simulation Model and Methods

A 2D cross-section image of OSCs in this study is
illustrated in Figure 1. The hole transport layer is made
of 40 nm thick PEDOT : PSS, poly(3, 4-ethylenedioxythio-
phene) : poly(styrenesulfonate), which is a polymer with
good chemical and thermal stability and good flexibility.
The commonly used active layer BHJ material consists of
the electron donor P3HT and the electron acceptor PCBM.
Results for 60 nm thick polymer layer P3HT : PCBMwith 1 : 1
weight ratio are presented here, in contact with the cathode
made of aluminum (Al) with 100 nm thick. The material of
the metallic nanoparticles is Ag NCs.Thematerial properties
of PEDOT : PSS, P3HT : PCBM, Al, and Ag are taken from
literature [32, 33].

The NCs are embedded into the top of active layer
in the form of periodic array. As shown in Figure 1, we
assume the light as incident plane wave illuminates on the
OSCs. The incident plane wave is the TM polarization under
wavelengths of 300–800 nmwhich is the region of interest for
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Figure 2: Surface area of Ag NCs keeps constant before and after 𝑅
changes.

Table 1: (Unit: nm) 𝐿 = 20.

𝑅 = 0 𝑅 = 3 𝑅 = 6 𝑅 = 11.29

𝐿

= 20 𝐿


= 20.19 𝐿


= 20.76 𝐿


= 22.58

the active layer material. The light illuminates from the air
into theOSCs passing thewhole transport layer and the active
layer and reaching the cathode. In the FEM model, periodic
boundary conditions are used at the left and right boundaries,
while perfectly matched layer (PML) absorbing boundary
conditions are used at the top and bottom boundaries of
the simulation domain. The absorption in the active layer
is calculated by integrating the divergence of the Poynting
vector (power flow) which is then normalized with input
power.

As well known, metallic NCs dispersed in the active layer
of OSCs can enhance the absorption due to the LSPR of NCs.
However, the scattering and absorption of NCs are highly
size- and shape-dependent [34, 35]. We modeled the layouts
both with and without the metallic NCs. In the optimization
of the cell geometry we simultaneously varied the shape
and the period of Ag NCs, as shown in Figure 2. In order
to ensure comparability among OSCs with different shape,
the occupation ratio of Ag NCs in active material must be
consistent; therefore we kept the surface area as a constant.
As can be seen from Figure 2, by increasing the corner radius
from zero to 𝑅, the side lengths altered from 𝐿 to 𝐿. In view
of geometry relation of surface area before and after changes,
𝐿
can be calculated at different 𝑅

𝐿
2
= 𝑥
2
+ 4𝑥𝑅 + 𝜋𝑅

2

𝐿

= 𝑥 + 2𝑅,

(1)

where 𝑅 is the corner radius of Ag NCs and 𝑥 is the side
lengths of region 1 in Figure 2. The surface area of Ag NCs
is fixed at 400 nm2, and then 𝐿 = 20 nm (𝑅 = 0 nm). We can
get the value 𝐿 from (1) corresponding to 𝑅 = 3, 6, and 11.29
as shown in Table 1.

3. Results and Discussions

We investigated the influence of the 𝑅 on the absorption. In
order to reveal the mechanism of absorption enhancement,
the side lengths 𝐿 of the metallic NCs were fixed in Table 1.
To quantify the absorption enhancement within the polymer
itself, we integrated the Poynting vector ⃗𝑆 within the region
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Figure 3: Electric field intensity for incident light at a wavelength of 480 nm, the period of 30 nm and 𝑅 of Ag NCs are (a) 0, (b) 3, (c) 6, and
(d) 11.29 nm. 𝜆 = 480 nm, 𝑃 = 30 nm.

only and normalized it to the incoming power over one
period 𝑃inc

𝐴 (𝜆) =

∫ (∇ ⋅ 𝑆) 𝑑𝑉polymer

𝑃inc
. (2)

To quantity the absorption capability of the solar cell
structure in the wavelength region of interest, we defined a
normalized weighted integrated absorption for the AM 1.5G
spectrum

𝐴 int =
∫ [𝑃
𝐴1.5G (𝜆) × 𝐴 (𝜆)] 𝑑𝜆

∫𝑃AM1.5G (𝜆) 𝑑𝜆
. (3)

Our choice of the 300–800 nm wavelength regions is rel-
ative to the absorption properties of active layer material. We
can obtain the absorption enhancement (ratio of absorption
with metallic NCs to that without metallic NCs) in the active

layer (it does not include the absorption in the metallic NCs)
in function of metallic NCs period

Absorption Enhancement =
𝐴 int (with NPs)
𝐴 int (without NPs)

, (4)

where 𝐴 int (with NCs) and 𝐴 int (without NCs) are the nor-
malized weighted integrated absorption with and without
metallic NCs in the active layer, respectively.

Exact analytical solutions for metallic NCs interacting
with electromagnetic radiation have been investigated byMie
in the stationary case for metallic spheres [36]. Here we
consider NCs, but some general principles proven for spheres
are still valid. The plasmonic effects can be attributed to the
coherent oscillations of free electrons within the metallic
NCs. By comparing the resonance wavelengths, we found
that small NCs acted as a forced dipole oscillator with a
resonance wavelength set by the dielectric permittivity of the
surrounding medium and the dispersive permittivity of the
metal. In general, the resonance wavelength will depend on
the shape of the NCs and its size.
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Figure 4: Electric field intensity for incident light at a wavelength of 750 nm, the period of 30 nm and 𝑅 of Ag NCs are (a) 0, (b) 3, (c) 6, and
(d) 11.29 nm. 𝜆 = 750 nm, 𝑃 = 30 nm.

Figure 3 shows the calculated electric field intensity in
the 𝑥-𝑦 plane, at a wavelength of 480 nm. The Ag NCs have
a period of 30 nm and the 𝑅 of (a) 0, (b) 3, (c) 6, and (d)
11.29 nm. It is noted that the electric field is distributed around
the particle. The localized surface plasmon modes excited
at the interface between the Ag NCs and the active layer
cause strong field enhancement around the interface. The
field is mainly situated in the active layer rather than inside
the metal, which brings in an improvement in the absorption
efficiency of the active layer, particularly around the edges of
the Ag NCs. The amplified electric field intensity penetrates
into the active layers, leading to absorption enhancements.
With varying the 𝑅 of the Ag NCs, the electric fields
distributed were calculated and plotted in Figure 3. A very
high value of the electric field can be observed on the NCs
surface, and as can be seen from Figure 3(a), the electric field
distribution at the corner of nanocubes is more concentrated
than other regions. As the 𝑅 increased, the charge density
on the NCs decreases leading to the decrease of the absolute

value of the surface electric field on the NCs, as can be
observed in Figures 3(a), 3(b), 3(c), and 3(d).

One might argue that only giving the electric field
intensity distribution in the active layer at a monochromatic
wave is not adequate to demonstrate the enhancement
mechanisms; to this end, we examined the electric field
intensity distribution at a wavelength of 750 nm and the
period of 30 nm (Figure 4). Interestingly, Figure 4 shows a
larger electric field intensity enhancement in the wavelength
of 750 nm than the wavelength of 480 nm, owing to that
geometry of NCs and the incidence wavelengths are more
close to the resonance condition.

We theoretically investigated the influence of the corner
shape of Ag NCs on the optical absorption in thin OSCs.
In order to reveal the enhancement mechanism of near
field and scattering, the active layer was divided into three
sublayers: parts I, II, and III sublayers, as depicted in the
inset of Figure 5(a), Figure 6(a), and Figure 7(a).The complex
refractive index of Agwasmodeled byDrude-Lorentzmodel.
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Figure 5: (a) Absorption spectra in the active layer of part I of the OSCs with Ag NCs of different 𝑅. (b) Absorption enhancement in the
active layer of part I exhibited by OSCs relative to a pristine solar cell.
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Figure 6: (a) Absorption spectra in the active layer of part II of the OSCs with Ag NCs of different 𝑅. (b) Absorption enhancement in the
active layer of part II exhibited by OSCs relative to a pristine solar cell.

Figure 5(a) shows the calculated absorption spectrum in
the active layer of part I, and Ag NCs with different corner
shape integrated inside the active layer. It was noted that the
absorption is obviously decreased with the 𝑅 increased at
short wavelength, which was consistent with the electric field
distributed in Figure 4. The absorption enhancement in the
active layer of part I is shown in Figure 5(b) for varying 𝑅 of
Ag NCs and periods ranging up to 600 nm. It is important to
note that the volume of active material in this configuration
is decreased due to the presence of the Ag NCs. However, the

total amount of light absorbed in the active layer of part I
increased. The absorption enhancement due to the presence
of the Ag NCs outweighs the reduction in absorption due
to the omitted active material. The enhancement is owed
to the excitation of localized surface plasmon modes at
the interface between the Ag NCs and the active layer. A
maximum absorption enhancement of 55% is observed at the
period of 80 nm and 𝑅 = 0. At small periods the content
of active material rapidly decreases and the active absorption
drops correspondingly. At large periods, where the density of
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Figure 7: (a) Absorption spectra in the active layer of part III of the OSCs with Ag NCs of different 𝑅. (b) Absorption enhancement in the
active layer of part III exhibited by OSCs relative to a pristine solar cell.

features becomes small, the absorption enhancement tends
towards the value of 1, as expected. The peak of the curve
indicates that light trapping ability is the strongest. We can
see from Figure 5(b) that the absorption enhancement is
decreased with the increase of 𝑅, which is corresponding
to the electric distribution as shown in Figure 4. The LSPR
frequency strongly depends on the shape of nanostructure.
For the periodic NCs array, it is identified that the absorption
resonance is mainly due to gap plasmon when the separation
distance between neighboring NCs is small enough. When
the distance becomes larger, the field strength in the gap
region weakens sharply, and the resonance is dominated by
the shape of NC. Therefore at a distance value (i.e., 200∼
400 nm), the resonance can be an equal mixture of the two
above mentioned resonances. For the nanostructures with
different shapes, the separation distance of the appearance of
gap plasmon is different. So it is an interesting phenomenon
that the NCs with 11.29 nm corner radius show higher
enhancement than those with 6 nm one from 200 nm to
400 nm period (the distance between the neighbor NCs) in
Figure 5(b).This can be ascribed to the fact that the distances
of interparticle gap for NCs with corner radius of 11.29 nm
and 6 nm are different.

Figure 6(a) shows the absorption spectrum in part II of
the active layer with a periodic array of Ag NCs, at various
𝑅. As can be seen from Figure 6(a), absorption intensity
increases with the increase of 𝑅. Because the incoming
power into OSCs is a constant, part I has a high field
enhancement due to the LSPR performance of nanocubes,
leading to a reduced power entry into part II. The absorption
enhancement can be observed in Figure 6(b).The absorption
enhancement ratio increases sharply at first and then decays
steadily with the period increases. In addition, the absorption
increases with the increase of 𝑅. Figures 7(a) and 7(b) show

the absorption spectra and the absorption enhancement for
Ag NCs of various 𝑅 in part III of the active layer. It can
be seen that the absorption enhancement with Ag NCs has
a significant increase compared with that without Ag NCs,
which may result from the LSPR enhanced electric field.
The absorption enhancements among different corner shapes
of NCs are different. When the corner radius is zero, the
enhancement is the highest.

4. Conclusion

We investigated the absorption enhancement induced by
Ag NCs with different 𝑅 within active layers, and then the
influence of𝑅 on the absorption was analyzed.We found that
the LSPR modes excited by the Ag NCs led to strong absorp-
tion enhancement. Significant absorption enhancements had
been demonstrated in metallic region with various 𝑅 of Ag
NCs, among them 𝑅 = 0 resulted in the best light absorption
performance of up to 55% enhancement with respect to bare
OSCs. The origins of increased absorption are believed to
be the effects of the huge electric field enhancement and
increased scattering upon the excitation of localized surface
plasmon resonance. Apart from using 𝑅 = 0, we also
showed that 𝑅 = 3, 6, and 11.29 nm of Ag NCs in metallic
region of active layer may result in themaximum comparable
absorption enhancement of 49%, 41%, and 28%, respectively.
Furthermore, this work also provided better understanding
of the enhancement mechanism by Ag NCs in photovoltaic
devices.
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