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Abstract: The optical absorption enhancement in thin film organic solar
cells (OSCs) with plasmonic metal nanoparticles (NPs) has been studied by
means of finite element method with a three-dimension model. It is found
that significant plasmonic enhancement of above 100% can be obtained by
introducing Ag-NPs at the interface between P3HT:PCBM active layer and
PEDOT:PSS anode layer. This enhancement is even larger than that with
Ag-NPs totally embedded in the P3BHT:PCBM active layer of thin film
OSCs. Furthermore, the enhancement mechanism of Ag-NPs at different
positions of thin film OSCs is investigated.
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1. Introduction

Utilizing metal nanoparticles (NPs) with plasmonic enhancement effect is considered as one
of the promising methods for increasing the optical absorption of solar cells [1-17]. The metal
NPs cannot only scatter and couple the incident light into the active layer [2—12] but also
confine the light surrounding their surfaces [13—17], which results in the light absorption
enhancement of solar cells. For different kinds of solar cell, the role of these two
corresponding effects (i.e., surface plasmon enhanced scattering effect and localized surface
plasmon (LSP) based field enhancement effect) in improving the light trapping should be
different [1]. For silicon-based solar cells, the surface plasmon enhanced scattering effect
dominates the optical enhancement, which had been demonstrated by our group and other
researchers [2—12]. For thin film organic solar cells (OSCs), understanding which effect plays
the dominant role is also important and helpful for us to make use of metal NPs based
plasmonic enhancement effect to improve their efficiency.

In this paper, the optical absorption enhancement by plasmonic silver nanoparticles (Ag-
NPs) in thin film OSCs has been studied theoretically based on the finite element method
(FEM) with a three-dimension (3D) model. By depositing Ag-NPs at different positions of
thin film OSCs, the enhancement mechanism is studied and discussed. The simulation results
indicate that the LSP based field enhancement effect dominates the optical absorption
enhancement in thin film OSCs with Ag-NPs, which is different from the effect for improving
the efficiency of a-Si:H solar cells [12]. It is surprising that the plasmonic assisted optical
absorption enhancement is the most significant when Ag-NPs are deposited at the interface of
poly (3,4-ethylenedioxythiophene): poly (styrenesulfonate) (PEDOT:PSS) and poly (3-
hexylthiophene): (6,6)-phenyl-C61-butyric-acid-methyl ester (P3HT:PCBM) layers rather
than merely inserted into the P3HT:PCBM active layer of thin film OSCs. The absorption
enhancement value could be higher than 100% owing to the whole spectrum enhancement
with Ag-NPs at the interface of PEDOT:PSS and P3HT:PCBM layers of OSCs. In addition,
the influence of Ag-NPs’ diameter and spacing on the absorption enhancement has also been
illustrated.
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2. Plasmonic organic solar cell model
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]

Fig. 1. Schematic diagram of thin film organic solar cell with Ag nanoparticles. On the left side
shows the 3D image, while on the right side shows the 2D one.

As shown in Fig. 1, the thin film organic solar cell involved in this paper consists of a
glass, a 20nm-thick indium tin oxide (ITO) layer, a 30nm-thick PEDOT:PSS anode layer, a
30nm-thick active layer of P3HT:PCBM with 1:1 weight ratio, and a 100nm-thick aluminum
(Al) cathode. The plasmonic enhancement effect is studied by introducing the periodically
distributed Ag-NPs inside the PEDOT:PSS layer, the P3HT:PCBM layer, and at the interface
between PEDOT:PSS and P3HT:PCBM layers, respectively. The Ag-NPs with diameter D
and spacing S has an offset d from the interface of PEDOT:PSS and P3HT:PCBM layers.

The 3D model of FEM is adopted to simulate the optical absorption of the structure shown
in Fig. 1. Plane waves propagating along z-direction with unity amplitude are introduced at
the top boundary. The periodic boundary condition in x and y direction is applied for
considering the multiple scattering and cross-coupling between the neighboring nanoparticles.
Herein, just one quarter of the period is concerned, which greatly decreases the computational
complexity [4]. The details of the simulation method can be seen in Refs. 4, 9, 10, 11, and 15.
The optical properties including the wavelength-dependent refractive index n and extinction
coefficient k of ITO, PEDOT:PSS, P3HT:PCBM (1:1), Al, and Ag are taken from Refs. 18-
21.

3. Results and discussions
Define the absorbed photon number spectrum (APNS) as
APNS(w) = A(w)x AM (o) @)

where AM(®) is the spectral photon number of the standard AM 1.5G shown as the red dotted
line in Fig. 2, and A(w) is the spectral absorption rate defined as the part of the incident
spectral power absorbed in the active layer of solar cells [9].
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Fig. 2. Absorption photon number spectra of OSC without Ag-NPs (black square line), with
Ag-NPs totally embedded in the P3HT:PCBM active layer (offset d = 15nm, green triangle
line), and with Ag-NPs deposited at the interface of the PEDOT:PSS anode layer and the
P3HT:PCBM active layer (d = Onm, blue star line), respectively. The red dotted line indicates
the photon number spectrum of the standard AM 1.5G. Here, diameter D = 25nm and spacing S
= 15nm.

Then, the absorbed photon number spectra of OSCs with and without Ag-NPs can be
calculated and shown in Fig. 2. The black square line illustrates the photon number absorbed
by the conventional thin film OSCs without Ag-NPs. By introducing the Ag-NPs (with
diameter D = 25nm, spacing S = 15nm and offset d = 15nm) inside the active layer of OSCs
(P3HT:PCBM), it is illustrated that the green triangle line has an obvious enhancement
compared with the black square line, which means more photons can be absorbed by the
active layer with the help of Ag-NPs. If the Ag-NPs are located at the interface of
PEDOT:PSS and P3HT:PCBM layers, it is surprising that the photon absorption (blue star
line) is further increased compared with the green triangle line.

By defining the absorption enhancement (AE) as

AE = JAPNS (a))Witthg—NPx do- J APNS (w)WithouLAngPs d

(4]
x100%
J.APNS(a))Withoul_AngPs da)

2

the green triangle line has an enhancement value of 73% compared to the black square line,
and the absorption enhancement AE of the blue star line is as high as 106%.
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Fig. 3. Absorption enhancement (AE) as a function of the offset d for the OSCs with Ag-NPs.
Here, diameter D = 25nm, spacing S = 15nm.
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Further, with varying positions of Ag-NPs (offset d), the absorption enhancement as a
function of the offset d is shown in Fig. 3. When Ag-NPs are embedded in the PEDOT:PSS
layer (the orange cross points in Fig. 3), the light absorption efficiency is decreased
(Absorption enhancement < 0%). Namely, the Ag-NPs have a negative effect on increasing
the light absorption of OSCs in this condition. When locating at the interface of PEDOT:PSS
and P3HT:PCBM layers (the blue star points in Fig. 3), the Ag-NPs could effectively improve
the light absorption of OSCs with absorption enhancement up to 106%, which is even higher
than that when the Ag-NPs are totally embedded inside the P3HT:PCBM layer (the green
triangle points in Fig. 3).

To understand the above phenomena and the mechanisms of plasmonic optical
enhancement by metal NPs in OSCs, the distribution of electric field intensity in the OSCs
has been studied. Meanwhile, since the light intensity of LSP surrounding the metal NPs is
proportional to that inside the metal NPs [22], we propose to evaluate the light confined
surrounding Ag-NPs by calculating the light confined inside the Ag-NPs, which can help us
understand the role of LSP in improving the optical absorption of the P3HT:PCBM active
layer. In this way, we can obtain the enhancement range and the peak wavelengths of the LSP
based field enhancement effect in OSCs, and then analyze the role of LSP conveniently.

Figure 4(a) and the orange line in Fig. 5 correspond to the point I in Fig. 3 with Ag-NPs in the
PEDOT:PSS layer. It is indicated that the LSP has been excited around A, = 450nm with Ag-
NPs surrounded by PEDOT:PSS material, through observing the strong field intensity inside
and outside Ag-NPs in Fig. 4(a) and the high optical absorption inside the Ag-NPs of the
orange line in Fig. 5. Meanwhile, it can be found that the lower field intensity inside Ag-NPs
does not always correspond to the lower field intensity outside Ag-NPs by taking a look at the
case of 550-700nm, which results from the scattering effect of Ag-NPs. Since both the
enhanced field excited by LSP resonance and the scattering field are almost concentrated in
the PEDOT:PSS anode layer, the P3HT:PCBM active layer would absorb less incident light
compared to the OSC without Ag-NPs, and the efficiency of the OSC with Ag-NPs in this
situation would decrease. That is why the Ag-NPs inside the PEDOT:PSS layer have a
negative effect on improving the efficiency of OSCs.
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Fig. 4. Electric field distributions with Ag-NPs (diameter D = 25nm, spacing S = 15nm) (a)
inside the PEDOT:PSS layer (offset d = —15nm), (b) at the interface of PEDOT:PSS and
P3HT:PCBM layers (d = Onm), and (c) inside the P3HT: PCBM layer (d = 15nm),
respectively.
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Fig. 5. Absorption photon number spectra of Ag-NPs inside the PEDOT:PSS layer (offset d =
—15nm, orange line), at the interface of PEDOT:PSS and P3HT: PCBM layers (d = Onm, blue
line), and inside the P3BHT:PCBM layer (d = 15nm, green line), respectively.

Figure 4(c) and the green line in Fig. 5 correspond to the point III in Fig. 3 with Ag-NPs in
the P3HT:PCBM active layer. Since the resonance wavelength of LSP is related to the
refractive index of dielectrics surrounding metal NPs [23], the peak wavelength moves from
about Ay = 450nm to 650nm when PEDOT:PSS is replaced by P3HT:PCBM with different
material property. It is noticed that the lower field intensity inside Ag-NPs always
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corresponds to the lower intensity outside Ag-NPs in this situation, which means that the
scattering field is weak. Therefore, the enhanced field is mainly induced by LSP resonance,
which improves the light absorption of the P3HT:PCBM active layer for generating
electricity, especially near the peak wavelength (within the range of 550-700nm shown as the
green triangle line in Fig. 2).

As different from the above two situations, when Ag-NPs are deposited at the interface of
PEDOT:PSS and P3HT:PCBM layers, the LSP resonance can be excited not only in the short
wavelength region (around Ay = 450nm) but also in the long wavelength region (around A, =
650nm) due to the direct contact between the Ag-NPs and the two materials simultaneously.
This is indicated by Fig. 4(b) and the blue line with two peaks of LSP resonance in Fig. 5.
Although the excitation of LSP around A, = 450nm is related to non-active PEDOT:PSS layer,
the field of LSP resonance could spread to the P3BHT:PCBM active layer shown obviously in
the Fig. 4(b) at Ay = 450nm and 500nm. Therefore, the plasmonic enhancement has been
extended to a wider spectrum (350-700nm), and the blue star line in Fig. 2 has a further
enhancement in the short wavelength region compared with the green triangle line.

Actually, from the images of Fig. 4(a) and (b), we can observe the scattering field more or
less. However, for the situation I and III in Fig. 3, there is limited help for improving the light
absorption of OSCs with the scattering field in the above analysis. On the other hand, for the
situation II in Fig. 3, there is obvious enhancement relative to LSP resonance. Considering the
perfect match of the enhancement and the peak wavelength of LSP resonance in the situation
III, it can be concluded that the LSP based field enhancement effect plays a dominant role in
increasing the optical absorption when the metal NPs are introduced into the OSCs.

Furthermore, the structure parameters of diameter D and spacing § are varied to study the
plasmonic absorption enhancement. Figure 6(a) and (b) show the absorption enhancement
when Ag-NPs are deposited at the interface of PEDOT:PSS and P3HT:PCBM layers and
totally embedded inside the P3HT:PCBM layer, respectively. By comparing the two images,
it can be found that the absorption enhancement of OSCs with Ag-NPs at the interface are
generally higher than that with Ag-NPs inside the P3BHT:PCBM active layer, thanks to the
two-peak LSP resonance effect.

By defining the D/S ratio as the ratio of the diameter D and spacing S of Ag-NPs, it is
indicated that high absorption enhancement can be achieved when the D/S ratio is controlled
within the two dashed lines for the two situations. In Fig. 6(a), the high enhancement value of
above 80% can be easily obtained in a wide range of D/S ratio with Ag-NPs at the interface of
PEDOT:PSS and P3HT:PCBM layers. And in Fig. 6(b), the enhancement value of above 60%
can also be obtained with Ag-NPs inside the P3BHT:PCBM active layer. As the optimized
results, 108% (the white circle in Fig. 6(a)) and 75% (the red circle in Fig. 6(b)) are achieved.
Therefore, introducing the Ag-NPs with certain diameter (within 10-28nm) and specific D/S
ratio (about 1.1-3.8 and 1.1-2.2 for the two situations shown in Fig. 6(a) and (b), respectively)
can improve the efficiency of OSCs effectively.
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Fig. 6. Absorption enhancement (AE) as functions of the diameter D and spacing S of Ag-NPs

when they are deposited (a) at the interface of PEDOT:PSS and P3HT:PCBM layers (offset d =
Onm) and (b) inside the P3HT:PCBM layer (d = —15nm), respectively.

4. Conclusion

The optical absorption enhancement by plasmonic metal NPs in thin film OSCs has been
studied theoretically. Considering Ag-NPs at different positions of thin film OSCs, it is found
that the LSP based field enhancement effect plays a dominant role in the optical absorption
enhancement in thin film OSCs. By depositing the Ag-NPs at the interface of PEDOT:PSS
and P3HT:PCBM layers, the plasmonic enhancement effect could be extended to a wider
optical spectrum. The absorption enhancement value could be as high as 108%. Through
varying the parameters of Ag-NPs, it is demonstrated that the enhancement with Ag-NPs at
the interface is generally higher than that with Ag-NPs merely inside the active layer.
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