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Silver clusters insert into polymer solar cell
for enhancing light absorption
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As an employment of surface plasmonic effect, the consequence of insertion of a layer of Ag clusters into
polymer solar cell on the enhancement of light absorption and power conversion efficiency is investigated.
Optical analysis based on the finite-difference time-domain (FDTD) is performed with experiments to
evaluate the effect of the interaction between the Ag clusters and incident light on light absorption in
polymer solar cell. Ag clusters modify the light wave vector and the electromagnetic field inside the device
is redistributed and enhanced. As a result, polymer solar cells achieve an overall increase in absorption,
short-circuit current density, and power conversion efficiency.
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Low conversion efficiency of the polymer solar cell is
attributed to the weak absorption of the thin active
layer owing to the existing trade-off between optical
absorption and electrical performance[1−3]. Structur-
ing the thin-film solar cell for light-trapping has re-
sulted in enhancement of optical absorption under a
special spectral range without increasing the active layer
thickness[4−10]. Another promising device architecture
can be accomplished with Ag clusters embedded into
the device. This can enhance electromagnetic field in-
tensity (EFI) near the active layer due to Ag plasmonic
effects[11−16]. Plasmonic polymer solar cell has been
intensively studied with the aim of promoting cell con-
version efficiency[17−19]. However, only a few studies
have reported on the redistribution and the enhance-
ment of EFI inside the polymer solar cell due to the
insertion of Ag clusters.

In this letter, the insertion of a thin layer of Ag clusters
into the polymer solar cell facilitated increased optical
absorption in the active layer over a broad range of
visible wavelengths. The finite-difference time-domain
(FDTD) method was applied to analyze the distribution
of electromagnetic intensity inside the polymer solar cell
with the Ag clusters and determine the effect of the in-
teraction between the clusters and incident light on the
intensity enhancement of the polymer solar cell[20−22].

The layer of Ag clusters was deposited by thermally
evaporating Ag powder (99.95%, Aladdin) onto a cleaned
indium tin oxide (ITO) substrate at 10−6 and subse-
quently annealed at 250 ◦C in a glove box with nitro-
gen. The thickness of the layer was monitored in-situ
by a quartz crystal oscillator. The reference device
was treated with oxygen. No plasma treatment was
performed on the device with Ag clusters. The poly-
mer solar cell was fabricated with the structure of ITO
(∼150 nm) /Ag cluster layer / PEDOT:PSS (∼40 nm) /
P3HT:PCBM (∼100 nm) /LiF (1 nm) /Al (120 nm)[23],
as presented in Fig. 1.

For convenience of description, the device without
Ag clusters serves as the reference device and the de-
vice with 7.8-nm-thick Ag clusters is the device that is

investigated. The current density-voltage (J − V ) mea-
surements of the device were performed with a semicon-
ductor characterization system (4155C Agilent, USA)
under the excitation of a 450-W solar simulator (oriel
94023, Newport, USA) using an AM 1.5 filter at the
intensity of 80 mW/cm2. Incident photon conversion
efficiency (IPCE) was recorded using an IPCE measure-
ment system (Shanghai Koan Electro-Optics Co., Ltd),
as presented in Fig. 2.

In Fig. 2, IPCE increases at the light wavelength
from 350 to 630 nm. Short circuit current density Jsc

increases from 8.5 to 10.2 mA/cm2. Power conversion

Fig. 1. Structure of the device with the layer of Ag clusters.

Fig. 2. Incident photon conversion efficiency and J − V (in-
set) for the devices with and without Ag clusters.

1671-7694/2012/012401(3) 012401-1 c© 2012 Chinese Optics Letters



COL 10(1), 012401(2012) CHINESE OPTICS LETTERS January 10, 2012

Fig. 3. (a) SEM and (b) AFM images of the Ag clusters on
ITO substrate.

Fig. 4. Equivalent physical model of Ag cluster.

efficiency (PCE) for the device with Ag clusters ηAg

is 1.79%, a factor of 27% increases with respect to the
reference device ηref of 1.40%. The fill factor (FF) de-
creases from 40.49% to 39.75%, which indicates no appar-
ent change. Thus, the increase of conversion efficiency
results from the increased short-circuit current because of
the existence of Ag clusters. With the integration of the
incident photon coversion efficiency (IPCE) over 300–
700-nm wavelength, Jsc is 7.79 mA/cm2 for the reference
device and 8.29 mA/cm2 for the Ag cluster device. Com-
pared with J − V curves, lower Jsc from IPCE is caused
by the mismatch of spectra of two light source and the
performance degradation of unencapsulated device.

Scanning electron microscopy (SEM) (SmartSEM
V5.00 Carl Zeiss, German) and atomic force microscopy
(AFM) (SPI3800N, Seiko, Japan) images of Ag clusters
were obtained. These are shown in Fig. 3. The size of
the clusters was analyzed by the software Image-Pro Plus
version 6.0.0.260. Based on the images, a unit cell was
physically modeled and shown in Fig. 4. Six discs with
a diameter of d = 40 nm are positioned at the corners
of a hexagon and another disc with the same diameter is
centered in the hexagon. The distance between two discs
is 50 nm. PEDOT:PSS is surrounding the discs.

Particle polarizability α is given as

α = 3V
ε− εm

ε + 2εm
, (1)

where V is the particle volume and ε and εm are the
particle and surrounding medium dielectric functions,
respectively. When εAg = −2εPEDOT, the particle po-
larizability will become very large and the incident light
will be strongly scattered at the wavelength near the
plasmon resonance.

FDTD method was applied to evaluate the influence
of the plasmonic resonance effect on the electromagnetic
field distribution inside the device shown in Fig. 4[21].
Mesh size of 0.4–1 nm in the vicinity of the metal cluster
was used in the simulation. EFI versus wavelength at
the slice 2: z = 0.0078 µm is shown in Fig. 5.

Figure 5 shows that the electromagnetic intensity is
magnified more over a broad range of visible wavelengths
at the slice 2 inside the device with Ag clusters compared
with the reference. The peak wavelength of the electro-
magnetic intensity red-shifts from 485 to 575 nm and the
electromagnetic intensity is enhanced by a factor of 35.3.
The light is scattered by the clusters and the scattering
field is formed. The scattering field amplifies the EFI
in the polymer solar cell and the intensity of field as a
function of the incident light wavelength is maximized at
575 nm in the vicinity of Ag clusters.

For the reference device, the normalized EFI values
of slice 2 are 0.884 and 0.337 at light wavelengths of
500 and 575 nm, respectively. For slice 3, the values
are 0.669 and 1.163 at light wavelengths of 500 and 575
nm, respectively. The Ag cluster device presents non-
identical EFI at slice 2 and slice 3, as presented in Fig.
6. In Figs. 6(a) and (b), the maximum value of EFI
is larger than 90 in slice 2 of Ag cluster device when
the excitation wavelength is 575 nm. Several maxima
appear among the Ag clusters. In Figs. 6(c) and (d), the
enhanced EFI is observed in the device which is not the
case with the reference. Thus, EFI near the active layer is

Fig. 5. Electromagnetic intensity versus wavelength for the
point of x = 0, y = 0, z = 0.0078 µm in the devices.

Fig. 6. Electromagnetic intensity versus position (x,y) at: (a)
500-nm and (b) 575-nm wavelengths for the slice 2: z = 0.0078
µm in the device with Ag clusters, (c) 500-nm and (d) 575-nm
wavelengths for the slice 3: z = 0.09 µm in the device with
Ag clusters.
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apparently redistributed and enhanced for the existence
of Ag clusters. This confirms that the near-field radiative
coupling between the incident light and the small clus-
ters modifies the incident lightwave vector. The sunlight
scattered with large angle enhances the electromagnetic
field in the active layer leading to the increased absorp-
tion.

In conclusion, polymer solar cell with a layer of Ag
clusters shows an overall increase in absorption, short-
circuit current density, and power conversion efficiency
compared with the reference device. Based on the SEM
and AFM images, light absorption enhancement is at-
tributed to the redistribution and enhancement of EFI
caused by the Ag clusters as confirmed by FDTD simu-
lation.
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