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Abstract

Bio-synthesized gold nanoparticles (AuNPs) with bacteria have been
used to enhance the efficiency of P3HT: PCBM based Organic Photovoltaic
(OPV) devices. First, AuNPs were synthesized in Bacillus Subtilis containing
medium and characterized by zeta potential analyzer, energy dispersive
X-ray spectrometer (EDS), UV-Vis spectrometer and Transmission Electron
Microscope (TEM). The shape of AuNPs was found to be mainly spherical
with an average diameter of 8.01 nm bearing negative surface charge (pH:
2~11). Next, the AuNPs were added to the PEDOT: PSS solution and spin-
coated on the ITO substrate, followed by coating the active layer (P3HT:PCBM)
and deposition of the metal electrodes. It has been observed that the power
conversion efficiency (PCE) increased from 2.98 to 3.39% (enhancement of
14%) at optimum conditions by incorporation of bio-synthesized AuNPs in the
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Introduction

Increased demand for low-cost renewable energy sources has led
to find alternative techniques to convert solar energy into electricity.
Currently, conventional silicon based photovoltaic devices has
dominated the market, however, their high cost is still a critical
issue that limits their wide utilization [1]. Among all the alternative
technologies, Bulk-Heterojunction (BHJ) type organic photovoltaic
(OPV) seems the most promising one and is expected to play a major
role in meeting the global renewable energy challenge in the near
future. There are three key advantages of BHJ type OPVs; 1) polymer
materials are inherently inexpensive, 2) they are compatible with
plastic substrates and 3) they can be fabricated on large area using
high-throughput and low temperature approaches [2].

Particularly, OPV devices containing blends of poly(3-
hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM) in the active layer have been widely studied and power
conversion efficiency(PCE) of~3-5% have been reported by various
research groups [3-7]. One of the key issues of achieving higher PCE is
sufficient photon absorption in the active layer. However, increasing
the thickness of active layer inevitably results in increased device
resistance, owing to the low carrier mobility of organic materials.
Thus, in order to improve the absorbance of active layer, various
light trapping techniques have been tried such as periodic diffractive
structures [8], V-shaped configurations [9], optical spacer layers [10],
photonic crystals [11], and plasmonic metallic Nanoparticles (NPs)
[12-15].

Enhanced light harvesting via utilization of metal NPs due to
surface plasmon resonance characteristic is the most promising
and efficient route among the mentioned approaches [16]. The

excitation of surface Plasmon occurs through the interaction
between the electromagnetic field of incident light and the surface
electron density surrounding NPs, which led to local enhancement
in the electromagnetic field. Moreover, metallic NPs can scatter and
reflect the incident light, resulting in increased length of the optical
path within the BHJ active layer film. Thus, the excitation of surface
plasmon is very beneficial for improving light absorption and thus the
photocurrent in OPVs [17].

Typically, plasmonic metal NPs are prepared through physical
and chemical techniques. Physical techniques include the formation
of AuNPs and AgNPs via thermal evaporation [18], electron beam
evaporation [19], physical vapor deposition [20], laser-assisted
nanofabrication [21], pulsed laser and ion beam milling [22].
Significant improvements has been achieved in PCE of the OPV
devices via incorporation of the NPs, owing to light absorption
enhancement and light scattering, which led to more light harvesting.
However, these methods have various drawbacks such as high capital
cost of the equipments, complex process, low throughput, poor
control over size and shape of the nanoparticles and difficulty to work
on large areas. In addition, the metal NPs could be only formed on
ITO substrate, owing to the possible damage on the organic layers.

Consequently, the chemically synthesized AuNPs and AgNPs
have been widely utilized for efficiency enhancement in OPV
devices. Similar to physically obtained NPs, chemically synthesized
counterparts also contribute to the PCE enhancement prominently
in OPV devices [23-26]. Since they are prepared in colloidal forms,
the metal NPs could be easily mixed with polymer solution, thus,
they could be incorporated in whole transport and/or active layer.
In addition, it is easy to control size/shape of the NPs and large
quantities could be obtained in a short time. However, the chemical
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Figure 1: Chemical structure of (A) P3HT and (B) PCBM.

synthesis methods usually contain toxic chemicals and may require
high temperature and generate chemical wastes.

Microorganisms, such as bacteria, yeast and fungi, are known
to produce inorganicmaterials either intra- or extracellularly [27-
31]. Consequently, during the last decade, the bio-synthesis of metal
NPs has been explored as an alternative since it is environmentally
clean process.New alternatives for the synthesis of metallic NPs are
currently being explored via bacteria, yeast, fungi, plant biomass,
live plants and plant extracts. The use of biological systems for the
synthesis of NPs offers several advantages since the methods are easier
to carry out and more economical than traditional ones [32-35].

Thus, in this work, bio-synthesized AuNPs were prepared and
utilized for efficieny enhancement in P3HT:PCBM based OPV
devices.To our best knowledge, this is the first report on utilization
of bio-synthesized AuNPs in OPVs. The AuNPs were synthesized
by microbial bioconversion containing gold salt, followed by
characterization. Then, the NPswere added to PEDOT:PSS solution
and spin-coated on ITO substrate. Next, the fabrication of OPV device
was completed by coating the active layer and deposition of metal
electrode. The effect of AuNP concentration on the performance of
OPV device was investigated. The characterization of OPV device was
carried out with Lot-Oriel solar simulator under AM 1.5G conditions
and the device efficiency was calculated.

Experimental

Materials

All reagents were purchased from commercial sources and used
without further purification. [6, 6]-phenyl-C  butyric acid methyl
ester (PC_BM, defined as PCBM in the text) was purchased from
Sigma-Aldrich (USA) while PEDOT-PSS (500P) was obtained from
Clevios (Germany). The blend for the active layer was prepared by
dissolving 25 mg of P3HT and PCBM in 1, 2 dichlorobenzene (1 ml).
The structure of P3HT and PCBM was shown in Figure 1. Gold(III)
chloridetrihydrate (HAuCl,.3H,0), microbiological media and its
ingredients were purchased from Sigma-Aldrich (USA) and used as
received.

Synthesis and characterization of AuNPs

Preparation of cell-free extracts: Bacillus subtilis strain, SDP1,
isolated from the rhizosphere of Acacia cyanophylla Lindley has
been used for the synthesis of AuNPs. In our unpublished work,
taxonomic characterization of the said strain was determined by
using morphological, physiological and molecular methods such as
16S rRNA analysis. The sequence has been submitted to the genbank
with the accession number of HM235916.The bacteria cells were
grown in nutrient broth at 37°C under shaking with 200 rpm for
24 hours. The cells were harvested by centrifugation (8.500 rpm, 20

min) and the culture supernatant was filtered through 22 um filter to
remove cell debris. Finally, pH of the supernatant was set to pH 9.0
with sufficient amount of NaOH.

Synthesis of AuNPs by cell-free extracts: Synthesis of AuNPs
was carried out in a Schott bottle with final volume of 50 mL, which
included equal volume of 1 mM HAuCl, solution and cell-free
supernatant solution. The control sampledid not contain any cell-
free extract. The medium was subjected to microwave irradiation
(Argelik MD 585) at the frequency of 2.45 GHz with power output
of 340 Watt in 60 s on/off cyclic mode. The irradiation process was
conducted for 17 cycles. After two or three cycles, it was observed that
the color of the solution changed from light yellow to shining red,
indicating the formation of AuNPs.

Characterization of AuNPs: The AuNPs were characterized
by TEM (JEM-2100, JEOL, Japan) and average particle size as well
as particle size distribution were calculated by measuring particles
manually from the TEM images. Zeta potential of the nanoparticle
solution was determined by the Zetasizer (Malvern, Nanosz 3600)
while the UV/Vis absorbance of the AuNP solution was measured by
UV/Vis spectrometer (Becman DU 800).

Film and device fabrication

Indium Tin Oxide (ITO) coated glasses with sheet resistances of
25 Q/cm were used as substrates. First, the substrates were cleaned
in an ultrasonic bath with acetone, isopropyl alcohol, and deionized-
water subsequently for 5 min and then dried under nitrogen gas flow.
The solar cells were fabricated in the configuration of the traditional
sandwich structure with ITO/PEDOT: PSS/active layer/Ca/Al. The
PEDOT: PSS solution was spin coated on ITO coated glass substrates,
flowed by annealing at 100°C for 30 minutes. The AuNPs were added
in PEDOT:PSS solution with 1,3 and 4% of weight. No problem in
mixing of PEDOT: PSS and AuNP solution was observed since both
are soluble or dispersible in water. The P3HT and PCBM solutions
were prepared with 1:1 ratio and then the blend solution was spin
coated on PEDOT: PSS coated substrate and finally, the cathode was
thermally evaporated with Ca/Al at a pressure of 6x10°mbar through
a shadow mask.

Device characterization

The current density-voltage (J-V) characteristics of devices were
taken under light illumination using standard solar irradiation of 100
mW/cm? (AM1.5) with Xenon lamp as a light source and computer-
controlled voltage-current Keithley 2600 source meter at 25°C under
ambient atmosphere.

The Incident Photon to Current Efficiency (IPCE) measurements
was performed by using NewPort Quantum Efficiency Systems. The
samples were illuminated with monochromatic light of a Xenon lamp.
The % IPCE was calculated according to the following equation:

IPCE (%)= I, x1240

Ph X ﬂ‘incidem
where I, ( pA/cm?),P  (W/m’) and A (nm) is the measured
current under short-circuit condition, the incident light power and
the incident photon wavelength, respectively.
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Figure 2: Device architecture of polymer solar cell.
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Figure 3: (A)Demonstration of AuNP formation by increasing microwave
irradiation cycle and (B) UV-Vis spectrum of AuNP solution.

Results and Discussion

Synthesis and characterization of AuNPs

AuNPs were successfully synthesized using the microwave
irradiation method. Nanoparticle formation was clearly observed
by naked eye, following the change in color of the solution after
microwave irradiation (Figure 3-A). Maximum absorption at about
530 nm (Figure 3-B) could be attributed to the surface plasmon
resonance (SPR) of AuNPs, consistent with the previous reports
[23,24]. Gradual increase in the intensity of the absorption band at
530 nm with increasing irradiation cycle was observed and maximum
absorbance value was obtained at 17* cycle.

Transmission Electron Microscopy (TEM) micrograph (Figure
4-A) shows the size and shape of the nanoparticles. The size of the
particles was calculated manually from the images and the average
size was found as 8.01+0.37 nm (Figure 4-B). Well dispersed
nanoparticles without any agglomeration in spherical shape were
observed in the micrograph.

Zeta potential of the nanoparticles was measured as -33 mV
thereafter the reaction. Effect of pH change on zeta potential was
also determined as seen in Figure 5. In acidic pH range, until pH 4,
zeta potential value does not change significantly and it was found
as -15mV. However, as the pH was increased from 4 to 5, it drops
abruptly until -27.5 mV. Thereafter, no sharp change was observed.
It is also worthy to note that particles have more stable zeta potential
values in basic pH range.

The actual mechanism for the biosynthesis of GNPs by
different microorganisms is still not well understood. Some of the
microorganisms growing at high metal ion concentrations are able
to survive either by reducing or eliminating toxic effect of metals by
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Figure 4: (A) TEM image and (B) Frequency vs. particle size characteristics
of AuNPs.
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Figure 6: J-V characteristics of P3HT:PCBM solar cell with AuNPs.

changing redox state of metal ions. Upon the change of redox state,
metal nanoparticles form and precipitate intracellularly from the
metal ion. However, it can be speculated that a specific reductase
enzyme present in microorganism would be responsible for the
reduction of metal ions to metallic nanoparticles [31]. On the other
hand, metal ions trapped on the surface of the cells come together with
reducing ions in the presence of enzymes, which led to formation of
nanoparticles extracellularly [36].

Characterization of solar cell

Effect of AuNPs on device efficiency was investigated by
embedding AuNPs in PEDOT: PSS layer. Figure 6 shows the current
density—voltage measurements of the OPV devices with different
AuNP concentration in the hole transport layer, which was recorded
under 100 mW/cm? illumination (AM 1.5G). The reference device
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Table 1: Summary of OPV device parameters.

Conc. of AuNP
%) Voc Jsc FF PCE
0 0.60 8.92 0.56 2.98
1 0.61 9.68 0.57 3.39
2 0.61 9.1 0.57 3.23
3 0.60 9.67 0.54 3.21
304
—e— reference
—u— 1% AuNPs
204 —#— 3% AuNPs
=
L
g
— 104
0 s, SRR
460 560 860 1Db0
Wavelength (nm)
Figure 7: IPCE plot of OPV devices with different AUNP content in whole
transport layer.

possessing the structure of ITO/PEDOT: PSS/P3HT: PCBM/Ca/Al
has shown typical characteristics consistent with previous reports
with an open-circuit voltage (Voc) of 0.60 V, a short-circuit current
(Jsc) of 8.92 mA/cm? and Fill Factor (FF) of 56%, resulting in a PCE
of 2.98% [23,26]. In addition, it was found that current densities
were improved with embedding plasmonic AuNPs compared to the
reference device containing no AuNPs.

Detailed analysis of the OPV devices is demonstrated in Table
1. By adding 1% AuNP in whole transport layer, the PCE was
substantially improved from 2.98 % to 3.39%. This could be mainly
explained by the significant enhancement of short circuit current (Jsc)
from 8.92 mA/cm? to 9.68 mA/cm? The Fill Factor (FF) was slightly
improved and the open Circuit Voltage (Voc) was mostly unchanged,
suggesting that the PCE enhancement resulted fundamentally from
the plasmonic effect of incorporated AuNPs [23,24,37].

IPCE values of P3HT: PCBM based POV devices with different
AuNP concentration were shown in Figure 7, which indicated
that photocurrent generation has been improved with addition of
AuNP compared to reference cell. The best result for photocurrent
generation was obtained with 1% AuNP concentration since
photocurrent generation is increased from 18% to 30% (Figure 7).
However, increasing the concentration of AuNPs (higher than 1%)
has led to decreased PCE, possibly owing to the spoiled morphology
of hole transport layer [12].

Conclusion

In summary, we have demonstrated the efficiency enhancement
of P3HT: PCBM based OPV device via incorporation of biologically
synthesized AuNPs in the PEDOT:PSS layer. The AuNPs with average
size of 8.01 nm were successfully synthesized by Bacillus subtilis
strain. It was found that adding 1% AuNP in whole transport layer has
increased the device PCE from 2.98 to 3.39%. The 13% increment in
the device efficiency was attributed to the enhanced light absorption

by the surface plasmon of the AuNPs.
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