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ABSTRACT

The effect of using an anodic layer with low density (~ 6x10® cm™) of gold nanorods (GNR) in organic bulk
heterojunction poly(3-hexylthiophene) (P3HT) and phenyl-Cg;-butyric acid methyl ester (PCBM) solar cells was studied.
GNRs were deposited using several techniques, which produced various densities of GNRs on the anode layer. The
anodic layers were characterized microscopically and spectroscopically. The power conversion efficiency and the short-
circuit current for experimental devices incorporating GNR anodic layer showed an enhancement of up to 18% as
compared to the control device. The results suggest that the electric field in the P3HT:PCBM active layer was increased
by the localized surface plasmon resonances in GNRs. The increase in the electric field enhanced the photo-generation of
excitons in the active layer near the plasmon peak, which improved the short-circuit current and the overall power
conversion efficiency. Interestingly, photovoltaic devices with a low density of GNRs in the anodic layer showed an
increase in the power conversion efficiency that was superior to that of devices with a higher density of GNRs in the
anodic layer. This suggests that although the anodic layer with a higher density of GNRs absorbed more light, part of this
light was confined in the anodic layer itself, and prevented from reaching the active layer of the bulk heterojunction
device. In such cases, the power conversion efficiency was even found to be decreased with respect to the value for the
control device.

Organic bulk heterojunction, solar cell, gold nanorods, surface plasmon resonance, anodic layer.

1. INTRODUCTION

Converting the solar radiation into ¢lectricity via organic solar cell (OSC) has recently attracted a great deal of
solar energy researchers interest. Among the different types of solar cells, the exceptional features of OSCs such as
flexibility, ease of processing, portability, and low cost of production make them most interesting for producing energy
from light"™!, So far, the highest reported efficient value of polymer/fullerene OSCs was made from a poly (3-
hexylthiophene-2,5-diyl) (P3HT) polymer as a donor, and a phenyl-Ce;-butyric acid methyl ester (PCBM) fullerene-
derivative as an acceptor is up to 5%**1,

Efficient absorption of the solar radiation is a desirable goal to achieve a high-performance photovoltaic (PV)
device. The high value of the absorption coefficient for OSCs (>10° cm™) allows a very thin active layer (~100 nm) to

absorb a reasonable amount of the incident radiation'"!. However, due to the short diffusion length of excitons!"™ (~10-
20 nm) the thickness of OSCs, or more specifically the thickness of the active layer (polymer/fullerene layer), has to be
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limited. If the thickness of the active layer is decreased, the amount of the absorbed light by the active layer is reduced
and the total power conversion efficiency (PCE) can be as well™”.

The introduction of the bulk heterojunction (BHJ) concept!™™, allowing for the use of thicker active layer films,
succeeded to achieve more efficient OSC devices by reducing the distance between donor/acceptor interface, which
facilates the dissociation of excitons and enhances the PV performance. Although a thick active layer would absorb more
light, a noticeable drop in the PCE was observed in this case!®”). This was due to the increase in the device series
resistance making the surface recombination of charge carriers becoming significant'”.

Alternatively, it has been reported that inserting metallic nanoparticles (MNP) into OSC layers enhanced the light
harvesting without increasing the thickness of the active layer . The plasmonic effect in MNPs helped to concentrate
more light on the active layer, thus to increase the absorption. Localized surface plasmon resonance (LSPR) in MNPs is
a phenomenon of collective oscillations of conduction electrons upon light illumination, which enables more light
absorption in the visible region of the spectrum. It has been reported that the PCE of OSCs increased by a factor of about
1.5 by incorporating silver and gold MNPs into the PV device layers P/I-10]

To our knowledge, there have been no previous inquiriecs on the impact of gold nanorods (GNRs) on the
performance of OSCs. Hence in this study, the effect of depositing a GNRs layer on the top of OSC anodic electrode by
simple coating methods such as spin-casting, drop-casting, and vertical deposition technique was investigated. A
comparison between the efficiency of resulting devices was made.

2.  EXPERIMENTAL DETAILS

2.1 Gold Nanorods
2.1.1 Chemicals and Materials

Hydrogen tetrachloroauric acid (HAuCly-3H,0), cetyltrimethylammonium bromide (CTAB), sodium borohydride
(NaBH,), silver nitrate (AgNO;) and ascorbic acid (AA) were purchased from Sigma-Aldrich. Ultrapure deionized (DI)
water (Millipore system) was used throughout the experiments.

2.1.2  Gold nanorods preparation'"!

a. Seed Solution: CTAB solution (2.5 ml, 0.2 M) was mixed with 1.5 ml of 1 mM HAuCl,-3H,0 and stirred for a
while. Afterwards, 0.6 ml of ice-cold 0.01 M NaBH, was added to the stirred solution. As a result, a brownish-yellow
seed solution is formed. Vigorous stirring of the seed solution was continued for 2 min. The solution was kept at 25°C
after stirring.

b. Growth solution: The growth solution was prepared by mixing all the following components: 10 ml of 0.2 M
CTAB, 560 ul of 4 mM AgNOs, 1 ml of 15 mM HAuCl,-3H,0 and 9 ml of DI water. Approximately 250 ul of AA (0.08
M) was slowly added to the mixture. The addition of ascorbic acid was conducted drop-wise; until the mixture became
colourless after adding one quarter more of the total number of droplets to that point.

¢. Nanorods colloidal solution: The final step was the addition of 200 ul of the seed solution to the growth
solution at 27-30°C. The colour of the resulted solution gradually changed into brownish-red within 10-20 min. The
temperature of the growth medium was kept constant at 27-30°C during the full procedure.

The concentration of GNRs in the aqueous solution was calculated to be ~1.593x10"* rods/mL, while the average

aspect ratio was ~ 4 as it was revealed by transmission electron microscopy (TEM) (Fig. 1a). Fig. 1b shows the UV-Vis
spectrum for the GNR colloidal solution. The absorption maxima for both longitudinal and transverse modes were 715
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nm and 520 nm respectively. The two absorption modes originated from the excitation of conduction electrons
respectively in the directions parallel and perpendicular to the rod long axis!'!.
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Fig. 1. (a) TEM image showing GNRs on glass. (b) UV-Vis spectra corresponding to the GNRs colloidal solution showing the
absorption maxima at 715 nm and 520 nm for longitudinal mode and transverse mode respectively.

2.2 Organic Solar Cells
2.2.1 Chemicals and Materials

Poly(3.,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) (CLEVIOS™ P VP Al 4083) was
purchased from HC Stark. P3HT with a high regioregularity (98%) and an average molecular weight of <50,000 MW
was purchased from Ricke Metals. PCBM (>99.5%) and 1, 2-dichlorobenzene (anhydrous, 99%) were purchased from
Sigma-Aldrich. Aluminium (Al) wire and lithium fluoride (LiF) were purchased from Alfa Aesar. The materials were
used as received without further purification.

2.2.2 Device Fabrication!'?

A polymer bulk heterojunction solar cell is an active layer that is placed in-between two electrodes, a transparent
positive anode and a negative metallic cathode.

a. Anode materials and treatment: Patterned indium tin oxide (ITO)-coated glass substrates (2.6 cm x 3.7 cm)
were cleaned with detergent, rinsed with DI water, and then successively ultrasonicated in acetone, isopropanol and DI
water for 20 min each. The substrates were then dried with a nitrogen flow and baked at 150°C for 20 min. Prior to
PEDOT:PSS deposition, the substrates were subjected to an oxygen plasma treatment for 35s. PEDOT:PSS then was
passed through a 0.45 pm PVDF membrane filter and spun-cast on the top of ITO-coated glass under an ambient
environment. To be dehydrated, the substrates were baked at 120°C for 1h and afterwards, the substrates were transferred
to a nitrogen glove box in which the active layer deposition took place.

b. Active layer: In a nitrogen glove box environment with a pressure of 3 mbar and a humidity level less than 0.1
ppm, a blend of P3HT:PCBM with a ratio of 1:0.8, and a concentration of 20 mg/ml (P3HT) was dissolved in 1, 2-
dichlorobenzene, passed through a 0.45 um PTFE membrane filter and then spun-cast at 1000 rpm on the top of the
ITO/PEDOT: PSS modified anode. The substrates were then left to dry in covered Petri dishes for 30 min before they
were transferred to the evaporator system.

¢. Cathode materials and deposition: To finalize the device, a bilayer cathode was thermally evaporated through a
shadow mask under a pressure inferior to 10” torr. The cathode materials were LiF (~1nm) and Al (~90 nm) and the
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evaporation rates were ~1 A/s and ~2.5-5 A/s for LiF and Al respectively. The material thicknesses were determined
with a mechanical profilometer (Veeco Dektak150).

d. Annealing: Post-production annealing was performed inside the glove box in which the devices were placed in
direct contact with a digital hotplate. The anncaling was performed at 160°C for 30 min. The devices were then left to
cool-down before characterization.

e. Gold nanorod layer: after oxygen plasma treatment of the ITO-coated substrates, the GNRs were deposited on
the top of ITO before spin-casting PEDOT:PSS. Three different deposition approaches were used: drop-casting, spin-
casting and vertical deposition technique. For drop-casting, the substrates were covered with drops of GNR colloidal
solution then placed in a microwave for 8 min. Spin-casting was performed with two steps, 200 rpm for 3s then 1000
rpm for 10s. For vertical deposition, the substrates were placed vertically in the GNR colloidal solution (Fig. 2a) for
different periods of time.

Each substrate includes 8 devices (Fig. 2b), with an active area, that is the arca between the ITO and the Al layers,
of 0.16 cm”. Both control (without GNR) and experimental (with GNR) devices were fabricated and tested during the
same batch of process. The control and experimental devices had respectively the following configurations:
ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al and ITO/GNR/PEDOT:PSS/P3HT:PCBM/LiF/Al (Fig. 2¢).

ITO-costed [ LiF/Al
plass . Al — 5 - L_J L_J u P3HT:PCBM
. | PEDOT:PSS |
~ PEDOT:PSS
O A
GNRs Colloidal
solution - d?:gf:c __.L_J [_J [_j U

Fig. 2. (a) Vertical deposition of GNRs on ITO-coated glass. (b) Schematic diagram showing the position of 8 OSC devices on
[TO-coated glass substrate. (c) Schematic structure for BHJ OSC showing the position of GNR anodic layer in the PV device.

223 Device Characterization

Devices were tested under ambient conditions without any device encapsulation. The devices were placed beneath
solar simulator made of a xenon lamp (Oriel instruments) that was equipped with AM 1.5G filter. The output intensity of
the lamp was adjusted to 100 mW/cm’ using an LI-250 light meter (Bioscience). The current-voltage measurements were
carried out using a source meter (Keithley 2400).

2.2.4 Experimental Procedures

GNRs layers were deposited on the top of ITO-coated glass with three different methods, namely drop-casting,
spin-casting and vertical deposition, and the optical absorbances and particle densities of the resulted layers were
compared. In a second experiment, comparison was made between a set of samples with single and multilayers (5-layers)
of GNRs that were deposited by spin-casting. Finally, a comparison was between samples made using various periods of
vertical deposition (10, 30 and 50 min). For all the previous sets of samples, the optical absorption of the GNR layers
was measured using a UV-Vis spectrophotometer (PerkinElmer LAMBDA 650 spectrophotometer) and the surface
structure was characterized using a scanning electron microscopy (FEG-SEM Hitachi S-4700). The GNR densities in the
anodic layer were determined using the electron micrographs.

Proc. of SPIE Vol. 8007 80071V-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/19/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



Solar cells were fabricated with various conditions of GNR deposition, and the PV parameters such as the open-
circuit voltage (V,.), the short-circuit current (J.), the fill factor (FF) and the PCE were measured in devices with and
without GNRs, under the same experimental conditions.

3.  RESULTS AND DISCUSSION

By varying the deposition techniques, GNRs with different densities and alignments were produced on the top of
ITO-coated glass as it is demonstrated by SEM images in Fig. 3. The spectral measurements (Fig.4a) of the obtained
GNRs layers show a noticeable difference in the plasmonic absorption peaks; the drop-casted particles shows two peaks,
while a shoulder and a peak are found in the case of particles obtained by the vertical deposition method. A more intense
peak is observed for the spin-casted deposit. As shown in Fig. 3a, drop-casted and 5-layers spin-casted (not presented)
GNRs produced denser rods in the anodic layer (~ 4x10° cm™) with nanorod long-axis alignments parallel and
perpendicular to the substrate plane. The presence of GNRs with the two different alignments at the surface explains the
appearance of the two peaks in the spectrum. For one-layer spin-casted rods, the rod long-axis alignment was mostly in
the substrate plane (Fig. 3b), which supports the longitudinal resonance peak in the spectrum of figure 4a. In the case of
vertically deposited rods (Fig. 3¢), additionally to the longitudinal resonance peak there is the transverse resonance
mode, which indicates that some particles were aligned perpendicularly to the substrate plane. For vertically deposited
and one-layer spin-casted rods, the particles densities on the anodic layer were evaluated from SEM images to be ~ 6 x
10® cm™ and ~ 8 x 10® cm™ respectively.

Fig. 3. SEM images for GNRs deposited on [TO-coated glass using different methods (a) drop-casting, (b) spin-casting and (c)
vertical deposition.
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Fig. 4. (a) UV-Vis spectra for GNRs deposited on [TO-coated glass with various deposition techniques. (b) A comparison between the
optical density of P3HT:PCBM with and without GNRs on the [TO-coated glass. The inset shows the absorption profile for
P3HT:PCBM from 380 nm to 660 nm with and without GNRs.
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Fig. 4b shows the optical density of the active layer (P3HT:PCBM) on ITO-coated glass with and without
incorporating the GNR plasmonic layer. Due to the match between the optical absorption of both plasmonic (500-700
nm) and P3HT:PCBM (380-660 nm), the addition of GNRs increased the optical density for the active layer up to ~11%,
and the resulting absorption profile for GNRs/P3HT:PCBM was the same as that for the pristine one (inset of Fig.4b).
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Fig. 5. IV curves for both control (ITO/P3HT:PCBM/LiF/Al) and experimental (ITO/GNRs/P3HT:PCBM/LiF/Al) devices (a) under
illumination. (b) in darkness.

Fig. 5 shows the IV characteristics for solar cells made with and without GNR anodic layers under solar simulator
illumination (5a) and in the darkness (5b). The PV parameters for those devices are summarized in Table 1. From this
table, we can observe that the addition of the plasmonic layer increased the Ji for the OSC device in most cases, which
in turn increased the PCE. This is in accordance with previously reported results for gold nanoparticles'®®"%. The
enhancement in the PCE was 5% and 15% for one layer of GNRs that was deposited using spin-casting and vertical
deposition approaches respectively. Nevertheless, solar cells having higher density of GNRs, ~ 4x10° cm™, deposited
either by drop-casting or by spin-casting of 5-layers of GNRs on the top of ITO-coated glass showed a slightly lower
performance than control devices without GNRs. In these cases, the efficiency was decreased by up to 2%.

Device type GNR density (cm?) V. (V) JmA/cm?) Vg (V) FF% PCE% Enhancement
Control device I - 0.4737 -4.7122 03684 6795 1.5168
Vertically deposited GNR ~6x 10° 0.4737 -5.3809 03684 69.01 1.759 +16%
Drop-casted GNR ~4x10° 0.4737 -4.8284 03684 64.88 1.4839 -2%
Control device IT - 0.5385 -4.2091 0.4359  68.28 1.5475
Spin casted GNR-1 layer ~8x 10° 0.5385 -4.5055 0.4359 66.89 1.6226 +5%
Spin casted GNR- 5 layers ~4x10° 0.5897 -4.1069 0.4872 6343 1.5364 -0.8%

Table 1. The PV parameters for control devices (without GNR) and experimental one (with GNR) at the incident power intensity of
100 mW/cm? under AM 1.5G filtered spectral illumination for different deposition methods.

The increase in the efficiency of solar cells with the GNRs anodic layer could be explained as follows. Localized
surface plasmon resonance in GNRs acts as a light antenna®, increasing the local electric field around GNRs, which in
turn increase the light absorption in the surrounding area. Due to its proximity to the GNR anodic layer, the increase in
the light absorption takes place mostly in the active layer. This enhanced absorption increases the photo-generation of
excitons in the active layer near the plasmon peak, which enlarges the J, and improves the PCE in general.
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The decrease in the device efficiency via increasing GNRs density in the anodic layer in the case of drop-casting
and 5-layers spin-casting could be due to the surface recombination of charge carriers at the interface between the anodic
and the active layers™™, or due to the ‘hot-spots’ that were generated from the dipole-dipole interaction of the randomly
distributed dense GNRs in the anodic layer. In such case, a hybridized plasmonic state was generated, which disturbed
the electromagnetic profile in the active layer and affected the excitons-plasmons interaction. Hence, a drop in the PCE
was observed™.

As we found, GNR layers that produced by the vertical deposition method increased significantly the PCE of solar
cells. Hence, we tried to maximize this effect by studying some deposition parameters, such as depositing time, in this
process. To study the effect of varying time on the vertical deposition method, rods were deposited respectively at 10, 30
and 50 min. The SEM images in Fig. 6 show that a 50 min deposition period produced more particles (~ 8 x 10* cm™) as
compared to 10 and 30 min deposition periods where the particle density was observed to be ~ 6 x 10 cm™. The
variation in the deposition time affected the absorption of the resulting layer too as demonstrated in Fig. 7a.

2.00urm MeGill 2.0k 5 4ram x25.0k SE(L)

Fig. 6. SEM images for GNRs deposited on ITO-coated glass using the vertical deposition method with different deposition times (a)
10 min, (b) 30 min and (c) 50 min.
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Fig. 7. (a) UV-Vis spectra for GNRs deposited on [TO-coated glass with various vertical deposition periods. (b) IV curves for both
control (ITO/P3HT:PCBM/LiF/Al) and experimental (ITO/GNRs/P3HT:PCBM/LiF/Al) devices under AM 1.5G spectral illumination.
The deposition times were 10, 30, and 50 min.

Fig. 7b shows the influence of the deposition time on the IV characteristics of the solar cells made with those
layers, and Table 2 summarizes the obtained PV parameters. Among the 10, 30 and 50 min deposition periods, the 30
min vertically deposited GNRs produced the highest (18%) enhancement in the PCE, from 1.58 % to 1.85 %. This
increase of the efficiency is due to a 16% enhancement (from -4.48 to -5.24 mA/cm?) in the J..
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Device type GNR density (cm?)  Vo(V)  Je(mA/em®) Vo (V) FF% PCE % Enhancement

Control device I - 0.5656 -4.4847 0.4141 6239  1.5826
10 min vertical deposition ~6 x 10° 0.5909 -4.5951 0.4394 6578  1.7862 +13%
30 min vertical deposition ~6 x 10° 0.5656 -5.2453 0.4141 62.39 1.8510 +18%
Control device IT - 0.5404 -5.0333 0.4141 6429  1.7486
50 min vertical deposition ~8 x 10° 0.5404 -5.2364 0.4394 65.23 1.8458 +3%

Table 2. The PV parameters for pristine control devices and devices in the presence of GNRs at the incident power intensity of 100
mW/cm? under AM 1.5G filtered spectral illumination for different GNR vertical deposition times.

In this study, the PV parameters were determined at £5 % error and the superior enhancement in the PCE due to
30 min vertical deposition of GNRs was reproducible. Yet, those results cannot be fully generalized as it depends very
much on the concentration of GNRs in the colloidal solution. However, a general trend for the increase of PCE of
organic solar cells can be envisioned. In addition, further investigations have to be done to study the effect of the surface
treatment of the ITO-coated glass on the GNRs deposition.

4. CONCLUSION

This study demonstrates the influence on the PV performance of both density and alignment of GNRs that were
deposited on the anodic layer of an organic solar cell by three simple methods, namely the drop-casting, spin-coating and
vertical deposition. Due to the plasmonic effect, GNRs with density ~ 6 x 10® cm™ produced by 30 min vertical
deposition enhanced the PCE by up to 18%. The presence of localized surface plasmon resonances in GNRs would
enhance the electric field in the active layer, which in turn improved the photo-generation of excitons in the bulk
heterojunction blend, leading to a more efficient generation of charge carriers that increased the J. by up to 16%.
However, the results also suggest that a higher density of GNRs does not necessarily lead to improvements in the overall
efficiency in all cases.
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