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ABSTRACT

Ultra small gold nanoparticles (GNPs) also called gold nano
clusters (GNCs) because of their unique structure comprises
of very few atoms and are capable of molecular level
interactions by virtue of their molecule like properties.
Introduction of GNCs to assist the transport layer of organic
solar cells fetched higher current output as compared to cells
with GNPs and cells with no gold at all. GNC devices showed
a maximum efficiency enhancement by a factor of 1.74 to that
of reference cell without gold. Faster electron-hole separation
and movement towards respective electrodes leads to better
efficiency and we suggest that electronic properties of GNCs
enhance the action of transport layer PEDOT:PSS. But GNCs
give more to the solar cell. They also allow more light to pass
through them, thus, allowing more light to reach the active
layer via transport layer, leading to increase in photocurrent
resulting in overall parameter enhancement. It was evident
with our experiments that single layer of GNCs provides
double benefits of transport enhancement and absorption
enhancement adding up to increased cell parameters and
efficiency keeping the low cost advantage of organic solar
cells intact.
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1. INTRODUCTION

Polymeric organic solar cells (PSCs) are being researched
upon extensively due to their many advantages over inorganic
solar cells primarily being their high portability, low
manufacturing cost, mechanical and chemical flexibility and
their light weight. However, parameters such as insufficient
light absorption and low carrier mobilities make them inferior
to the inorganic solar cells and are hindering PSCs
commercialization. Spectral mismatch between the absorption
spectrum and solar spectrum and inefficient charge separation
and transport also account for reduced cell performance of
organic photovoltaic devices [1]. Researchers worldwide have
been trying different ways to overcome these parameters in
order to achieve high current output, thus, obtaining enhanced
cell parameters such as current density (Jsc), open-circuit
voltage (Voc), fill factor (FF) and overall cell efficiency ().

Incorporating noble metal nanoparticles into the different
polymer layers has been identified as a way of enhancing cell
parameters [1][2][3][4]1[5][6]. Introducing gold and silver
metal nanoparticles into active layer enhances the layer’s
absorptivity leading to more exciton generating electrons on
the surface of electrode resulting in increased current. The
increase in aborbtivity is independent of nanoparticle size
rather proportional to its volume fraction[7]. Doping the
transport layer with nanoparticles leads to faster electron-hole
transportation towards respective electrodes resulting in
increased efficiency[2]. To further improve efficiency, doping
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of both active layer and transport layer was done
simultaneously in a device[3]. Increasing the volume of gold,
although increases efficiency but it also increases the cost of
device fabrication thereby defeating the low cost advantage of
organic solar cells over silicon based cells.

Recently, few scientists tried ultra small gold nanoparticles
also categorized as gold nanoclusters owing to their unique
optical and electrical properties and achieved enhancement in
solar cell efficiency and reducing the amount of gold used
otherwise by a huge margin keeping the low-cost advantage
of organic cells intact.

GNCs are categorized differently from gold nanoparticles
primarily due to difference in their structures and uniqueness
in optical and electrical properties. GNCs were recognized
more than a decade ago for their unique optical properties
such as photoluminescence, capabilities of molecular level
interaction and for their solubility and non-toxicity as well
[9][10]. Taking advantage of which GNCs have been explored
in numerous biomedical experiments and research [11]. Only
recently, they have been explored in the field of solar
harvesting [8][8a]. In late 2014, Bauld et al utilized ultra small
gold nanoparticles also categorized as gold nanoclusters were
layered along with PEDOT:PSS to fabricate their organic
solar cell device [8]. They achieved an enhancement by a
factor of 0.9 as compared to reference cells. Enhancement
factor is given by ratio of efficiency of device in focus to the
efficiency of reference device. Earlier this year, Kamat et al
used GNCs as a photosensitizer along with sensitizing
squaraine dye in their organic dye sensitized solar cells [8a].
Replacing squarine dye with GNCs as photosensitizer did not
show much improvement but using both the material
simultaneously leads to increase in efficiency by a factor of 2.

GNCs consisting of merely tens to hundreds of gold atoms are
sized less than 1 to 3 nm in diameter [12]. Their ultra small
size corresponds to the Fermi wavelength of electron leading
to quantum confinement of free electrons and resulting in the
formation of discrete electronic states in the compact
nanoclusters [13][14]. Also, the capability of controlling the
number of atoms in these clusters makes them a material of
great interest. To observe and explore more properties
dependent on the number of atoms in the GNCs can help shed
more light on it’s working role and mechanism.

Various protecting ligands ranging from small molecules like
glutathione to large molecular weight proteins such as bovine
serum albumin (BSA) have been used to synthesize gold
nanoclusters in a bottom-up using a gold precursor and
reducing agents along with protecting ligands (glutathione and
BSA). Number of atoms ranging from as low as 12 to as high
as 300 has been achieved using these approaches [16]. BSA
protected GNCs are easy to prepare under ambient conditions
and reaction times can be varied in proportion with
temperature. They also exhibit higher quantum yield and
better photostability than glutathione protected GNCs
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[17][18][19]. Gold nanoclusters can also be prepared by top
down approaches such as ligand inducing etching but
compromising with the ease of synthesis.

Works reported above [8][8a] utilizes glutathione protected
GNCs consisting of 144 gold atoms prepared by bottom-up
approach. In the current work, we fabricated polymer based
organic solar cell devices utilizing BSA protected gold
nanoclusters (GNCs) to assist transport layer in device
efficiency enhancement. To compare its performance, devices
with a layer of gold nanoparticles (GNPs) and a reference
device without any gold nanostructure were also fabricated.
BSA protected GNCs used in our work consists of 25 atoms
(Au25) [20] which is considerably less than 144 atoms
glutathione protected GNCs (Aul44). The photophysical
properties of these nanoclusters are strongly correlated to their
size,[27-31] ligand,[32][33] and composition [34-37]. It has
been shown in one case that catalytic properties are dependent
of number of atoms in the gold nanoclusters [15]. Au25 is a
25 atom cluster with BSA as protecting ligand and icosahedral
structure. We experiment to see effects of changing the
number of atoms and type of ligand on the device
performance parameters.

2. Materials and Methods

2.1 Materials

Gold precursor i.e. chloroauric acid (HAuCl,) was common
for GNC and GNP synthesis. Bovine serum albumins (BSA),
sodium hydroxide (NaOH) were required for GNC
preparation. Trisodium citrate for GNP synthesis. Poly-3,4-
ethylene-dioxythiophene:poly-styrene-sulfonate
(PEDOT:PSS), Poly(3-Hexyl-Thiophene-2,5-diyl) (P3HT),
[6,6]-Phenyl-C61-Butyric acid Methyl ester (PCBM),
aluminum beads were required for device fabrication. All the
material were purchased from Sigma Aldrich, USA and used
without further purification. ITO-glass was purchased from
local vendor.

2.2 Methods

Synthesis of GNCs was carried out by using protocol reported
by Ying et al [21]. Briefly, 5 mL HAuCI4 (10 mM) was
mixed with 5 mL aqueous solution of BSA (50 mg/mL). The
reaction was kept on vigorous stirring and NaOH was added
two minutes after stirring has started. The mixture was left to
stir for 12 hours at room temperature (37° C). The yellow
color of the mixture changes to light brown and eventually to
deep brown confirming the successful synthesis of BSA
protected GNCs.

GNPs were synthesized using well known citrate reduced
method [22].

Polymeric solar cell was fabricated by using layer by layer
deposition on an indium-tin oxide (ITO) glass substrate in a
clean environment. ITO substrates in the multiples of three
were cleaned under ultrasonication. Firstly by soap water,
followed by acetone, followed by isopropanol and were blow
dried. Further the substrates were subjected to plasmon
heating for 10 minutes to improve the work function of ITO.
Samples were then marked 1, 2 and 3; 4, 5 and 6 and so on.
Six such sets were made. To samples 1, 4, 7, etc, AUNCs were
spin coated at 8000 rpm and annealed at 400°C for 9 minutes
to remove excess BSA and to give rise to a uniform
tessellated structure of GNCs [8]. To samples 2, 5, 8, etc,
AuNPs were spin coated at 8000 rpm and annealed at 400°C
for 9 minutes. Rest other samples were not coated with
plasmon enhancing gold layer and were used as reference
cells. Transport layer of PEDOT.PSS was then coated on all
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the samples at 4000 rpm and annealed at 140°C to remove
excess water. Active layer of heterogeneous mixture of
P3HT:PCBM was spin coated at 2000 rpm and heated at 60°C
for 5 minutes to increase charge mobility of the material as it
is then kept to cool down. Aluminum electrodes were then
patterned on all the substrates using physical vapor
deposition. After successful completion of last step, all
prepared samples were kept on hot plate for post production
treatment by heating at 140°C for 4 minutes and removed
once the temperature came down to 60°C.

We thus fabricated six sets of three different types of devices,
one type of device with AuNCs layer, one with AuNPs layer
and a reference device containing no gold layer.

3. CHARACTERIZATION

Transmission electron images are recorded using Techai G2
F30 S-Twin (FEI; Super twin lens with Cs=1.2 mm)
instrument operated at  accelerating voltage at 300 KV,
having a point resolution of 0.2 nm and Lattice resolution of
0.14 nm). Scanning electron microscopy was done using Zeiss
EVO MA 10 at 5kV beam voltage. UV-Vis measurements
were done using Agilent Technologies Cary 500 UV-Vis-NIR
spectrometer. Current Voltage analysis was done using a
tungsten lamp and data was analyzed using Agilent I-V
measurement software. Surface morphology study was done
using atomic force microscopy.

4. RESULTS AND DISCUSSION

Fig. 1 shows transmission electron microscopy images of as
prepared BSA protected GNCs with sizes less than 1 nm to 5
nm.

Fig. 1. TEM images of BSA protected gold
nanoclusters (size 1-5 nm) Scale : 20 nm. Inset scale :
5nm

ITO-PEDOT:PSS interface is not stable due to the strong
acidic nature of PEDOT:PSS which leads to the corrosion of
ITO and indium diffusion into PEDOT:PSS and polymer layer
resulting in variation in surface morphology and higher
roughness [23][24][25][26] which no longer remains a reason
once GNCs are introduced as ITO and PEDOTPSS are no
longer in direct contact.

SEM characterization (fig. 3) of different films gave as
expected results. Fig. 3 a-b shows GNPs on the ITO layer
with size ranging from 40-50nm. There was little effect of
annealing on GNPs layers. Fig 3. c-d shows a different
scenario altogether. In Fig. 3 c. we see a BSA bed on top of
our glass/ITO surface in which GNCs are embedded but not
visible. After annealing this layer at 400°C, fig 3 d. revealed
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row wise assembly of colonies of GNCs as the BSA was
evaporated.

As evident from the SEM image, GNCs are uniformly
colonized all over the ITO film.

Fig 3. a) AuNPs on ITO (scale bar : 200 nm) b) AuNPs annealed
at 400°C (scale bar : 200 nm) ¢) BSA-AUNCs on ITO (scale bar :
200 nm) d) AuNCs annealed at 400°C (scale bar : 2 um)

Table 1a shows I-V measurements of first devices fabricated
with GNC layer and without GNCs as reference cell. We
observed increment in Jsc, Voc and FF of devices containing
GNCs as compared to reference cell. (Efficiency could not be
measured directly for any device due to lack of instrument
specification i.e. input power intensity.)

Table 1b shows performance enhancement factors for all the
parameters compared between device with GNCs and
reference cell. Efficiency enhancement factor was calculated
mathematically.

Cell Parameters With GNC Reference Cell
Jsc (mMA/mm?) 2.91 2.01

Voc (V) 0.593 0.576

FF (%) 38.4 34.6

@

Performance GNC/Reference Percentage
Factors Increase
Jsc 1.45 45%

Voc 1.03 3%

FF 111 11%
Efficiency 1.65 65%

(b)

Table 1 : a) Measured cell parameters of devices with and
without (reference) GNCs b) Performance enhancement
factors of devices with GNCs over devices without GNCs.
Performance enhancement factor for efficiency was deduced
mathematically.
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Efficiency for a device is given by,

1 = Pout/ Pin 1)
Pout and Pin being the output and input power respectively.
Pout = Voc x Jsc x FF 2
Equating eq. 2 in eq. 1 we get,

1 = Vocx]sc x FEF/Pin ©))

nGNC = Vocl xJscl x FF1/Pinl
nref= Voc2 xJsc2 x FF2/Pin2

Parameter enhancement factor (p.e.f.) is given by,

p.e.f. = Parameter Value of device in focus / Parameter value
of reference device...(4)

Therefore, efficiency enhancement factor (e.e.f.) is given by,
eef =nGNC/nret

VoclX Jscl X FF1 Bin2

= X ®)

Finl Voc2 X Jsc2 X FF2

But Pinl = Pin2 as both devices were measured under same
source (tungsten lamp)

Putting values from table 1a into equation 5 we get
eef =165

Our results indicate a 65% increase in the efficiency of device
with GNCs layer as compared to the reference cell without it.

Repeated fabrication and measurements showed a consistent
enhancement in parameters of devices with GNCs over
reference devices reaching a maximum e.e.f. of 1.74. Devices
with GNP layer in between ITO and PEDOT:PSS showed
even reduced cell parameters as compared to reference cell
due to localized surface plasmon resonance. As GNPs were
not mixed with PEDOT:PSS so they could not form a close
contact with the active layer which is important as the
extension of LSPR field is only few nanometers [...]. When
the GNPs are placed below PEDOT:PSS layer the LSPR field
decays significantly before reaching active layer, thus, having
a deteriorating effect on the device parameters [8]. This field
is absent in GNCs, hence placing the GNCs below
PEDOT:PSS layer does not affect the GNCs role in
performance enhancement.

To start investigating into the role of GNCs in this
enhancement our primary target was to check the amount of
light reaching active layer P3BHT:PCBM after passing through
ITO, GNC and PEDOT:PSS as number of electrons generated
from active layer material and reaching the electrode surface
are proportional to amount of light falling on the active layer.
Fig. 2 shows UV-visible spectroscopy of plain ITO, ITO with
PEDOT:PSS coating as used in reference cell and ITO-
PEDOT:PSS with GNC layer in between them to assist the
transport layer. GNC was annealed at 400°C for 9 minutes to
remove BSA. PEDOT:PSS layer was also annealed for 30
minutes at 140 °C. As seen from the figure 89% of incident
light on the transparent electrode ITO of the device is
transmitted out of the ITO-PEDOT:PSS layers. When GNC
layer is introduced between ITO and PEDOT:PSS,
transmission of light now increases by ~8% transmitting
95.4% of light to the active layer.
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Transmission of more light to active layer after introduction
of GNC layer in between transparent electrode and the
transport layer generates more number of electron hole pair
from the material as compared to reference cell. This
highlights the optical properties of GNCs and more insight
can be drawn with further experiments.
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Fig. 2. UV-Vis measurement of plain ITO, ITO-
PEDOTPSS, ITO-GNC-PEDOTPSS. 8% increase in
transmission when AuNCs are introduced between ITO
and PEDOTPSS

Advanced optical property of GNCs can now be said to have a
positive effect on the parameter enhancement of the device by
letting more light to pass through it to the active layer.

Aluminium Anode

P3HI:PCBM

ITO Cathode
glass

(a)

95.4%
light reaching
active layer

(b)

1) Faster electron /e e e = e =
sad bo'e 2) Reduced
separation

3) Faster hole ' ' ' ' '
transport
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recombinations

to ITO-glass

surface ©

Fig. 3. a) Organic solar cell with GNC layer to assist
transport layer. b) 95.4% of incident light reaches the
active layer resulting in more excitons to generate
electrons towards anode ¢) GNCs help in faster separation
of electron-hole and transport towards respective
electrodes as compared to reference cells. Recombination
also reduces as most of the hole are transported towards
the cathode with the help of GNCs.
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Each GNC, as discussed earlier, consist of discrete energy
levels. Their structure is a core-shell type. Au (0) atoms form
the core and Au(l) atoms along with sulphus (S) atoms form
the shell of these nanoclusters. Au (1) means a positive charge
of +1 or an electron deficiency. This deficiency creates room
for one hole to be transported across the transport layer and
towards the ITO cathode much faster than it happens in the
bulk as depicted in fig. 4.

5. CONCLUSION

Electrical and optical properties of advanced material Gold
Nanoclusters help in the parameters enhancement of organic
solar cells. Previous work uses 144 gold atoms to reach an
efficiency enhancement by 10% of cells with GNCs as
compared to reference cells. In our work, we use GNCs, each
comprising of 25 gold atoms. Reduction in the number of gold
atoms gave us an efficiency enhancement by more than 60%
with maximum going upto 74% or by a factor of 1.74. GNCs
improves the device parameters by a good percentage, GNCs
also keep the low cost advantage of polymeric solar cells
intact as amount of gold used in a single of GNCs is
extremely low and bulk manufacturing would not add much to
the organic cell cost. in a single of GNCs is extremely low
and bulk manufacturing would not add much to the organic
cell cost. Future work can be done by utilizing GNCs of
different atoms and see its effect on the cell parameters. We
hope our work will open new horizons for the
commercialization of organic solar cells.
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