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A B S T R A C T

This work studied the role of gold nanoparticles (AuNPs) with different spherical sizes mixed with poly (3, 4-
ethylene dioxythiophene): polystyrene sulfonate (PEDOT: PSS) as a hole transfer layer to enhance the effi-
ciency (ITO/PEDOT:PSS (AuNPs)/CuPc/C60/Al) organic photovoltaic cell (OPV). AuNPs were synthesized using
the thermochemical method and the results of the transmission electron microscope (TEM) images showed that
the gold nanoparticles mostly dominated by spherical shapes and sizes were calculated in the range (12–23 nm).
Measurements of UV-VIS spectra for AuNPs have shown that the surface plasmon resonance shifted to a higher
wavelength with decreasing the particle size. Surface morphology and absorption spectra of OPV cells were
studied using atomic force microscope and UV-VIS spectrometer techniques. The efficiency of the OPV cell was
calculated without and with AuNPs. Efficiency was increased from 0.78% to 1.02% due to the embedded of
AuNPs with (12 nm) in PEDOT/PSS. The increase in the light absorption in CuPc is due to the good transparent
conducting of PEDOT:PSS and the increase in the electric field around AuNPs embedded in PEDOT:PSS and
inbuilt electric field at the interfacial between CuPc and C60 is due to the surface plasmon resonance of AuNPs.
The increase in these two factors increase the exciton generation in CuPc, dissociation at the interfacial layer, and
charge carrier transfer which increases the collection of electrons and holes at cathode and anode.
1. Introduction

Gold nanoparticles prepared in the range (1–100 nm) have distinct
optical and physical properties depending on their size and shape [1, 2,
3]. The characteristic optical properties are due to the absorbance and
scattering of incident light at Localized Surface Plasmon Resonance
(LSPR). The LSPR is the collective oscillation of electrons in the con-
duction band in resonance with the incident-specific wavelength [4]. The
band absorbance of LSPR increases with increased particle size. Colloidal
gold nanoparticles are synthesized by reduction of citrate [5, 6, 7, 8]. In
reduction methods, the particle sizes and shapes can be controlled by
changing the reaction temperature or the concentration of the reducing
agent [9, 10, 11, 12]. More recently, gold nanoparticles have been used
in technological applications such as organic photovoltaic cells [13, 14].
Organic semiconductor solar cells have gained widespread attention in
recent years due to low production costs, ease of fabrication, flexibility
i).
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and tunable optical properties. Furthermore, phthalocyanine (Pc) as an
organic semiconductor has been widely used as attractive materials for
photovoltaic cells [15, 16]. Copper phthalocyanine (CuPc) is one of the
most important organic molecules useful for thin organic solar cells [17,
18]. Organic solar cells (OSCs) are suitable for solar light harvesting due
to both properties and preparation process. Transparent conductive films
(TCF) are materials that must fulfill the requirements of high conduc-
tivity and high optical transparency for use in various applications of
solar cell device as an anode. Graphene [19], conductive polymer [20],
metal nanowires [21], aluminum zinc oxide [22], metal nanostructures
consisting of nanowires, nanogrid, nanofibres [23], and carbon nano-
tubes (CNT) [24, 25] have been applied as transparent conducting films
(TCF). Chakaroun et. al. made three-layer anodes of ITO/Au/ITO in
CuPc/C60 photovoltaic cells to achieve low resistivity of the anode and to
improve the fill factor and efficiency [26]. It can be replaced ITO by
PEDOT:PSS as a front electrode in organic solar cells because of its high
tober 2019
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conductivity, transparency and work function in the range of 5.1 eV
which makes it suitable as an anode. metal grids can be used on the
PEDOT:PSS film [27, 28, 29]. In our work, indium tin oxide (ITO) is used
as TCF (anode) due to an excellent characteristic of the low sheet in the
range of 10–25 Ω/sq. and its high optical transmittance (T) greater than
85 %. Peumans and Forrest used bathocuproine (BCP) as an electron
transport layer (light absorber) to disturb the diffusion of excitons to the
cathode and to decrease the later exciton quenching at the accept-
or/cathode interface in the (CuPc/C60) OPV cell [30]. Different materials
can be used as a transport layer such as bathophenanthroline (BPhen), 1,
3,5-tris (N-phenylbenz-imidazol-2-yl) benzene (TPBi), and
tris(8-hydroxyquinolinato) aluminum (Alq3) [31]. In the other side,
Poly(3,4-ethylene dioxythiophene): poly(styrenesulfonate) (PEDOT:
PSS), is an attraction of photoconductor transport layer due to its high
transparency in the visible range, long-term stability, easy processing,
and nontoxicity [32]. So, PEDOT: PSS has become an excellent choice for
interfacial/electrode material and hole transport layer in many applica-
tions, such as organic solar cell OSCs [33, 34]. Groenendaal et al. [35],
Kirchmeyer and Reuter [33] succeed in fabricating transparent flexible
electrodes from poly(3,4-ethylene dioxythiophene) (PEDOT) and poly(-
styrenesulfonate) (PSS), doped by polythiophenes. Shin et. al. [36],
improved performances of an OPV cell by an embedded poly(3,
4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) by the
larger size of AuNPs (71, 80, 87, 103 nm). The improvements in effi-
ciency were attributed to the near-field coupling localized surface plas-
mon resonance (LSPR) at the size of AuNPs smaller than 80 nm and
far-field scattering with sizes greater than 87 nm. Dutta et. al.,
embedded PEDOT:PSS buffer layer by Eu3þ to enhance the photon
concentration by converting UV light to the visible spectrum [37]. Soga
et. al., also improved the efficiency of the organic solar cell by doping
aluminum microstructures in (PEDOT:PSS) buffer layer and observed an
increase in both current density, and fill factor due to due to increase of
the transport charge carriers [38]. Wei et. al., enhanced the power con-
version efficiency of OPV cell by depositing a layer of copper iodide on
the PEDOT:PSS as hole transport. The electron and hole extraction in the
donor-acceptor layer was increased by photoluminescence spectra [39].
Zhang et. al. used a random and irregular garnish of (PEDOT:
PSS)/CuPc/C60 as an anode buffer layer, donor and acceptor, respec-
tively. The irregular garnish nanostructure with a random distribution of
PEDOT/PSS in the OPV increases the junction area, light paths, light
absorption, short-circuit current, fill factor and efficiency due to increase
in the exciton dissociation, charge carrier transfer, and collection in the
active layer by scattering of the incident light [40]. The phase separation
in CuPc:C60 film with an improved ratio of the corresponding electronic
absorption and carrier transport which are necessary for the performance
of OPV cell were studied [41]. Rezaei et al., have enhanced the efficiency
of polymer solar cells by incorporating gold/graphene core-shell nano-
particles between hole transport and active layers. The roughness to the
active layer, optical absorption, and charge transfer has been improved
by the core shell. Graphene shell over AuNPs improved the lifetime of the
charges 80 %, short circuit current (42%) and efficiency (100%)
compared to reference [42]. Kim et. al. compared the efficiency of OPV
cells and found that they changed from 1.28% and 1.31% when using a
new style of forming Ag back electrode forming using a bonding process
instead of a conventional screen-printed Ag. The binder resin at the
interface between the PEDOT:PSS and the Ag may increase contact
resistance for the screen-printed Ag process [43]. Yu et. al. studied the
effect of HAuCl4 and Au nanoparticles (NPs) concentration and anneal-
ing temperature on the properties of PEDOT:PSS/PTB7:ICBA. An
enhancement of the light absorption in the polymer solar cells by
extinction PL spectra from Au NPs doping in PEDOT:PSS layer because of
localized surface plasmon resonance (LSPR). An improvement in power
conversion efficiency was observed compared with the reference device
without HAuCl4 doping. Significant improvement was sawed at
PTB7:ICBA system with a high PCE of 8.05%, compared with the refer-
ence device without HAuCl4 doping (5.88 � 0.05%) [44]. Zhang and
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Holmes used a rubrene as an insulating blocking interlayer at (CuPc)
donor-C60 acceptor interface to disappointed recombination losses and to
generate a separate of electron and hole. The interlayer between rubrene
and CuPc can permeable excitons and this led to an increase in
open-circuit voltage, short-circuit current, and power efficiency [45]. In
this work, PEDOT: PSS is embedded with gold nanoparticles of different
sizes and deposited on a conducting glass (Glass/ITO) as a thin film to use
a hole transport layer for the organic solar cell. These organic solar cells
rely on the thin film of CuPc/C60 as a donor and acceptor, respectively.
The AuNPs and organic solar cell doped by AuNPs with different sizes are
characterized by TEM, Uv-Vis spectrometer, and AFM. The effect of Au
nanoparticle sizes on the power conversion efficiency was investigated to
achieve the optimum conditions for increased efficiency.

2. Experimental

2.1. Chemicals

Tri-sodium citrate dehydrate (Na3C6H5O7.2H2O), tetra-
chloroauratetrihydrate (HAuCl4⋅3H2O, 99.9%), Fullerene (C60, 99.5%),
poly(3,4-ethylene dioxythiophene) polystyrene sulfonate (PEDOT:PSS)
1.3 wt.% dispersion in H2O conducting grade and copper (II) phthalo-
cyanine were purchased from Sigma-Aldrich (USA) and used as received
without further purification. Distilled water is used as a solvent in all
preparation processes. Conducting Glass (Glass/ITO) purchased from
Kintec Company (Hong Kong) were sonicated using ultrasonic bath with
acetone, rinsed with deionized water and dried under vacuum. ITO thin
film has a resistivity of 20 ohm/sq.

2.1.1. Sample preparations
The colloidal forms of gold nanoparticles were prepared by adding

1.75 mL of 1% sodium citrate solution to 20 ml of HAuCl4.3H2O (1.0
mM) boiling solution under magnetic stirring. Sample (S1) was removed
when the solution became dark red. This process was repeated by adding
different molar ratios (1.5, 1.25, 1, 0.75 and 0.5 mL) of sodium citrate
solution 1% to 20 ml of HAuCl4 (1.0 mM) boiling solution under mag-
netic stirring to prepare samples (S2-S6).

2.1.2. Spin coating of PEDOT: PSS mixed by gold nanoparticles
To prepare a composite of a hole transfer layer PEDOT:PSS embedded

by AuNPs, the same volume ratio of AuNPs solution (S1-S6) was mixed
with PEDOT: PSS solution separately. The volume ratio of AuNPs solution
to volume ratio of PEDOT:PSS solution was 10%. A thin layer of PEDOT:
PSS mixed with AuNPs was spin-coated on conducting glass plates at
3500 rpm for 50 seconds under vacuum at room temperature. Thin films
were annealed at 85 �C for 2 hr. to evaporate the excess of water mole-
cules from the samples and to increase the adhesion between composites
films and ITO on a glass substrate. CuPc and C60 with a chemical form as
shown in Fig. 1: a, b as a p-type and n-type thin films were prepared on
(Glass/ITO/PEDOT:PSS) and on (Glass/ITO/PEDOT:PSS:AuNPs) by the
conventional thermal evaporation technique, using a high vacuum
coating unit (Edwards type E 306 A, England) at a pressure of about
1.7�10�5 Torr with the thickness of 65 nm and 70 nm respectively.
Aluminum (Al) contacts with a thickness of 80 nm were evaporated as a
top electrode. A schematic diagram of the present solar cells is shown in
Fig. 1: c.

2.2. Samples characterization and measurements

Morphology and distribution of the AuNPs samples were studied
using TEM (JEOLJEM-1011; Japan) operating at an accelerating voltage
of 120 kV. TEM samples were prepared by depositing one drop of
colloidal AuNPs onto a standard carbon-coated copper grid (300 mesh)
and allow it to dry before doing the TEM measurements. UV-VIS ab-
sorption spectra for both the AuNPs and thin films of CuPc, C60, and
(ITO/PEDOT:PSS embedded by AuNPs with different sizes/CuPc/C60/Al)



Fig. 1. (a) chemical structure of copper phthalocyanine CuPc as a donor, (b) fullerene (C60) as acceptor, and (c) schematic structure of the organic photovoltaic cell.
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films were measured at room temperature using a spectrophotometer
(Thermo-scientific Evolution 220) at a resolution of 2 nm. The incident
light was made from the glass substrate side. Surface morphology of
(ITO/PEDOT:PSS embedded by AuNPs with different sizes/CuPc/C60/Al)
films was measured using AFM tool (NTEGRA Probe Nano Laboratory
from NT-MDT) controlled by the computer software of the Control Pro-
gram Nova Px. The images were obtained, in tapping mode, with HA_NC
A probe (force constant 12 N/m and a resonant frequency 235 kHz). The
current density-voltage (J-V) characteristic of the junctions was
measured under illumination at 100 mW cm2 by using the experimental
setup consists of Keithley electrometer 6517 A, DC power supply.

3. Results and discussions

3.1. TEM of gold nanoparticles

TEM has been achieved to verify the shapes, size distribution, and to
estimate the particle size of the dispersed suspension of AuNPs. Fig. 2
shows the TEM images of AuNPs samples (S1-S6) that prepared by
adding of (0.5, 0.75, 1.0, 1.25 1.5, and 1.75 ml) from tri-sodium citrate
(1%) to boiling of 20 ml of HAuCl4⋅3H2O (1.0 mM) respectively. Small
dark particles were observed in TEM images due to the presence of
AuNPs. Most of the particles are spherical in shape and in the mono-
dispersion state. Particle sizes calculated by measuring the diameter of
whole particles of TEM images. The average diameter of all AuNPs
calculated at (12, 14, 15, 17, 19, and 23 nm) as shown inset of the Fig. 2
with a few higher and lower size distribution of (S1-S6) respectively. The
TEM analysis of the AuNPs was consistent as expected for in general,
behavior, the size increased with increased the molar ratio of trisodium
citrate. In general, it observed that the particles size evolution of the
formed AuNPs increased by increasing the tri-sodium citrate and display
large hydrodynamic diameter (23 nm) at 1.75 mL of citrate and
decreasing the size and reaching the minimum diameter (12 nm) at 0.5
mL of citrate as well as reaching the plateau at 0.75 and 1 mL of citrate.
The AuNPs increased with increasing the citrate due to the total elec-
trolyte concentration is enough to curdle of the nanoparticle, which may
lead to increase in the size. Although the presence of few aggregates can
be detected in high molar of citrate. These results are consistent with
some of the finding reported by Kimling et al. [46] and Zabetakis et al.
3

[47].

3.2. Ultraviolet-visible spectroscopy

Fig. 3 shows the UV–visible spectra of all dispersion of spherical
AuNPs samples (S1-S6) prepared by adding different molar ratio of tri-
sodium citrate (TSC) (0.5, 0.75, 1.0, 1,25 1.5, and 1.75 ml) to 20 mL
boiling HAuCl4 (1.0 mM). The analysis of the absorption spectra revealed
a centered band were appeared at 512, 514, 515, 517, 519, and 523 nm
for the samples (S1-S6), respectively. These bands originated from ab-
sorption photons and are interpreted as surface plasmon resonance band
(SPR) of AuNPs. SPR is appearance due to the excitation of the electron
cloud at the incident electromagnetic wavelength is more than the AuNPs
sizes. In the case of resonance, the amplitude of the local electric field in
the particle Eℓ intensified in comparison with the one of applied fields Eo.
In other words, the complex local field factor fℓ ¼ Eℓ=Eo greater the SPR
[48, 49]. It can be note that the position of these bands is dependent on
the particle sizes of AuNPs. The maximum band position was shifted to
the higher wavelength (red shift) with increasing the particle sizes which
increased by increasing TSC molar ratio.

3.3. UV-Vis spectra (Glass/ITO/(PEDOT:PSS:AuNPs)/CuPc/C60) thin
films

PEDOT: PSS is used in organic solar cells as a photoconductor trans-
port layer and as an electrode which is one of the factors affect the effi-
ciency of the device. Fig. 4 shows the normalized absorption spectra of
CuPc, C60, and (ITO/PEDOT:PSS embedded by AuNPs with different
sizes/CuPc/C60/Al) films. From the spectrum of the PEDOT/PSS, it is
seen that PEDOT: PSS has two small absorption bands at about 415 nm
and 320 nm. These two bands referred to the π–π* transition and are
assigned to thiophene ring in PEDOT [50] and benzene rings in PSS,
respectively [51]. The absorption value was increased after 700 nm. CuPc
as an organic semiconductor thin film has three absorption bands at
about 340, 595, and 685 nm. The first band UV- region (B- band region)
is due to the highly conjugate of the ring and the n-electrons cloud for-
mation of the molecule in a ligand [52]. The last two bands (Q-band
region) are assigned to the metal-free phthalocyanine (Pc).

In addition, these two bands interpreted the first electronic transi-



Fig. 2. Transmission Electron Microscope of gold nanoparticle samples (S1-S6) prepared by adding of (0.5, 0.75, 1.0, 1.25 1.5, and 1.75 ml) from tri-sodium citrate
(1%) to boiling of 20 ml of HAuCl4⋅3H2O (1.0 mM), respectively.

Fig. 3. UV-Vis. spectra of gold nanoparticle prepared by adding different molar
ratios of trisodium citrate (TSC) to 20 mL boiling of HAuCl4⋅3H2O (1 mM).
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tions a1u to 2eg ðπ→ π*Þ and second electronic transitions a2u to 2eg
ðπ→ π*Þ, respectively [53]. These bands correspond to the intermolec-
ular excitation coupling between the aromatic cores of neighboring
phthalocyanine macrocycle. The intensity of the transitions band at 685
nm is weak due to the poor orbital overlap of the end. The spectrum of
the C60 thin film in Fig. 4 shows the absorption peaks at about 350 nm
(3.54 eV) and 450 nm (2.75 eV). According to the orbital model of
molecules, these two bands are corresponding to the
ðHOMO→ LOMOÞdipole transition ðHu → T1gÞ and ðH1g → T1uÞ [54].
PEDOT:PSS, C60, and CuPc thin films spectrum were compared with
(PEDOT:PSS embedded by different AuNPs/CuPC/C60). No new bands
were observed but the value of the absorbance band was increased in the
range (510–650 nm). Furthermore, there is no absorption band assigned
to the gold nanoparticles indicating the low distribution of AuNPs in the
film.
3.4. Atomic force microscope resuts of (glass/ITO/PEDOT: PSS: AuNPs/
CuPc/C60) thin films

Fig. 5 shows AFM images of PEDOT: PSS embedded by AuNPs sam-
ples (S1-S6) which synthesized by adding of (0.5, 0.75, 1.0, 1.25 1.5, and



Fig. 4. Normalized absorption spectra of CuPc, C60, different sizes of gold
nanoparticle embedded in PEDOT: PSS/CuPc/C60 multilayer films.
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1.75 ml) from tri-sodium citrate (1%) to boiling of 20 ml of HAuCl4⋅3H2O
(1.0 mM) respectively/CuPc/C60 thin films. Some irregular distribution
of nano-holes (as bowel shaped) is observed for each sample. In addition,
different dimensions, roughness (as conic) and surface morphology
appeared in all films. Changes of the embossed feature for each sample
alone may be due to the change of AuNPs particle sizes in PEDOT: PSS
film. Individual AuNPs agglomerates on the PEDOT: PSS increases the
height, concave and convex of the conic shapes compared to the average
film thickness and increases surface roughness. The existence of AuNPs
on the film surface was discovered by the scanning tip. Table 1 shows the
estimated parameters as the root mean square roughness, average
roughness, maximum peak height, and maximum valley depth in nano-
meter range of all samples. It was found that the root-mean-square
roughness was calculated at 35.6 nm of the sample S4 which indicates
that the film quality was affected by adding AuNPs with size 17 nm, but
not affected by the last sizes of AuNPs samples. This is probably during
the preparation of the PEDOT:PSS embedded with AuNPs (17 nm) using
spin coater some aggregation has happened from these samples that
appeared increasing in the roughness of the film. It can be expected that
the roughness of the film without AuNPs is less than 2.869 (less than of
roughness value) in Table 1.
3.5. Generation and dissociation of excitons

The basis of the working of plasmonic solar cells contains absorption
of light and surface plasmonic resonance due to the embedded of AuNPs
in PEDOT:PSS. The light incident on the PEDOT:PSS embedded by
different sizes of AuNPs passes through the thin ITO that does not absorb
the light as shown in Fig. 6. This incident light passes to CuPc (donor) to
generate excitons that can be diffused in CuPc layer or dissociated at the
interface layer between CuPc and C60. The dissociation occurs when the
time of excitons diffuses more than the time of decomposition of the
excitons. As we know, the exciton has a binding energy and it needs the
energy to dissociate so the built-in electric field resulting from the dif-
ference in work function between CuPc (donor) and C60 (acceptor) or the
electrostatic forces that generated due to the difference between the
electron affinity and ionization potential for both C60 and CuPc has po-
tential energies overcome excitonic binding energy. So, it is suitable for
dissociate photogenerated excitons at the donor-acceptor interface. To
improve the efficiency of OPV cell, we need to increase both the number
of excitonic generation in CuPc and the field near the interface between
CuPc and C60 to increase the exciton dissociation. It has been found that
5

PEDOT:PSS is a good a transparent conducting layer so it passes the
incident light to CuPc layer in order to increase the generation of the (e-
h) exciton in CuPc and surface plasmon resonance of AuNPs doped in
PEDOT:PSS has increased the electric field around the AuNPs. This
electric field enhances the built-in electric field at the interface between
CuPc and C60 that contributes to an increase in the decomposition of
excitons. This technique is very useful for OPV due to their diffusion
length is short. Thus, the embedding of AuNPs in PEDOT:PSS is beneficial
to increase the densities of excitons that corresponds to the resonance.
We used AuNPs due to it is highly stable, has broader resonance peak,
and surface resonance frequency depends on the free electron density in
the particle. These results are consistent with previous work done [55,
56, 57, 58, 59].
3.6. The current density–voltage

Enhanced photovoltaic achievement can be assigned to the plasmonic
effect of nanoparticles and the rapid generate of excitons at CuPc as a
donor layer and decomposition at the interfacial layer between donor
and C60 as acceptor. In this phenomenon, the light is further intensified
into the donor layer to be absorbed in CuPc and increase the built-in field
at the interfacial layer due to PEDPT:PSS embedded AuNPs and to the
surface plasmonic resonance effect. The surface plasmonic resonance is
known as the oscillation of electrons in nanoparticles which was created
by the interaction between the incident light and the surface of nano-
particles. Resonance condition occurs when the frequency of the incident
photons matches with the natural frequency of the surface metallic
electrons against the positive nuclei restoring force. The optimization of
the AuNPs in the PEDOT:PSS is important to improve the performance of
CuPc/C60 solar cell. (J–V) characteristics of ITO/PEDOT:PSS embedded
by different sizes of AuNPs/CuPc/C60/Al solar cells are presented in
Fig. 7, and the summarizing of photovoltaic parameters of the devices are
estimated in Table 2. Electrical efficiency is a measure the overall power
conversion efficiency (PCE) which calculate from the total electrical
energy output with the total input energy present in the solar irradiance.
The total energy is very close to 100 mW/cm2. The junction of ITO/
PEDOT:PSS/CuPc/C60/Al without AuNPs was used as a reference cell. It
was cleared that the short-current density (Jsc) was increased with
increasing the applied voltage due to the applied voltage increases the
mobility, and charge carriers.

The values of (Jsc) and the open-circuit photovoltage (Voc) are
extracted at V ¼ 0 and J ¼ 0 respectively. The maximum current and
voltage (Jmax and Vmax) are obtained at the maximum output power
point. The fill factor (FF) is defined as the ratio of the maximum power
from the heterojunction solar cell to the product of Voc and Jsc (eq. (1)).
The overall solar energy conversion efficiency is the maximum power
extracted compared to the incident solar power (eq. (2)) [60].

ðFF¼ Jmax �Vmax = Jsc �VocÞ (1)

ðPCE¼ Jmax �Vmax =Pin ¼ðJsc �Voc �FFÞ =Pin (2)

Jsc, Voc, FF, and efficiency was calculated at 5.7 mA/cm2, 0.418 V,
0.458, and 0.78%, respectively of ITO/PEDOT:PSS/CuPc/C60/Al without
AuNPs. After incorporating the AuNPs into PEDOT:PSS film, all these
values were enhanced as shown in Table 2 and JSCwas increased from 5.7
mA/cm2 to 6.61, 6.50, 6.38, 6.29, 6.18, and 6.05 mA/cm2, and the
power conversion efficiency (PCE) increased from 0.78% to 1.02, 0.95,
0.92, 0.91, 0.87, and 0.84 when PEDOT:PSS was embedded with 12, 14,
15, 17, 19, and 23 nm respectively. This means that, the efficiency in-
creases by 24%, 17%, 14%, 13%, 9%, and 7% when the PEDOT:PSS
embedded by AuNPs with sizes 12, 14, 15, 17, 19, and 23 nm respec-
tively. The results distinctly specified that Jsc and PCEwere an additional
enhanced photovoltaic cell in the presence of AuNPs with different sizes
in the PEDOT:PSS film compared to those of the solar cells without
plasmonic AuNPs. Our work can be compared with the previous work by



Fig. 5. AFM images of gold nanoparticles samples (S1-S6) that prepared by adding of (0.5, 0.75, 1.0, 1.25 1.5, and 1.75 ml) from tri-sodium citrate (1%) to boiling of
20 ml of HAuCl4⋅3H2O (1.0 mM), respectively and doped in PEDOT: PSS/CuPc/C60 multilayer films on ITO/glass substrate.

Table 1
The surface parameter of gold nanoparticles samples (S1-S6) that prepared by
adding of (0.5, 0.75, 1.0, 1.25 1.5, and 1.75 ml) from tri-sodium citrate (1%) to
boiling of 20 ml of HAuCl4⋅3H2O (1.0 mM), respectively and doped in PEDOT:
PSS/CuPc/C60/ITO/glass substrate.

AFM parameters S1 S2 S3 S4 S5 S6

Root mean square
roughness (nm)

5.896 06.197 4.7590 35.5660 4.5310 2.869

Average roughness
(nm)

4.673 5.3330 3.6850 19.0710 3.6540 2.281

Maximum peak
height (nm)

24.820 27.398 18.053 306.669 17.996 9.199

Maximum valley
depth (nm)

15.733 25.567 15.523 61.8840 14.157 8.106
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Chakaroun et al., [26]. It was found the efficiency in our work was
increased due to PEDOT:PSS embedded by AuNPs. Also, this improve-
ment in OPV cell results from the localized surface plasmon effect [61].
By comparing the effect of particles sizes on efficiency it notes that the
efficiency increases with reduction of the particle size of AuNPs that are
integrated into OPV cell. AuNPs with small sizes produced greater effi-
ciency improvement. This is reasonable because the inbuilt electric field
around the small size is higher than that around the large size. This
inbuilt electric field increases the dissociation of excitons to electron and
hole at interfacial between CuPc and C60. In addition, the number of
excitons was increased in CuPc layer due to emitted fluorescence from
the AuNPs that absorbed by CuPc in the cells [62]. Thus, the increase in
the efficiency is due to generated fluorescence that has increased the



Fig. 6. Photogeneration and dissociation of exciton (electron hole pairs).
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number in the generation of excitons and the inbuilt electric field here-
with increasing the dissociation of these excitons at the interfacial. These
two factors increase the electrons and holes in the cathode and anode
terminals, thus increasing the efficiency in the OPV cells.
Fig. 7. Current density (J) ~Voltage (V) characteristics of organic solar cells
with Structures ITO/PEDOT:PSS:AuNPs (with different sizes)/CuPc/C60/Ag,
AM 1.5G illumination at 100 mW/cm2.

Table 2
Photovoltaic parameters calculated from J-V characteristic for gold nanoparticles samp
tri-sodium citrate (1%) to boiling of 20 ml of HAuCl4⋅3H2O (1.0 mM), respectively a

Samples JSC (mA/cm2) VOC (V

ITO/PEDOT:PSS/CuPc/C60/Al 5.70 0.418
ITO/PEDOT:PSSþAuNPs (12 nm)/CuPc/C60/Al (S1) 6.61 0.44
ITO/PEDOT:PSSþAuNPs (14 nm)/CuPc/C60/Al (S2) 6.50 0.436
ITO/PEDOT:PSSþAuNPs (15 nm)/CuPc/C60/Al (S3) 6.38 0.435
ITO/PEDOT:PSSþAuNPs (17 nm)/CuPc/C60/Al (S4) 6.29 0.433
ITO/PEDOT:PSSþAuNPs (19 nm)/CuPc/C60/Al (S5) 6.18 0.431
ITO/PEDOT:PSSþAuNPs (23 nm)/CuPc/C60/Al (S6) 6.05 0.427
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4. Conclusion

Gold nanoparticles have been prepared with different sizes and
embedded in PEDOT:PSS to enhance the PCE of OPV cell (ITO/
PEDOT:PSS (AuNPs)/CuPc/C60/Al). J-V characteristics were investi-
gated under and the efficiency was improved after embedded AuNPs into
PEDOT:PSS. Themaximum efficiency was determined at 1.02% of AuNPs
with particle size at 12 nm. The improvement is due to the increase in the
photon incident in CuPc and inbuilt electric field at the interfacial be-
tween CuPc/C60 due to the surface plasmonic resonance. The incident
photon in CuPc increases the exciton generation while inbuilt electric
field increases the dissociation of these excitons and separated to elec-
trons and holes that affected on the efficiency.

Declarations

Author contribution statement

D. A. Said: Conceived and designed the experiments; Analyzed and
interpreted the data; Wrote the paper.

A. M. Ali: Conceived and designed the experiments; Performed the
experiments; Wrote the paper.

M. M. Khayyat: Conceived and designed the experiments; Performed
the experiments; Analyzed and interpreted the data.

M. Boustimi: Conceived and designed the experiments; Contributed
reagents, materials, analysis tools or data.

M. Loulou: Conceived and designed the experiments; Wrote the
paper.

R. Seoudi: Performed the experiments; Analyzed and interpreted the
data; Wrote the paper.
les (S1-S6) that prepared by adding of (0.5, 0.75, 1.0, 1.25 1.5, and 1.75 ml) from
nd doped in PEDOT: PSS/CuPc/C60/ITO/glass substrate.

olt) Jmax (mA/cm2) Vmax (Volt) FF Efficiency%

3.90 0.280 0.458 0.78
4.75 0.300 0.49 1.02
4.61 0.290 0.472 0.95
4.46 0.289 0.464 0.92
4.37 0.288 0.462 0.91
4.25 0.287 0.458 0.87
4.14 0.285 0.457 0.84



D.A. Said et al. Heliyon 5 (2019) e02675
Funding statement

This work was supported by the Deanship of Scientific Research at
Umm Al-Qura University (Project ID 43405060).

Competing interest statement

The authors declare no conflict of interest.

Additional information

No additional information is available for this paper.

References

[1] Xiaohua Huang, A. Mostafa, El-Sayed, Gold nanoparticles: optical properties and
implementations in cancer diagnosis and photothermal therapy, J. Adv. Res. 1
(2010) 13–28.

[2] H.-L. Wu, C.-H. Kuo, M.H. Huang, Seed-mediated synthesis of gold nanocrystals
with systematic shape evolution from cubic to trisoctahedral and rhombic
dodecahedral structures, Langmuir 26 (2010) 12307–12313.

[3] T.V. Verissimo, N.T. Santos, J.R. Silva, R.B. Azevedo, A.J. Gomes, C.N. Lunardi, In
vitro cytotoxicity and phototoxicity of surface-modified gold nanoparticles
associated with neutral red as a potential drug delivery system in phototherapy,
Mater. Sci. Eng. C 65 (2016) 199–204.

[4] Urcan Guler, Rasit Turan, Effect of particle properties and light polarization on the
plasmonic resonances in metallic nanoparticles, Opt. Express 18 (2010)
17322–17338.

[5] J. Turkevich, P.C. Stevenson, J. Hillier, A Study of the nucleation and growth of
colloidal gold, Discuss. Faraday Soc. 11 (1951) 55–75.

[6] P.C. Chen, S.C. Mwakwari, A.K. Oyelere, Gold nanoparticles: from nanomedicine to
nanosensing, Nanotechnol. Sci. Appl. 1 (2008) 45–65.

[7] G.S. Perera, S.A. Athukorale, F. Perez, C.U. Pittman Jr., D. Zhang, Facile
displacement of citrate residues from gold nanoparticle surfaces, J. Colloid Interface
Sci. 511 (2018) 335–343.

[8] S.R. Sershen, S.L. Westcott, N.J. Halas, J.L. West, Temperature-sensitive polymer-
nanoshell composites for photothermally modulated drug delivery, J. Biomed.
Mater. Res. 51 (2000) 293–298.

[9] H. Hiramatsu, F.E. Osterloh, A simple large-scale synthesis of nearly monodisperse
gold and silver nanoparticles with adjustable sizes and with exchangeable
surfactants, Chem. Mater. 16 (2004) 2509–2511.

[10] M. Wuithschick, A. Birnbaum, S. Witte, M. Sztucki, U. Vainio, N. Pinna,
K. Rademann, F. Emmerling, R. Kraehnert, J. Polte, Turkevich in new robes: key
questions answered for the most common gold nanoparticle synthesis, ACS Nano 9
(2015) 7052–7071.

[11] N.G. Bastús, J. Comenge, V. Puntes, Kinetically controlled seeded growth synthesis
of citrate-stabilized gold nanoparticles of up to 200 nm: size focusing versus
Ostwald ripening, Langmuir 27 (2011) 11098–11105.

[12] C. Ziegler, A. Eychmüller, Seeded growth synthesis of uniform gold nanoparticles
with diameters of 15�300 nm, J. Phys. Chem. C 115 (2011) 4502–4506.

[13] K. Sakshum, K. Kushagra, X. Gauravi, K. Prakhar, Plasmonic study of nanoparticles
in organic photovoltaic cells: a review, J. Org. Inorg. Chem. 3 (No. 1) (2017) 2.

[14] Emmanuel Stratakis, Emmanuel Kymakis, Nanoparticle-based plasmonic organic
photovoltaic devices, Mater. Today 16 (2013) 133–146.

[15] F.I. Bohrer, A. Sharoni, C. Colesniuc, J. Park, I.K. Schuller, A.C. Kummel,
W.C. Trogler, Gas sensing mechanism in chemiresistive cobalt and metal-free
phthalocyanine thin films, J. Am. Chem. Soc. 129 (2007) 5640–5646.

[16] G. Bottari, G.D.L. Torre, D.M. Guldi, T. Torres, Covalent and noncovalent
phthalocyanine–carbon nanostructure systems: synthesis, photoinduced electron
transfer, and application to molecular photovoltaics, Chem. Rev. 110 (2010)
6768–6816.

[17] S. Schumann, R.A. Hatton, T.S. Jones, Organic photovoltaic: devices based on
waters oluble copper phthalocyanine, J. Phys. Chem. C 115 (2011) 4916–4921.

[18] Xabier Rodríguez-Martínez, Antonio S�anchez-Díaz, Guilin Liu, M.A. Ni~no, Juan
Cabanillas-Gonzalez, Mariano Campoy-Quiles, "Combinatorial optimization of
evaporated bilayer small molecule organic solar cells through orthogonal thickness
gradients, Org. Electron. 59 (2018) 288–292.

[19] Nurul Nazli Rosli, Mohd Adib Ibrahim, Norasikin Ahmad Ludin, Mohd Asri
Mat Teridi, Kamaruzzaman Sopian, A review of graphene based transparent
conducting films for use in solar photovoltaic applications, Renew. Sustain. Energy
Rev. 99 (2019) 83–99.

[20] Jinbao Zhang, Hao Yan, Li Yang, Hajar Mohammadi, Esmaeil sheibani,
Electrochemically polymerized poly (3, 4-phenylenedioxythiophene) as efficient
and transparent counter electrode for dye sensitized solar cells, Electrochim. Acta
300 (2019) 482–488.

[21] D.P. Langley, G. Giusti, M. Lagrange, R. Collins, C. Jim�enez, Y. Br�echet, D. Bellet,
Silver nanowire networks: physical properties and potential integration in solar
cells, Sol. Energy Mater. Sol. Cells 125 (2014) 318–324.

[22] Marikkannan Murugesan, Dinesh Arjunraj, J. Mayandi,
Vishnukanthan Venkatachalapathy, J.M. Pearce, Properties of Al-doped zinc oxide
and In-doped zinc oxide bilayer transparent conducting oxides for solar cell
applications, Mater. Lett. 222 (2018) 50–53.
8

[23] L. Hu, H. Wu, Y. Cui, Metal nanogrids, nanowires and nanofibers for transparent
electrodes, MRS Bull. 36 (2011) 760–765.

[24] Pasquier A. Du, H.E. Unalan, A. Kanwal, S. Miller, M. Chhowalla, Conducting and
transparent single-wall carbon nanotube electrodes for polymer-fullerene solar
cells, Appl. Phys. Lett. 87 (2005) 203511.

[25] J. Van De Lagemaat, T.M. Barnes, G. Rumbles, S.E. Shaheen, T.J. Coutts, Organic
solar cells with carbon nanotubes replacing In2O3: Sn as the transparent electrode,
Appl. Phys. Lett. 88 (2006) 233503/1–233503/3.

[26] M. Chakaroun, B. Lucas, B. Ratier, M. Aldissi, ITO/Au/ITO multilayer electrodes for
CuPc/C60 solar cells, Energy Procedia 31 (2012) 102–109.

[27] F. Zhang, M. Johansson, M.R. Andersson, J.C. Hummelen, O. Ingan€as, Polymer
photovoltaic cells with conducting polymer anodes, Adv. Mater. 14 (2002)
662–665.

[28] K. Tvingstedt, O. Ingan€as, Electrode grids for ITO free organic photovoltaic devices,
Adv. Mater. 19 (2007) 2893–2897.

[29] M. Glatthaar, M. Niggemann, B. Zimmermann, P. Lewer, M. Riede, A. Hinsch,
J. Luther, Organic solar cells using inverted layer sequence, Thin Solid Films 491
(2005) 298–300.

[30] P. Peumans, S.R. Forrest, Very-high-efficiency double-heterostructure copper
phthalocyanine/C60 photovoltaic cells, Appl. Phys. Lett. 79 (2001) 126–128.

[31] Vibha Tripathi, Debjit Datta, G.S. Samal, Asha Awasthi, Satyendra Kumar "Role of
exciton blocking layers in improving efficiency of copper phthalocyanine based
organic solar cells, J. Non-Cryst. Solids 354 (2008) 2901–2904.

[32] J. Huang, P.F. Miller, J.S. Wilson, A.J. de Mello, J.C. de Mello, D.D. Bradley,
Investigation of the effects of doping and post-deposition treatments on the
conductivity, morphology, and work function of poly (3, 4-ethylene
dioxythiophene)/poly (styrene sulfonate) films, Adv. Funct. Mater. 15 (2005)
290–296.

[33] S. Kirchmeyer, K. Reuter, Scientific importance, properties and growing
applications of poly(3,4-ethylene dioxythiophene), J. Mater. Chem. 15 (2005)
2077–2088.

[34] K.S. Ranjith, R.T. Rajendra Kumar, Facile construction of vertically aligned ZnO
nanorod/PEDOT:PSS hybrid heterojunction-based ultraviolet light sensors: efficient
performance and mechanism, Nanotechnology 27 (2016), 095304.

[35] L.B. Groenendaal, F. Jonas, D. Freitag, H. Pielartzik, J.R. Reynolds, Poly(3,4-
ethylenedioxythiophene) and its derivatives: past, present, and future, Adv. Mater.
12 (2000) 481–494.

[36] Jongmoon Shin, Myungkwan Song, Hafeez Hassan, P. Justin Jeusraj, Dong
Hyun Kim, Jong Chan Lee, et al., Harvesting near- and far-field plasmonic
enhancements from large size gold nanoparticles for improved performance in
organic bulk heterojunction solar cells, Org. Electron. 66 (2019) 94–101.

[37] Tauheed Mohammad, Vishal Bharti, Vinod Kumar, Sapna Mudgal, Viresh Dutta,
Spray coated europium doped PEDOT:PSS anode buffer layer for organic solar cell:
the role of electric field during deposition, Org. Electron. 66 (2019) 242–248.

[38] Yasser A.M. Ismail, Naoki Kishi, Tetsuo Soga, Improvement of organic solar cells
using aluminium microstructures prepared in PEDOT:PSS buffer layer by using
ultrasonic ablation technique, Thin Solid Films 616 (2016) 73–79.

[39] Wei-Dong Hu, Chunxiang Dall’Agnese, Xiao-Feng Wang, Gang Chen, Meng-Zhen Li,
Jia-Xing Song, Tsutomu Miyasaka, Copper iodide-PEDOT:PSS double hole transport
layers for improved efficiency and stability in perovskite solar cells, J. Photochem.
Photobiol. A Chem. 357 (2018) 36–40.

[40] Haiqing Zhang, Hao Yuying, Fan Zhang, Qinjun Sun, Zhanfeng Li, Yanxia Cui,
Hua Wang, Fang Shi, Improved performances of CuPc/C60-based solar cell by using
randomly and irregularly embossed PEDOT:PSS as anode buffer layer, Opt.
Commun. 346 (2015) 188–193.

[41] Xin Li, Yan Chen, Jie Sang, Bao-Xiu Mi, Dan-Hua Mu, Zhi-Gang Li, Hui Zhang, Zhi-
Qiang Gao, Wei Huang, CuPc/C60 bulk heterojunction photovoltaic cells with
evidence of phase segregation, Org. Electron. 14 (2013) 250–254.

[42] Bahareh Rezaei, Faramarz Afshar-Taromi, Zahed Ahmadi, Shima Amiri Rigi,
Niloofar Yousefi, Enhancement of power conversion efficiency of bulk
heterojunction polymer solar cells using core/shell, Au/graphene plasmonic
nanostructure, Mater. Chem. Phys. 228 (2019) 325–335.

[43] Honggyun Kim, Sandeep Kumar, Og Jin Kim, S. Sundar KumarIyer, Deok-kee Kim,
Ag back electrode bonding process for inverted organic solar cells, J. Alloy. Comp.
777 (2019) 294–301.

[44] Huangzhong Yu, Zuping Wu, Xinxin Huang, Shengwei Shi, Yanping Li, Synergetic
effects of acid treatment and localized surface plasmon resonance in PEDOT:PSS
layers by doping HAuCl4 for efficient polymer solar cells, Org. Electron. 62 (2018)
121–132.

[45] Tao Zhang, Russell J. Holmes, Overcoming the trade-off between exciton
dissociation and charge recombination in organic photovoltaic cells, Appl. Phys.
Lett. 113 (2018) 143302.

[46] J. Kimling, M. Maier, B. Okenve, V. Kotaidis, H. Ballot, A.J. Plech, Turkevich
method for gold nanoparticle synthesis revisited, Phys. Chem. B 110 (2006)
15700–15707.

[47] Zabetakis Kara, E. Ghann William, Sanjeev Kumar, Marie-Christine Daniel, Effect of
high gold salt concentrations on the size and polydispersity of gold nanoparticles
prepared by an extended Turkevich–Frens method, Gold Bull. 45 (2012) 203–211.

[48] R. Seoudi, D.A. Said, Studies on the effect of the capping materials on the spherical
gold nanoparticles catalytic activity, World J. Nano Sci. Eng. 1 (2011) 51–61.

[49] Uwe Kreibig, Michael Vollmer, Optical Properties of Metal Clusters, Springer-Verlag
Berlin Heideberg, 1995.

[50] T. Nie, K. Zhang, J. Xu, L. Lu, L. Bai, A facile one-pot strategy for the
electrochemical synthesis of poly(3,4-ethylenedioxythiophene)/Zirconia
nanocomposite as an effective sensing platform for vitamins B2, B6 and C,
J. Electroanal. Chem. 717 (2014) 1–9.

http://refhub.elsevier.com/S2405-8440(19)36335-2/sref1
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref1
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref1
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref1
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref2
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref2
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref2
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref2
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref3
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref3
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref3
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref3
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref3
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref4
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref4
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref4
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref4
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref5
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref5
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref5
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref6
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref6
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref6
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref7
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref7
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref7
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref7
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref8
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref8
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref8
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref8
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref9
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref9
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref9
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref9
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref10
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref10
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref10
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref10
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref10
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref11
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref11
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref11
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref11
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref12
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref12
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref12
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref12
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref13
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref13
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref14
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref14
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref14
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref15
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref15
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref15
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref15
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref16
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref16
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref16
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref16
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref16
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref16
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref17
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref17
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref17
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref18
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref18
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref18
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref18
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref18
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref18
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref18
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref19
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref19
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref19
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref19
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref19
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref20
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref20
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref20
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref20
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref20
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref21
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref21
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref21
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref21
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref21
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref21
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref22
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref22
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref22
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref22
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref22
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref23
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref23
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref23
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref24
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref24
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref24
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref25
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref25
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref25
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref25
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref26
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref26
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref26
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref27
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref27
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref27
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref27
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref27
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref28
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref28
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref28
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref28
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref29
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref29
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref29
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref29
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref30
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref30
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref30
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref31
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref31
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref31
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref31
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref32
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref32
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref32
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref32
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref32
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref32
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref33
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref33
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref33
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref33
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref34
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref34
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref34
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref35
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref35
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref35
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref35
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref36
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref36
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref36
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref36
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref36
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref37
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref37
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref37
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref37
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref38
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref38
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref38
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref38
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref39
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref39
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref39
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref39
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref39
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref40
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref40
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref40
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref40
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref40
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref41
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref41
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref41
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref41
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref42
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref42
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref42
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref42
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref42
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref43
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref43
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref43
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref43
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref44
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref44
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref44
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref44
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref44
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref45
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref45
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref45
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref46
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref46
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref46
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref46
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref47
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref47
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref47
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref47
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref47
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref48
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref48
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref48
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref49
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref49
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref50
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref50
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref50
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref50
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref50


D.A. Said et al. Heliyon 5 (2019) e02675
[51] L.A.A. Pettersson, S. Ghosh, O. Inganas, Optical anisotropy in thin films of poly(3,4-
ethylenedioxythiophene)-poly(4-styrenesulfonate), Org. Electron. 3 (2002)
143–148.

[52] M.E. Azim-Araghi, F. Pirifard, Morphology, optical and AC electrical properties of
nanostructure thin film of bromo indium phthalocyanine, Mater. Sci. Semicond.
Process. 16 (2013) 1466–1471.

[53] S. Sivamalar, J. Shanthi, P. Kalugasalam, Comparison of optical properties of PbPc
and CuPc thin films, Chalcogenide Lett. 9 (2012) 287–297.

[54] S. Hameroff, J. Withers, R. Loufty, M. Sundareshan, D. Koruga, Fullerene C60:
History, Physics, Nanobiology, Nanotechnology, Elsevier Science Publishers,
Amsterdam, The Netherlands, 1993.

[55] P. Du, P. Jing, D. Li, Y. Cao, Z. Liu, Z. Sun, Plasmonic Ag@oxide nanoprisms for
enhanced performance of organic solar cells, Small 11 (2015) 2454–2462.

[56] K. Smolarek, B. Ebenhoch, N. Czechowski, A. Prymaczek, M. Twardowska,
I.D.W. Samuel, S. Mackowski, Silver nanowires enhance absorption of poly(3-
hexylthiophene), Appl. Phys. Lett. 103 (2013) 203302.
9

[57] Feng Lin, Mengsi Niu, Zhenchuan Wen, Xiaotao Hao, Recent advances of plasmonic
organic solar cells: photophysical investigations, Polymers 10 (2018) 123.

[58] Y.H. Jang, Y.J. Jang, S. Kim, L.N. Quan, K. Chung, D.H. Kim, Plasmonic solar cells:
from rational design to mechanism overview, Chem. Rev. 116 (2016) 14982–15034.

[59] S.R. Gollu, R. Sharma, G. Srinivas, S. Kundu, D. Gupta, Incorporation of silver and
gold nanostructures for performance improvement in P3HT: PCBM inverted solar
cell with rGO/ZnO nanocomposite as an electron transport layer, Org. Electron. 29
(2016) 79–87.

[60] R. Seoudi, H.A. Althagafi, Dependence of copper phthalocyanine photovoltaic thin
film on the sizes of silver nanoparticles, Silicon 10 (2018) 2165–2171.

[61] A. Pangdam, S. Nootchanat, R. Ishikawa, K. Shinbo, K. Kato, F. Kaneko,
C. Thammacharoen, S. Ekgasit, A. Baba, Effect of urchin-like gold nanoparticles in
organic thin-film solar cells, Phys. Chem. Chem. Phys. 18 (2016) 18500–18506.

[62] H. Kawasaki, K. Hamaguchi, I. Osaka, R. Arakawa, pH-dependent synthesis of
pepsin-mediated gold nanocluster with blue green and red fluorescent emission,
Adv. Funct. Mater. 21 (2011) 3508–3515.

http://refhub.elsevier.com/S2405-8440(19)36335-2/sref51
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref51
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref51
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref51
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref52
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref52
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref52
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref52
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref53
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref53
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref53
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref54
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref54
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref54
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref55
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref55
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref55
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref56
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref56
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref56
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref57
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref57
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref58
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref58
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref58
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref59
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref59
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref59
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref59
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref59
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref60
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref60
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref60
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref61
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref61
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref61
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref61
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref62
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref62
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref62
http://refhub.elsevier.com/S2405-8440(19)36335-2/sref62

	A study of the influence of plasmonic resonance of gold nanoparticle doped PEDOT: PSS on the performance of organic solar c ...
	1. Introduction
	2. Experimental
	2.1. Chemicals
	2.1.1. Sample preparations
	2.1.2. Spin coating of PEDOT: PSS mixed by gold nanoparticles

	2.2. Samples characterization and measurements

	3. Results and discussions
	3.1. TEM of gold nanoparticles
	3.2. Ultraviolet-visible spectroscopy
	3.3. UV-Vis spectra (Glass/ITO/(PEDOT:PSS:AuNPs)/CuPc/C60) thin films
	3.4. Atomic force microscope resuts of (glass/ITO/PEDOT: PSS: AuNPs/CuPc/C60) thin films
	3.5. Generation and dissociation of excitons
	3.6. The current density–voltage

	4. Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Competing interest statement
	Additional information

	References


