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Abstract 
Gold nanoparticles (AuNPs) deposited at the interface of the hole-collecting buffer layer 
[poly(3,4ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)] and regioregular poly(3-
hexylthiophene):[6,6]-phenylC61-butyricacidmethylester (rr-P3HT): (PCBM) active layer were found to 
significantly increase organic solar cell performance. Organic solar cell devices were fabricated with 
weight ratio 1:0.7, 1:0.8, 1:0.9 and 1:1. of P3HT and PCBM, respectively. The photo-physical properties 
of these devices with varying weight ratios are investigated. We find that, absorption spectrum of the 
blend becomes broad with ratio varying, which is highly desirable for an organic solar cell devices. Film 
morphology is evaluated by atomic force microscopy (AFM). XRD patterns and External quantum 
efficiency (EQE) Measurements are also performed for the best device. The efficiency enhancement for 
the device with 1:1 is more significant than for 1:0.9, 1:0.8 and 1:0.7 weight ratios of P3HT and PCBM. 
With varying weight ratios, the solar cells upon (1:1) give Power Conversion Efficiency (PCE) of 3.01%, 
in contrast to 2.6% for (1:0.9), 2.01% for (1:0.8) and % 1:0.7 devices. 

 

Keywords: Green synthesis of Silver nanoparticles by using orange extract. 
 
1. Introduction 
Converting solar energy into electrical energy is becoming significant because the crisis in 
conventional energy sources nowadays. There are different natural resources available to 
generate energy. Converting solar energy into electrical energy is one of such exploitation of 
the natural sources. Inorganic solar cells are the best utilized for the last few decades in this 
direction. But, the drawbacks such as manufacturing high costs and difficult fabrication 
process made researchers to look into easily processable nature and low cost polymer 
materials. Much work has been done for almost last one decade on polymer solar cells, but the 
lower power conversion efficiency (PCE) limits their commercial usage [1–10]. After 
introduction of bulk-heterojunction concept, the PCE of polymer solar cells is nearing to 5% 
[7–10]. But, these values are not sufficient to meet realistic specifications for commercialization. 
The formation of bulk-heterojunction phase allows for bulk separation of photoinduced 
excitons and high-mobility removal of electron through the nano-phase. Poly(3-
hexylthiophene) (P3HT) has been the mostly used p-type material [7–10] in polymer solar cells 
along with a fullerene derivative, [6,6]-phenyl C61- butyric acid methyl ester (PCBM) as an 
electron acceptor. Since hole is typically the high-mobility carrier in regioregular P3HT [11], 
the enhanced electron mobility was achieved by addition of electron acceptor. However, the 
difficulty in these systems arises when we account for the effects of morphological 
modifications in P3HT phase due to the introduction of nano-phase [1, 12]. There are significant 
number of studies that investigate the effects of processing parameters on blended photoactive 
nano-phase [12–16]. Even, the regioregularity and molecular weight [17, 18] of P3HT also affect the 
performance of P3HT:PCBM devices.  
The electric power extracted from a photovoltaic device depends on both the photocurrent and 
photovoltage of the diode under illumination of a given intensity. In order to increase the PCE 
of a photovoltaic device, the practicable approach is to increase the photocurrent as much as 
possible, since the solar cell is limited by the built-in potential and it is the difference between 
the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 
(LUMO) of the electron donor and acceptor materials [19]. Different device geometries and 
interface morphologies are evaluated for the purposes of trapping more light, dissociating 
excitons more efficiently, transporting charges with fewer impediments in order to extract 
more photocurrent [20]. 
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Indeed, the solvents used for the preparation of active layer 
have shown a strong impact on its morphology, which 
influences the generation of photocurrent in the devices [15, 16]. 
Unfortunately, till to date no conclusive result was made for 
optimal processing of the nanophase.  
 
2. Experiment 
2.1. Photovoltaic device fabrication 
Pre-patterned indium tin oxide (ITO)-coated glass slides (80 
nm thick, 10Ω/sq sheet resistance). The ITO substrates were 
first cleaned with ultrasonicated in acetone and isopropyl 
alcohol for 10 min, heat dried in an oven at 120 0C and finally 
treated by ozone–ultraviolet cleaner for 10 min. The gold 
nanoparticles AuNPs were added to linear polystyrene (PS) in 
order to inhibit the dewetting in the spun-cast films. The PS 
acts as an inert host to improve the film forming property of 
the AuNPs [10]. The AuNPs solution was prepared by mixing 
the AuNPs with the PS (1:4 w/w) into the toluene solvent. A 
film of poly(ethylene dioxythiophene) (PEDOT: PSS:AuNPs) 
was spin cast on top of the ITO substrates with a speed of 
2000 r/min for 40 s to form the hole- transport layer, and was 
dried for 15 min at 140 0C. Afterwards, the mixed solutions 
consisting of P3HT (10 mg mL-1, Sigma-Aldrich) and PCBM 
(`10 mgmL-1, Sigma-Aldrich) in co-solvent by mixing 
chlorobenzene and chloroform (CB:CF) solvent in 1:1 weight 
ratio were spin cast in a nitrogen-filled glove-box, then spin-
coated at 800 rpm on the PEDOT:PSS film to form the active 
layer. The thickness of the active layer is ~150 nm and 
thickness of the PEDOT:PSS layer (30 nm) . Finally, a bilayer 
cathode consisting of 100 nm Al was thermal evaporated under 
high vacuum of ~ 2×10-5 Pa with a rate of 0.2 nm/s onto the 
polymer layer as a cathode to create a device with an active 
area of 9 mm2 defined by a shadow mask on the active layer to 
form cells with an active area of 1 cm2. The schematic diagram 
of the device structure is shown in Fig.1. 
 
2.2 Device characterization 
The current density–voltage (J–V) characteristics of devices 
were measured with a computer-programmed Keithley 2400 
Digital SourceMeter and the photocurrent was generated under 
AM 1.5 G irradiation of 100 mWcm-2. P3HT:PCBM films 
were prepared by spin coating P3HT:PCBM solution on glass 
substrates for UV–vis absorption spectroscopy and atomic 
force microscopy (AFM).The UV–vis absorption spectra of 
the polymer films were taken with a Varian Cary 5000UV–
VIS–NIR spectrometer and Raman spectroscopy using a 
Horiba Jobin Yvon HR800 micro-Raman spectrometer. The 
light intensity for the solar simulator was calibrated with a 
standard photovoltaic (PV) reference cell. Incident photon to 
electron conversion efficiency (IPCE) curves were measured 
with a Stanford lock-in amplifier 8300 unit. The AFM images 
of the polymer films were acquired using a BRUKER 
NanoScope IV Multi-Mode Adapter AFM with the tapping 
mode. The film thickness was determined with aTencorP-10 
Alpha-Stepprofiler. 
 

 
 

Fig 1: (a) Molecular structures of PEDOT:PSS:AuNPs /P3HT: 
PCBM (b) photovoltaic device structure. 

 

The PCE (g) is described by g = FF× (Voc × Jsc)/Plight, where 
the FF is defined as FF= (Imax × Vmax)/(Isc× Voc) and the 
Plight is the power of incident light. The PCEs of the pristine 
and hybrid OSCs were estimated for AuNPs. 
 
3. Results and Discussion 
The UV–vis absorption spectra of PEDO:PSS:AuNPs 
/P3HT:PCBM films with different weight PCBM:P3HT active 
layer ratios 1:0.7, 1:0.8, 1:0.9 and 1:1.,in the range from 300 
nm to 800 nm, are shown in Fig. 1. It is clearly shown that the 
absorption spectrum of the blend becomes broad with ratio 
varying, which is highly desirable for an organic solar cell 
devices. The varying PCBM:P3HT active layer ratios films 
showed varying absorption intensities and locations because 
the P3HT and PCBM had different absorption positions, and 
they were mixed in different ratios. The absorption intensities 
of the films increased with the increase of PCBM:P3HT active 
layer ratio from 1: 0.7 to 1:1 because the P3HT molecular had 
a stronger absorption in visible light region by π-π* interaction 
of the P3HT molecules [20]. However, when the ratio was 
decreased to 1:0.7, the absorption intensity decreased, which 
was attributed to the uneven distribution of the P3HT in the 
blend. So, the film with PCBM:P3HT active layer ratio at 1:1 
had the highest absorption intensity, which is an significant 
factor in enhancing the photoelectric performance of the solar 
cell. 
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Fig 2: UV–vis absorption spectra of 
PEDOT:PSS:AuNPs/P3HT:PCBM films with different weight ratios 

1:0.7, 1:0.8, 1:0.9 and 1:1. 
 
The XRD patterns of PEDO:PSS:AuNPs /P3HT:PCBM films 
with different weight PCBM:P3HT active layer ratios 1:0.7, 
1:0.8, 1:0.9 and 1:1, are shown in Fig. 3. For all of the 
prepared P3HT:PCBM active layers, a characteristic 
(corresponds to the first-order reflection peak →100) peak 
around 2θ=5.4o representing the oriented edge-on P3HT 
crystallites with the lamella structure of thiophene rings in 
P3HT [22] has grown up significantly with 1:0.7, 1:0.8, 1:0.9, 
and 1:1 respectively, and its half width has decreased. This 
indicates the increase in the degree of crystallization and/or the 
grain size of P3HT domains by 1:1 ratio. The ratios 1:0.8 and 
1:0.9 films show a reduced intensity of (100) peak as 
compared to that of the ratio 1:1film. The lowest crystallinity 
was observed for the as deposited 1:0.7 film. We assume that 
the presence of PCBM molecules affect the structure of P3HT 
crystallites at room temperatures. Upon ratio 1:1, the 
significant increase in P3HT crystallinity can be ascribed to 
the full self-assembly of the conjugated chain leading to the 
orderly formed and increased length of the conjugated bond. 
This is due to the increased homogeneous diffusion of PCBM 
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molecules at elevated temperatures to form larger PCBM 
aggregates [23]. As a result, regions with low PCBM 
concentration will occur. In these regions with low PCBM 

concentration (phase-separated networks), the P3HT 
aggregates form larger crystallites and thus facilitates charge 
transport to the electrodes [24]. 
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Fig 3: XRD curves of PEDOT:PSS:AuNPs/P3HT:PCBM films with different weight ratios 1:0.7, 1:0.8, 1:0.9 and 1:1. 
 
The Raman spectroscopy of PEDO:PSS:AuNPs /P3HT:PCBM 
films with different weight PCBM:P3HT active layer ratios 
1:1, 1:0.9, 1:0.8 and 1:0.7 , deposited on a Al substrate, are 
shown in Fig. 4. It was characterized by Raman spectroscopy 
in the range 200-2000 cm-1. There are several Raman modes in 
the range 600-1600 cm-1 [25, 26] The spectrum of the blend 
deposited on Al features all the vibrational frequencies 
expected for the organic conjugated polymer [27]. The main in-
plane ring skeleton modes at 1452 – 1468 cm-1 (symmetric 
C=C stretching mode) and at 1381-1391 cm-1 (C-C intra-ring 
stretching mode), the inter-ring C-C stretching mode at 1200-
1210 cm-1, the C-H bending mode with the C-C inter-ring 
stretch mode at 1180-1200 cm-1, and the C-S-C deformation 
mode at 720-740 cm-1. We focus on the two main in-plane ring 
skeleton modes at ∼1450 and ∼1380 cm-1, because they are 
supposed to be sensitive to π-electron delocalization 
(conjugation length) of P3HT molecules [28] as well as to 
crystallinity extent [29, 30]. It is observed that the downward 
shift in the wavenumber generally indicates an increase in the 
crystallinity of P3HT polymer and the extension of the 

effective conjugation length along the polymer backbone [31]. 
The intensity and the full width at half maximum (FWHM) of 
P3HT and its blends of the C=C stretching deformation are 
often used as an indication of the ordering in the material.  The 
P3HT polymer film prepared with a PCBM has the favourable 
molecular morphologies for the transport of charge carriers 
and is also responsible in the improvement of cell efficiencies. 
No Raman modes features attributable to PCBM, such as the 
A1g1469 cm−1 mode of fullerenes could be resolved. Huang 
YC [31] showed that the Raman modes of P3HT polymer in the 
blends are not influenced by the contributions of the PCBM 
fluorescence. The results obtained from the Raman spectra, by 
suggesting that an increase in the P3HT:PCBM blend ratio 
reduces the effective conjugated polymer length of the 
polymer backbone and hence the order within the polymer. As 
a result, the polymer film prepared with P3HT:PCBM weight 
ratio of 1:1 has favourable molecular morphologies for 
transport of charge carriers and hence improved cell 
efficiencies. 
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Fig 4: Raman spectroscopy for PEDOT:PSS:AuNPs/P3HT:PCBM films with different weight PCBM:P3HT ratios 1:0.7, 1:0.8, 1:0.9 and 1:1. 
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The Atomic Force Microscopy of PEDO:PSS:AuNPs 
/P3HT:PCBM films with different weight PCBM:P3HT active 
layer ratios 1:1, 1:0.9, 1:0.8 and 1:0.7, deposited on a Si 
substrate, as shown in Fig. 5(a, b, c & d). The ratio 1: 0.7 film 
in Fig. 4 (a,) exhibit a smooth surface and more uniform in 
thickness with evidence of phase separation, in which the 
phase separation is not obvious and the root-mean-square 
(R.M.S) roughness of the film is 2.11 nm. Fig. 5 (b, c & d) 
show images of surface morphologies of P3HT: PCBM ratios 
1:0.9, 1:0.8 and 1:0.7, respectively. It is found that with 
increasing PCBM concentration, the roughness of the film 
surface increases, as in ratios 1:0.8 and 1:0.9, as shown in Fig. 

5. Besides this at further increase in concentration of PCBM 
(1:1) large aggregates (domains) of PCBM are observed which 
is due to percolation of PCBM molecules. On the other hand 
for concentration of PCBM for 1:1 ratio, the film consists of a 
homogeneous mixture of P3HT chains and individual PCBM 
molecules. the R.M.S roughness measured for 1:0.8, 1:0.9 and 
1:1 films increased from 3.54, 4.64 and 6.61 respectively. 
Table 1 summarizes the films’ parameters as obtained from 
AFM image analysis; Ra is the film’s mean roughness, Rmax 
the maximum height of the film and R.M.S is its root mean 
square roughness. 
 

 
 

            
 

          
 

Fig 5: AFM images of PEDOT:PSS:AuNPs/P3HT:PCBM films ratios of (a)1:0.7, (b)1:0.8, (c) 1:0.9 and (d)1:1 
 
 

 

Table 1: AFM value for Photovoltaic properties of PEDOT:PSS:AuNPs/ P3HT:PCBM active layer ratios of 1:0.7, (b)1:0.8, (c) 1:0.9 and (d)1:1. 
 

Annealing R.M.S (nm) Ra(nm) Rmax(nm) 
1:0.7 2.11 2.01 16.3 
1:0.8 3.54 2.23 20.4 
1:0.9 4.64 2.97 35.8 
1:1 6.61 3.45 42.6 
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External quantum efficiency of P3HT:PCBM active layer 
films with different weight PCBM:P3HT ratios 1:0.7, 1:0.8, 
1:0.9 and 1:1., are shown in Fig. 6. The curves of EQE 
essentially followed the absorption spectrum of the 
P3HT:PCBM active layer in the range about 350–650 nm 
corresponding to the absorption wavelength range of P3HT. 
From quantum efficiency curve it was quite clear that device 
performance reduced with increase or decrease of the 
concentration of PCBM acceptor in the P3HT blend. With 
different PCBM concentration in P3HT, the crystalline 
structure formation in the blend film varied significantly which 
affects the device performances. It has been reported that, the 

concentration of the PCBM clusters and their size were found 
to be correlated with the amount of PCBM content in the blend 
[32]. The growth of the PCBM nanocrystals leads to the 
formation of percolation paths, thereby improving the 
photocurrent and overall device performance. Above a certain 
concentration, the PCBM nanocrystals provide mechanical 
stress on the metal electrode, thereby possibly damaging the 
interface leading to poorer device performance. Optimization 
of the composite weight ratio reveals the important role played 
by morphology for the transport properties of P3HT:PCBM 
bulk heterojunction based solar cells. 
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Fig 6: External quantum efficiency (EQE) spectra of PEDO:PSS:AuNPs /P3HT:PCBM films ratios of 1:0.7, 1:0.8, 1:0.9 and 1:1. 
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Fig 7: J–V curves of ITO/PEDOT:PSS:AuNPs/P3HT:PCBM/Al active layer ratios of 1:0.7, 1:0.8, 1:0.9 and 1:1. 
 

 
Current – Voltage (J-V) characterization of PEDO:PSS:AuNPs 
/P3HT:PCBM films, are shown in Fig. 7. Significant 
improvements show in the J-V characterization results of solar 
cells, especially on ISC, Voc and FF. While weight ratio of 
P3HT: PCBM films changing from 1:0.7, 1:0.8,1:0.9 and 1:1. 
The value of ISC various from 4.2, 4.25, 5.1 and 5.8 mA/cm2, 
respectively. However, further increasing of the PCBM 
content leads to the decreasing of ISC. The Voc values for the 

weight ratio 1:0.7, 1:0.8,1:0.9 and 1:1 were varying slightly 
maybe due to the well established ohmic contact between the 
anode and active layer. The values of Voc are also similar to the 
previous results 0.49, 0.48 0.51 and 0.52 V, respectively [33]. If 
both electrodes establish ohmic contacts with the active layer, 
Voc in these Bulk-Heterojunction cells is related directly to the 
energy difference between the HOMO level of the donor 
(P3HT) and the LUMO level of the acceptor (PCBM) 
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components. The FF increases with increasing weight ratio 
1:0.7, 1:0.8,1:0.9 and 1:1 from 0.6, 0,61, 0.63, and 0.62. 
Consequently, the 1:1 weigh ratio composition for blend film 
gives the highest ISC, Voc and FF, while a blend ratio reduces 
both of them. As a result, the maximum values of PCE as high 
as 3.01 is obtained for the structure organic solar cell, using 
the optimized blend weight ratio of 1:1. While the other values 
of PCE for weight ratio1:0.7, 1:0.8, and 1:0.9 of P3HT: PCBM 
films changing from 2.06, 2.01 and 2.6, respectively. The 
increase in PEC of PEDOT:PSS:AuNPs/P3HT:PCBM film 
can be attributed to the increases in the interfacial contact area 
between the P3HT:PCBM active layer and 
PEDOT:PSS:AuNPs intermediate layer, which allowing more 
efficient hole collection at the anode, and hence increases Jsc 
and FF.For the blend material system, it has been established 
that a fairly homogenous blend is obtained for PCBM contents 
up to 50% (i.e 1:1) by weight, and that at higher PCBM 
content, PCBM rich domains begin to segregate [34]. Due to the 
high electron mobility in PCBM, the PCBM rich domains may 
assist charge collection in blends, which induce the 
improvement on device performance. However further 
increased PCBM content induces a decreasing on the charge 
carrier collection because of the recombination in the over 
enlarged PCBM rich domains. 
 

Table 2: Photovoltaic parameters for organic solar cell device with 
different weight PCBM:P3HT ratios 1:0.7, 1:0.8, 1:0.9 and 1:1. 

 
Devices Voc(v) J sc(mA/ cm2) FF PCE(%) 

1:0.7 0.62 4.20 0.60 2.06 
1:0.8 0.48 4.25 0.61 2.01 
1:0.9 0.51 5.1 0.63 2.6 
1:1 0.52 5.8 0.62 3.01 
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