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Abstract: In this study, poly (3-hexylthiophene) (P3HT) and fullerene Indene-C60 multi-adducts (ICxA) were blended 

to create a formulation as a solution and thin films, which were prepared under ambient conditions. The optical 

properties of various compositional ratios were studied using UV-Visible absorbance and photoluminescence (PL) 

measurements. The energy gaps of the prepared thin films and solutions were determined, and their values increased 

with increasing fullerene ratio because of the isolation of P3HT chains from their neighbors. Intensity ratio  

(IC= C/IC-C) with a small value in addition to a low value of full width at high maximum (FWHM) of Raman spectra 

are associated with increased conformation and high aggregation of composition. Furthermore, according to X-ray 

diffraction (XRD) results the 1:0.8 and 1:0.6 ratios have the largest crystallite sizes in comparison to the other 

ratios. The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) 

levels for blends by electrochemical measurements were determined, which are sandwiched between those of the 

pure materials. In ambient conditions, binary organic photovoltaic cells (OPVs) at different ratios of the photoactive 

layer were evaluated. The device with a ratio of 1:0.6 had the best performance, with power conversion efficiency 

(PCE) of 1.21%, open circuit voltage (VOC) of 0.53 V, short circuit current density (JSC) of 5.71 mA.cm-2, and fill 

factor (FF) of 39.5% at a small Vloss of 1.39 V. 

Keywords: Organic photovoltaics, Photoluminescence, X-ray diffraction, Raman spectrum, Cyclic Voltammetry. 

 

1. INTRODUCTION 

Organic materials have contributed to the 

development of organic photovoltaic cells 

(OPVs) as a new source of clean and cheap energy 

and have opened the way to progress in 

understanding the fundamental chemistry and 

physics of π-bonded macromolecules [1]. The 

OPV devices can absorb sunlight and convert it 

into electricity because of their conjugated system 

[2]. The first OPV device was constructed by 

Calvin in 1958 [3] using magnesium 

phthalocyanines (MgPc) between two conducting 

glass electrodes, which achieved 200 mV. The 

photovoltaic properties of these cells depend 

strongly on the nature of the electrodes. These 

cells are called single-layer organic photovoltaic 

cells and are the simplest among various organic 

photovoltaic cells. The first organic photovoltaic 

cell bilayer was reported by Tang in 1986 [4]. In 

these devices, light is usually absorbed in the 

donor material (copper phthalocyanine) and the 

photogenerated excitons diffuse within the donor 

towards the planar interface to the acceptor 

material (perylene tetracarboxylic derivative). A 

power conversion efficiency of approximately 

1% has been achieved under simulated AM2 

illumination (light intensity of 75 mW/cm2). 

However, the performance of these devices is 

limited by the small interfacial area between the 

donor and acceptor materials, which results in 

impaired charge separation. To achieve high-

performance OPV devices and to increase exciton 

dissociation in the donor/acceptor interfaces,  

an interpenetrated bulk heterojunction (BHJ) 

structure of the donor and acceptor should be 

achieved, which invented by Heeger et al.  

[5]. Blending an electron-donating conjugated 

polymer such as poly (3-hexylthiophene) (P3HT) 

with a fullerene electron acceptor such as [6, 6]-

phenyl C60 butyric acid methyl ester (PCBM) 

contributed to improving the morphology of  

the active layer, charge separation at the 

donor/acceptor interface, and transport between 

layers of solar cells [6]. PCBM was replaced by 

another fullerene derivative, indene-C60 mono-

adduct (ICBA), which has a higher LUMO than 

PCBM [7]. Indene: fullerene synthesized by the 

simple reflux of indene and fullerene, such as 

indene-C60 mono-adduct (ICMA), indene-C60  

bis-adduct (ICBA), and indene-C60 tris-adduct 

(ICTA), which is characterized by a lower cost 
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compared to PCBM and high solubility in 

solvents, especially in chlorobenzene (CB). 

Recently, P3HT was mixed with an indene-C60 

adduct mixture (ICxA), where x= mono-, bis-, or 

tris-adducts to produce roll-to-roll (R2R) OPV 

devices [8]. In 2010, Youjun et al. [9] synthesized 

a new soluble C60 derivative, indene-C60 bis-

adduct (ICBA), with a LUMO energy level of 

0.17 eV higher than that of PCBM. Under the 

same experimental conditions, the performance of 

OPVs using ICBA was better than that of those 

using PCBM. In addition, they reported that 

ICBA is easier to synthesize than PCBM, and it 

possesses better solubility in common organic 

solvents and stronger visible absorption than 

PCBM. Zhao et al. [10] studied the effect  

of thermal annealing on the photovoltaic 

performance of the P3HT: ICBA active layer. The 

results without thermal treatment were a PCE of 

4.84%, while by annealing the active layer at 

150°C for 10 min, the OPV demonstrated the  

best performance of PCE of 6.48%. In  

2016 Cooling, et al. [11] the synthesized  

fullerene mixture, ICxA, was used to fabricate 

R2R OPV devices with the structure 

ITO/PEDOT:PSS/P3HT:ICxANP/Ca/Al, the 

results of hero type were VOC of 0.81 V, JSC of 7.18 

mA/cm2, FF of 58%, and PCE of 3.37%.  

The present study examined the effect of the 

fullerene ratio on the performance of P3HT: ICxA 

blends by measuring steady-state spectra, 

structural properties, and cyclic voltammetry 

(CV). Scientific comparisons of the spectra of the 

solutions and films were performed. Raman 

spectroscopy was used to identify the various 

stretching modes present in the P3HT:ICxA thin 

films and the crystal structure of the blends was 

investigated using X–ray diffraction. The J–V 

properties of standard solar cells based on a 

binary active layer with different ratios of the 

P3HT:ICxA blend were also studied. 

2. EXPERIMENTAL PROCEDURES 

2.1. Materials 

P3HT and ICxA were synthesized in-house 

according to the literature [11]. The ICxA consists 

of a mixture of 36% ICMA, 51% ICBA, and 13% 

ICTA. The PEDOT: PSS solution (Al 4038) low 

conductivity (500–5000 Ω.cm) was purchased 

from Ossila, UK. The ZnO nanoparticles used in 

this study were synthesized according to the 

literature [12], and the ZnO nanoparticles have a 

particle size of 20 nm. ITO-coated glasses for the 

OPV devices were purchased from South China 

Science and Technology Company Limited 

(China). These substrates were pre-coated by the 

manufacturer with a transparent ITO layer 

(thickness of approximately 100 nm and surface 

resistance of (8–12 Ω) in a specific pattern, which 

acted as the anode. Aluminum (Al) wire was 

commercially available, which was used as a 

cathode electrode, while chlorobenzene solvent 

(CB) was obtained from Sigma Aldrich.  

2.2. Device manufacture 

The P3HT: ICxA blends were prepared by 

dissolving 40 mg of P3HT and ICxA in 1 mL CB, 

at weight ratios of 1:0.6, 1:0.8, 1:1, 0.8:1, and 

0.6:1.The solutions were heated at 60°C and 

stirred for two hours to completely dissolve 

materials in the solvent [13]. To characterize the 

physical properties, dilute solutions were 

prepared, as well as, thin films were made of the 

same prepared solutions with a spin-coating speed 

of 2000 rpm for 60 s [14]. Dilute solutions were 

prepared by adding 1 µL of P3HT: ICxA with 40 

mg/mL to 4 mL of CB solvent. The thin films with 

an average thickness of approximately 125 nm 

were spin-coated on the surface of the quartz 

substrates (1 cm × 2 cm). To achieve a well-

ordered morphology, thin films were annealed at 

140°C for 5 minutes [15, 16]. To manufacture 

organic solar cells, the following procedures were 

followed: Firstly, the ITO-coated glass substrates 

were washed with detergent and ultrasonically 

cleaned in distilled water, acetone, and isopropyl 

alcohol. Then the substrates were dried at 100°C 

for 15 min in an oven. Secondly, the PEDOT: PSS 

layer was spin-coated on the cleaned ITO 

substrates at 4000 rpm for 1 min, then dried for 

20 min at 140°C in air. Thirdly, on the top of 

PEDOT: PSS layer, the photoactive layer at 2000 

rpm for 1 min was spin-coated. Fourthly, the ZnO 

nanoparticles layer was spin-coated on top of the 

photoactive layer at 4000 rpm for 1 min. After 

that, the annealing process was applied to the 

devices at 140°C for 5 min. Finally, an Al 

electrode was thermally deposited on top of the 

ZnO layer. All these procedures were performed 

in the air, which is shown in a schematic diagram 

in Figure 1, where Figure 1a represents the 

manufacturing steps and Figure 1b represents the 

structure of the OPV devices. 
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Fig. 1. A schematic diagram representing (a) the manufacturing steps and (b) the structure of the OPV devices 

designed according to the experimental procedure. 

2.3. Characterization Techniques 

Various characterization techniques were used to 

measure the dilute solutions and annealed thin 

films under ambient conditions. The absorption 

spectra of the samples were recorded using a 

Shimadzu UV-1800PC spectrometer in the range 

of (300–800 nm) for the dilute solutions and 

(200–800 nm) for the thin films. While the 

emission measurements were performed using a 

Fluo Time 300 fluorescence lifetime spectrometer 

at an exciting wavelength of 500 nm. On the other 

hand, Raman spectra were measured using a JD-

785-300 mW laser with a wavelength of 532 nm, 

whilst, X-ray diffraction was performed using an 

X'Pert Diffractometer with angles ranging from 

2° to 40°. The electrochemical characteristics of 

the thin films were investigated using the cyclic 

voltammetry (CV) technique. Which was  

carried out using a Corr-Test electrochemical 

workstation. The electrochemical workstation 

consists of a working electrode, counter electrode 

Pt plate, and standard calomel electrode (SCE) as 

a reference electrode (Ag/AgCl)), which were 

dipped in a 0.1 mol/L tetra butyl ammonium 

hexafluorophosphate (Bu4NPF6) in acetonitrile 

solution [17, 18]. The J-V characteristics of the 

fabricated OPV devices were measured using an 

AM1.5 simulator system manufactured by 

SCIENCE TECH, Canada. 

3. RESULTS AND DISCUSSION 

3.1. UV–Vis Absorption Spectroscopy 

Figure 2 displays the typical UV–Vis absorption 

spectra of P3HT: ICxA dilute solutions and thin 

films at different weight ratios. The spectra of the 

dilute solutions showed the strongest absorption 

in the visible region at 454 nm, which attribute to 

the π–π* transitions of the polymer in the blends, 

with a small peak at 310 nm, as shown in Figure 

2a. The spectra of the annealed thin films at 

140°C for 5 min were much broader compared to 

those of solutions, as shown in Figure 2b. Strong 

peaks were observed at 511 nm with two 

pronounced shoulders at 529 and 604 nm, as well 

as, two peaks at 325 and 253 nm, which are 

attributed to the contribution of the polymer and 

fullerene in the blend. In addition, the absorption 

edges were significantly red-shifted in the thin 

films, which can be ascribed to the more ordered 

aggregates, more ordered inter-chain stacking, 

and enhanced crystallinity in the solid film [19]. 

As the fullerene ratio increased, the thin films 

exhibited a blue shift in the absorption spectra, 

and the energy gap increased as well. This shift is 

attributed to reduced inter-chain interactions due 

to the presence of fullerene, where fullerene 

molecules isolate chains of P3HT from their 

neighbors [20] [21]. Therefore, the donor-to-

acceptor composition ratio influences the 

electronic properties of the blends [20, 21]. 

By using Tauc’s formula [22], the optical energy 

gap (Eg) was estimated by extrapolating the linear 

fitted line in the (αhν)2 vs. hν plots near the 

fundamental absorption edge region, as shown in 

Figure 3a for solutions and Figure 3b for thin 

films. The Tauc method is based on the 

assumption that the absorption coefficient (α) can 
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be expressed by the following Equation [23, 24]: 

αhv = K((hv − Eg))m                    (1)  

Where K is an energy-independent constant, hv is 

the energy of the incident photons, and Eg is the 

optical energy gap. The m factor depends on the 

nature of the electron transition and is equal to 1/2 

for the direct and 2 for the indirect transition band 

gap. According to the Beer-Lambert law, the 

absorption coefficient is given by the following 

Equation [25]:  

α = 2.303A/t                           (2)  

Where A absorbance of the samples, t is the 

thickness of the samples estimated for thin films 

(125 nm), and for solution samples (1 cm). The 

optical energy gap results obtained using Tauc’s 

equation and the absorption edge onset are 

summarized in Table 1. These results indicate that 

the energy gap of the polymer increases with 

increasing fullerene content in the blend. The 

energy gap values of the materials in both 

techniques were similar. Pure P3HT has a direct 

transition band gap, which agrees with previous 

results [26, 27]. 

3.2. Photoluminescence (PL) Spectroscopy 

To study the internal domain structure of P3HT, 

using a 500 nm excitation wavelength the 

emission and absorption spectra of the pure P3HT 

solution and the thin film were shown in Figure 

4a and 3b, respectively. 

 
Fig. 2. Absorption spectra of P3HT, ICxA, and P3HT:ICxA blends, (a) as solutions, and (b) as a thin films. The 

linear part of the plot is extrapolated to the x-axis. 

 
Fig. 3. The estimated Eg using Tauc’s equation for samples, (a) in case solution and (b) in case thin film. The 

linear part of the plot is extrapolated to the x-axis. 
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Table 1. The Eg values for P3HT:ICxA blends using Tauc’s equation and absorption edge onset. 

P3HT:ICxA 
𝐄𝐠 (onset) (eV) 

Thin film 

𝐄𝐠 (Tauc) (eV) 

Thin film 

𝐄𝐠 (onset) (eV) 

Solution 

𝐄𝐠 (Tauc) (eV) 

Solution 

P3HT 1.93 1.87 2.3 2.28 

1:0.6 1.93 1.95 2.3 2.24 

1:0.8 1.95 1.96 2.3 2.26 

1:1 1.95 1.97 2.3 2.27 

0.8:1 1.95 1.98 2.31 2.29 

0.6:1 2.1 2.3 2.32 2.23 

ICxA 3.08 2.88 3.1 3.1 

 

In Figure 4a, the normalized absorption spectrum 

(black line) of the P3HT solution is a broad band 

with a peak at 454 nm, mainly related to the  

intra-chain states of the individual P3HT chains, 

aggregation between chains is considered 

negligible, which leads to a structure-free 

absorption spectrum. The emission spectrum (red 

line) is narrower and displays a vibrational 

progression, with a peak at 582 nm (2.13 eV), 

indicating a Stokes shift, i.e., the energy 

difference between the emission maximum and 

the absorption edge at 544 nm (2.28 eV) is 0.15 

eV [28]. On the other hand, the absorption and 

emission spectra of the P3HT thin film are 

considerably different from those of P3HT in 

solution, as shown in Figure 4b, which displays 

the characteristic transitions associated with 

interchain exciton delocalization and significant 

coupling to vibrations. Generally, spin-coated 

films show more pronounced 0-0, 0-1, and 0-2 

vibronic features, suggesting a higher ordering in 

the polymer phase [29]. The 0-0 transition 

represents the intra-chain interactions of P3HT, 

whereas the 0-1 and 0-2 bands refer to the inter-

chain interactions [30]. The absorption spectrum 

of the P3HT thin film (black line) was strongly 

red-shifted in the peak positions compared to that 

in solution, with a maximum at 554 nm 

corresponding to the 0-1 transition. In addition, 

displays two pronounced shoulders at 529 and 

604 nm, corresponding to 0-2 and 0-0 vibronics, 

respectively. In contrast, the emission spectrum 

(red line) of the P3HT thin film displayed two 

pronounced peaks at 672 nm (1.84 eV) and 698 

nm (1.77 eV). The appearance of the peaks is an 

indication of the ordered structure after the self-

assembly of the P3HT polymer. The ordered 

aggregation of P3HT chains in the thin film is 

associated with interchain delocalized excitons 

resulting from the π–π stacking of the P3HT 

chains [19]. Photoluminescence (PL) 

measurements of the blends were recorded in 

solution and thin films, as shown in Figures 5a 

and 4b, respectively. The blend solution spectra 

gradually decrease as the ICxA ratio increases, 

with a maximum peak at 582 nm. In the case of 

the thin films, the emission spectra were red-

shifted compared to the spectra of the solutions, 

with two maximum peaks at 670 and 698 nm. The 

emission spectra demonstrated a Stokes shift  

of 0.15 eV. As the ratio of ICxA in the blend 

increased, the spectra are blue-shifted compared 

with the emission spectrum of the P3HT film. In 

contrast to that of the pure P3HT spectrum, the 

intensity of the 0-0 vibronic peak corresponds to 

the maximum emission peak. It has been observed 

that the I0–0/I0–1 value of blend films is less than 

1, indicating that H-aggregation dominates [19, 31]. 

3.3. Raman Spectroscopy 

We now turn to Raman spectroscopy to obtain a 

deeper understanding of the crystallinity of 

conjugated polymers. Raman spectra of thin films 

are shown in Figure 6. The samples were excited 

with a laser operating at a wavelength of 532 nm. 

The Stokes-Raman shift is a symmetric stretching 

mode containing several peaks. The peaks in the 

Raman spectra of the P3HT and P3HT: ICxA 

blend films, at 1465 cm-1 and 1401 cm-1 are 

attributed to the C=C symmetric stretching and 

C–C skeletal stretching of the thiophene ring, 

respectively. Other peaks at 1208 cm-1 and 1100 

cm-1 correspond to the inter-ring C–C stretch 

mode and C–C inter-ring stretching with the C–H 

bending mode, respectively [32, 33]. It was found 

that an increase in the ICxA content leads to an 

increase in the peak intensity of the C=C and  

C–C modes, and the peak of the C–C mode shifts 

towards a lower wavenumber and a decrease in its 

FWHM. The crystallization of the P3HT: ICxA 

films was inferred from the fact that the Raman 

intensity in the main mode (C=C) is higher, 
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sharper, and has symmetrical broadening, in 

addition to a smaller FWHM compared to those 

of the P3HT spectrum. To determine the heights 

of the intensities and FWHM parameters, the 

symmetric stretching peak was fitted with a 

Gaussian function. The results related to Raman 

spectra are listed in Table 2. The positions of the 

C=C and C–C stretch modes as well as the 

relative intensity (IC= C/IC-C) indicate the backbone 

conformation and molecular order of P3HT in the 

films [33]. By taking the ratio of intensities  

(IC= C/IC-C), we found that the P3HT film showed 

a value of 7.6, whereas the blend films had a 

smaller average value of 7.46, with the smallest 

value being 6 for a 1:0.6 ratio.  

The small values of (IC= C/IC-C) indicate  

more conformation; hence, high aggregation, 

while the large values of the relative intensity 

suggest a more twisted conformation of P3HT 

chains [34, 35].

 
Fig. 4. Normalized emission (red lines) and absorption (black lines) spectra of P3HT excited at wavelengths of 

500 nm, (a) solutions, and (b) thin films. 

 
Fig. 5. Photoluminescence spectra of P3HT:ICxA blends excited at wavelengths of 500 nm, (a) as solutions, (b) 

as a thin films. 
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Fig. 6. Raman spectra of P3HT, ICxA, and P3HT: ICxA films, which obtained laser excitation at 532 nm. 

Table 2. The Raman parameters, and positions of symmetric stretch (C=C) and inter-ring (C-C), (IC=C/IC-C), and 

FWHM of P3HT: ICxA thin films. 

P3HT:ICxA Pos. C=C (cm-1) Pos. C–C (cm-1) IC= C/IC-C FWHM C=C (cm-1) 

P3HT 1465 1401 7.6 48.5 

1:0.6 1465 1395 6 51 

1:0.8 1468 1395 7.8 44.6 

1:1 1465 1395 6.8 46.6 

0.8:1 1468 1395 9.8 42.7 

0.6:1 1468 1395 6.9 45.1 

ICxA - - - - 

 

Upon blending the polymer (P3HT) with the 

fullerene acceptor (ICxA), no apparent shift in the 

peak position was observed. This indicates that 

the acceptor material is loaded onto the polymer 

backbone without much alteration in the 

conjugation length of the polymer [32]. 

3.4. X-Ray Diffraction (XRD)  

Figure 7a displays the X-ray diffraction (XRD) 

patterns of the P3HT, ICxA, and P3HT: ICxA 

films, whereas Figure 7b shows the effect of 

fullerene on thin film crystallization through line 

broadening and FWHM. The peak position, 

intensity, FWHM of the peak, and d-spacing are 

considered significant parameters in the XRD 

spectra, which are summarized in Table 3. From 

the X-ray diffraction pattern, the detected peak 

corresponded to the (100) reflection [33]. The 

crystallite size (D) was calculated from the 

diffraction pattern using the Scherrer equation 

[36, 37]: 

D =
0.9 λ

β COSθ
                            (3)  

Where λ is the X-ray wavelength, β is the FWHM 

of the peaks, and θ is the Bragg angle. According 

to Winokur’s proposition for the unit cell, lattice 

constant (a) is equivalent to the chain-chain 

interlayer distance at (100) [38, 39].  

The results indicate that the crystallite sizes  

of P3HT: ICxA with 1:0.8 and 1:0.6 ratios  

were significantly larger than those of the  

other samples. As depicted in the results,  

the blend films exhibited a significant  

decrease in the FWHM and d-spacing, and  

an increase in the crystallite size, indicating  

an increase in the ordering of the alkyl  

chains within the main thiophene chains [40].  

We note that the ICxA is an amorphous  

substance. As shown in Figure 7b, the diffraction 

peaks became more regular, sharp, and 

symmetrical broadening when ICxA was added to 

P3HT.
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Fig. 7.  (a) XRD patterns of the P3HT, ICxA and various composite ratios of P3HT:ICxA films. (b) The peaks of 

XRD patterns with (100) reflection. 

Table 3. The basic parameters of X-ray diffraction patterns, in addition the crystallite size (D). 

P3HT:ICxA 2θ (deg.) FWHM (Rad.) d-spacing (Å) D (Å) 
P3HT 5.09 0.7680 17.33967 108.1 

1:0.6 5.15 0.2362 17.14660 351.5 

1:0.8 5.22 0.2160 16.90558 384.4 

1:1 5.11 0.2640 17.27473 314.5 

0.8:1 5.09 0.2880 17.34691 288.3 

0.6:1 5.11 0.3840 17.26786 216.2 

ICxA amorphous - - - 

 

3.5.  Electrochemical Characterization 

Cyclic voltammetry (CV) measurements were 

performed on an electrochemical workstation. 

Figure 8 shows the CV curves of pure and blended 

thin films with varying blending ratios. The 

potential was scanned from -3 to +3 V at a scan 

rate of 20 mV s−1. The onset of oxidation (Eox) 

potential represents the first observed anodic 

signal, whereas the reduction (Ered) potential 

represents the first observed cathodic signal, 

which was used to calculate the HOMO and LUMO 

energy levels. The Eg of the materials was calculated 

according to the following equations [41, 42]: 

EHOMO = −e(Eox + 4.8)(eV)                (4)  

ELUMO = −e(Ered + 4.8)(eV)               (5)  

Eg = (ELUMO − EHOMO)(𝑒𝑉)                (6)  

Where 4.8 is the ferrocene energy level relative to 

the vacuum level when the ferrocenium/ferrocene 

(Fc/Fc+) redox couple is used as an internal 

standard [41]. The (HOMO)/(LUMO) energy 

levels of P3HT and ICxA were calculated to be -

5.5/-3.3 and -6.8/-3.87 eV, respectively. On the other 

hand, the HOMO and LUMO levels of blends are 

sandwiched between those of the pure materials. 

Notably, the HOMO levels of all blends vary from 

-5.8 to -6.08 eV, which is closer to P3HT, while 

their LUMO levels range from -3.78 to -3.84 eV, 

which is closer to ICxA as summarized in Table 4.  

Table 4. Cyclic voltammetry results, Eg, Eox, Ered, and EHOMO/ELUMO levels of P3HT: ICxA blend thin films. 

P3HT:ICxA Eox (eV) Ered (eV) EHOMO/ ELUMO (eV) Eg (eV) 

P3HT 0.70 -1.50 -5.50/-3.30 2.20 

1:0.6 1 -1.01 -5.80/-3.78 2.02 

1:0.8 1.02 -1.04 -5.82/-3.76 2.06 

1:1 1.07 -0.99 -5.87/-3.81 2.02 
0.8:1 1.08 -0.97 -5.88/-3.83 2.05 

0.6:1 1.10 -0.96 -5.90/-3.84 2.06 

ICxA 2 -0.93 -6.80/-3.87 2.93 
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Fig. 8. Cyclic voltammetry curves for P3HT:ICxA blends. Cross-dashed lines were used to estimate position of 

Ered and Eox.

The LUMO position of pristine P3HT has been 

reported in a broad range of -3.53 to -2.70 eV, 

while its HOMO position lies within a narrow 

range of -4.92 to -5.20 eV [18]. The Eg values 
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measured using the CV technique were close to 

the optical gaps derived from the UV-Vis 

absorption spectra. The results indicate that the 

difference (ELUMO (P3HT)-ELUMO (ICxA)) 

decreased after blending, leading to create a driving 

force at the interface between the two materials, 

which is strong enough to separate the charge 

carriers of photo-generated excitons [43]. 

Figure 9 shows the energy band diagrams of 

materials used in fabricating the devices. The 

difference between the work function of Al  

(ϕ(Al)= 4.2 eV) and the electron affinity (Ea)  

of ZnO (Ea (ZnO)= 4.5 eV), as well as,  

the difference between the work functions of  

ITO (ϕ(ITO)= 4.8 eV) and ionization potential  

(Ip) of PEDOT: PSS (Ip (PEDOT:PSS)= 5.2 eV). 

Both of ZnO and PEDOT: PSS layers lead to  

form ohmic contact between electrodes to  

avoid the opposite collection of charge carriers 

[44, 45].  

In our devices, holes were injected into the 

HOMO of PEDOT: PSS, and electrons were 

injected into the energy bands of ZnO. Due to the 

formed barriers (ELUMO (ICxA)–Ea (ZnO)) 

prevents the transfer of electrons to the anode 

electrode and barrier (EHOMO (P3HT)-EHOMO 

(PEDOT: PSS)) prevents the transfer of holes to 

the cathode electrode. The holes injected into the 

ITO can be blocked by ZnO because of the higher 

ionization potential Ip (ZnO) compared to Ip 

(PEDOT: PSS), leading to the transfer of holes to 

P3HT when Ip (PEDOT: PSS) and Ip (P3HT) are 

equivalents. The electrons injected into an 

aluminum cannot be transferred to PEDOT: PSS 

because Ea (PEDOT: PSS) is less than Ea (ZnO), 

but they can be trapped on ICxA owing to the 

lower Ea (ICxA) than that of Ea (ZnO) [46, 47]. 

The difference between the EHOMO (D) of the 

electron donor material and ELUMO (A) of the 

electron acceptor material is related to the open-

circuit voltage (VOC) of the organic solar cells. 

Therefore, an increase in EHOMO (P3HT)-ELUMO 

(ICxA) leads to an increase in VOC, thereby 

enhancing the efficiency of photovoltaic devices 

despite the reduced absorption of photons because 

of an increase in the bandgap [48, 49]. 

3.6. J–V Characteristics 

Under different blending ratios of the active layer, 

the solar cell's performance with 0.06 cm2 was 

investigated using the AM1.5 Solar Simulator. 

The measurements were conducted immediately 

after the device was manufactured to avoid the 

oxidation problem. 

 
Fig. 9. Schematic of energy band diagram of organic solar cell. 
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The J–V characteristics of the ITO/ PEDOT: PSS/ 

P3HT: ICxA/ZnO/Al device were tested, as shown 

in Figure 10. The photovoltaic performance 

parameters such as the open-circuit voltage (VOC), 

the short-circuit current density (JSC), the fill factor 

(FF), the series resistance (Rs), and the shunt 

resistance (Rsh) were determined, as summarized in 

Table 5. The best device performance was recorded 

for the P3HT: ICxA (1:0.6) with PCE= 1.21%, FF= 

39.51, JSC= 5.71 mA.cm-2 and VOC= 0.534V. We 

also calculated the voltage loss, which is given by 

Vloss= Eg/q−VOC, where q is the elementary charge 

[50]. P3HT: ICxA devices display a reduction in 

PCE with increasing ICxA content, owing to their 

low JSC and FF values, despite their higher open-

circuit voltage values, which are attributed to 

limited photon harvesting by the active layer and 

high voltage loss due to carrier recombination. The 

low values of Rs and large values of Rsh lead to 

improved FF, which is attributed to the strong 

molecular stacking during active layer formation, 

leading to reduced interfacial resistance between 

layer structures and reduced leakage current owing 

to defects [51]. 

 
Fig. 10. Current density–voltage (J–V) curves for a 

spin-coated binary active layers (P3HT: ICxA) based 

organic solar cells under illumination. 

4. CONCLUSIONS 

This study provides valuable information on the 

effect of the ICxA ratio in the P3HT: ICxA system, 

which may be useful in photovoltaic (PV) systems. 

Solutions, thin films, and OSCs based on P3HT 

were studied by adding ICxA at different blending 

ratios. Optical absorption spectra displayed a 

reduction in their intensities upon increasing the 

fullerene ratio, with a blue shift in the main peak. 

However, the 1:0.6 ratio showed an increase in the 

intensity of the absorption spectrum compared to 

the P3HT intensity for both the solution and thin 

film samples. In addition, the 1:0.6 ratio exhibited 

higher efficiency and lower voltage losses. On the 

other hand, the emission spectra demonstrate a 

reduction by increasing the fullerene ratio; this 

allows the excitons to reach the interface between 

the polymer and fullerene to be separated into free 

charges before the processes of capture or 

recombination. A small intensity ratio (IC=C/IC-C) 

along with a low value of full width high maximum 

(FWHM) of Raman spectra are associated with 

increased composition aggregation and 

conformation. The results were further confirmed 

by Raman spectroscopy, XRD, and power 

conversion efficiency measurements. The 

reduction in the band offset between the LUMO 

energy level of the acceptor and the LUMO energy 

level of the donor increases the open-circuit 

voltage of the OPV device and improves the charge 

separation processes in the devices. The solar cell 

performance demonstrated a decrease in PCE with 

a further increase in the fullerene ratio in the blend. 
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Table 5. The electrical parameters for the organic solar cells with different weight ratios. 

P3HT:ICxA 
VOC 

V 

Jsc 

mA/cm2 

FF 

% 

Rs 

Ω 

Rsh 

Ω 

PCE 

% 

Vloss 

V 

1:0.6 0.53 5.7 39 171 5089 1.21 1.39 

1:0.8 0.54 3.5 40 311 8245 0.78 1.40 

1:1 0.53 3.2 37 337 7136 0.65 1.41 

0.8:1 0.45 3.5 29 1125 4558 0.48 1.49 

0.6:1 0.38 2.2 33 407 1558 0.38 1.72 
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