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 In this work, the inverted polymer–organic solar cells prepared from an active layer 

blend of poly(3-hexylthiophene) (P3HT) and the fullerene derivative [6,6]-phenyl-

C61-butyric acid methyl ester (PCBM) mixed in different mass ratios (1:1; 1:0.8 

and 1:0.6) deposited from chlorobenzene solution by spin-coating on Indium Tin 

Oxide coated Glass (ITO) substrates. The photo-physical properties of these 

devices with varying weight ratios are investigated. The UV spectroscopy was 

performed, the absorption spectra revealed a decrease in the intensities with 

increasing the fullerene ratio and the peaks were blue shifted. Thin films 

morphology is evaluated by atomic force microscopy (AFM). The J-V 

measurements for all devices were performed.  External quantum efficiency (EQE) 

and Internal quantum efficiency (IQE) measurements are also performed for the 

best device. The best performance was recorded for the device with 1:1 weight ratio 

of P3HT and PCBM give Power Conversion Efficiency (PCE) of 3.67%. 
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1. Introduction 

Polymer solar cells (PSCs) have many advantages including transparency, large-area, and light 

weight, which make them indispensable in the future [1-6]. Moreover, they have achieved power conversion 

efficiencies (PCEs) of over 15–16% for single-junction devices [7-12] and over 17% for multi-junction 

devices [13]. However, the poor stability and short lifetime of PSC devices are still serious problems that 

limit their development. The research was focused on developing device architecture [14-16], design 

semiconductor polymers [17-19], control morphology [20,21], and interfacial engineering between layer 

materials and active layer that provides a powerful strategy to enhance both stability and efficiency of 

organic photovoltaic devices [22]. Generally, the structure of OSCs could be classified into two categories, 

namely conventional and inverted structures; the conventional structure is based on bulk heterojunction 

active layer, sandwiched between a transparent conducting electrode, such as indium tin oxide (ITO), and a 

low work function metal electrode (Ca/Al, LiF/Al and Al) [23]. However, the cathode buffer layer poly(3,4 

ethylenedioxythiophene):polystyrene sulfonic acid (PEDOT:PSS) has an acidic and hydrophilic 

nature [24,25], which detrimental the active layer and can etch the ITO, via the increase of the interfacial 

resistance through indium diffusion into the active layer, this leads to the deterioration of the device 

performance[26-28].  

To overcome these issues, the inverted configuration is an alternative solution to make PEDOT: 

PSS-free device, where the polarity of charge collection is opposite to that in conventional one. In this case, 

inverted organic solar cell (iOSC) configuration allows the use of high work function metal contact that is 

less air-sensitive, and a low work function metal oxide as an electron transporting layer to modify the ITO 

surface. The offset between the HOMO of the polymer and the LUMO of the fullerene is a crucial factor to 
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determine the solar cell performance [29]. Thus, to achieve high efficiencies, nanoscale interpenetrated bulk 

heterojunction (BHJ) network of donor and acceptor should be achieved in order to increase the donor and 

acceptor interfaces, which is essential for exciton dissociation. Generally, P3HT has a strong trend towards 

creating a self-organized thin film which is beneficial for charge transportation [30]. On the other hand, 

PCBM is one of the most investigated organic acceptor, which is blended with P3HT considering the light-

harvesting and charge carrier transportation [31]. In this work, the effect of PCBM weight ratios on the 

P3HT-based inverted solar cells were investigated; the weight ratios were varied in the range of 0.6-1. The 

optical, morphological, structural, and electrical characteristics were investigated. The absorption spectra of 

absorbers have revealed a decrease in the intensities by increasing the PCBM ratio and the peaks were blue 

shifted. Film morphology is evaluated by atomic force microscopy (AFM). External quantum efficiency 

(EQE) Measurement is also performed for the best device. The efficiency enhancement for the device with 

1:1 is more significant than for 1:0.8 and 1:0.6 weight ratios of P3HT and PCBM. With varying weight 

ratios, the solar cells upon (1:1) give Power Conversion Efficiency (PCE) of 3.67%, in contrast to 3.36 % for 

(1:0.8) and 2.51% for (1:0.6) devices. 

2. Experimental 

2.1. Synthesis of ZnO Sol-Gel Precursor 

ZnO sol-gel was Synthesis according to [32]. Zinc acetate dehydrate (Zn(CH3COO)2·2H2O) was 

dissolved in a mixture of ethanolamine (NH2CH2CH2OH) and 2-methoxyethanol (CH3OCH2CH2OH) with 

1:1 ratio. The solution was kept at 70 ℃ for 30 min with continuous and vigorous stirring, and then kept 

stirring overnight in the air to allow the hydrolysis reaction to reach completion.  

2.2. Device Fabrication 

The ITO substrates were cleaned by sequential sonification in the aqueous solution of detergent, pure 

water, acetone and isopropanol (for 15 min each solvent) then treated with UV-plasma for 15 min. First, the 

ZnO solution was spin-coated on the as-above cleaned ITO substrates under 2500 revolutions per minute 

(rpm)/30s in air, and the samples are subsequently dried at 200 °C for 30 min in oven. The photo-active layer 

was prepared based on P3HT: PCBM solution with different ratios of 1:0.6, 1:0:8 and 1:1 dispersed in 1 mL 

o-dichlorobenzene (C6H4Cl2). The absorber layer was deposited onto the previous prepared films using spin-

coater with 1000 rpm for 60s and then annealed at 150 °C for 15 min. Next, MoO3 (7 nm) and Ag (120 nm) 

were thermally evaporated in a vacuum of 1×10-6  Torr, acting as inverted device electrodes. The iPSCs were 

fabricated on ITO glass substrates with the following structures of ITO/ZnO/P3HT:PCBM/MoO3/Ag. ZnO 

has conduction band energy of around -4.3 eV and valence band energy of around -7.6 eV [33], which 

suggests that electrons from the active layer can be transported into ZnO, while holes from the active layer 

can be blocked (Fig. 1).  

 

Fig. 1. Schematic illustration of an inverted organic solar cell (left) and schematic energy diagram of the materials involved (Right). 

 

2.3. Measurements and Characterization 

Structural, morphological and optical properties of the prepared films as well as the inverted devices 

were analyzed with different techniques. A UV–Visible–NIR spectrophotometer (Perkin-Elmer Lambda 950) 

with an integrating sphere of 150 mm was used to obtain the transmission/absorption spectra of the films in 

the wavelength range of 200–1000 nm. Atomic force microscopy (AFM) images were obtained in tapping 
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mode with a Nanoscope Dimension 3100 from Veeco Instruments. The sample luminescence was collected 

by an optical fiber and analyzed by a cooled CCD camera. The PL signal was integrated over time for 

duration between 1 s and 10 s depending on the intensity of the signal. In order to avoid the saturation effect 

at the defect centers, the laser power was reduced down to 10 µW. The electrical characterizations of the 

inverted devices were done inside a glovebox under a nitrogen atmosphere; the current density–voltage (J–

V) characteristics were measured with an HP Agilent source measurement unit, in dark and under 

illumination using a solar simulator with AM1.5G conditions (Oriel Xenon 150 W, model 96000), after 

calibration using a standard silicon solar cell with 100 mW/cm2. 

3. Results and discussion 

The UV–vis transmittance spectra for the ZnO on ITO and absorption was measured and shown in 

Fig. 2(a). One can notice that the ZnO ETL shows high transmittance values (> 87%) over the visible 

wavelength range. The UV–Vis absorption spectra of P3HT: PCBM films with different weight ratios 1:0.6, 

1:0.8, and 1:1, in the range from 300 to 800 nm, are shown in Fig. 2(b). It is clearly shown that the 

absorption spectrum of the blend becomes broad with ratio varying, which is highly desirable for organic 

solar cell devices.  The absorption intensities of the thin films increased with the increase PCBM ratio (from 

0.6 to 1) because the  P3HT has a wide and strong absorption band in the range of 400-650 nm  by π-π* 

interaction [34]. However, when the PCBM ratio was decreased, the absorption intensity decreased, which 

was attributed to the uneven distribution of the P3HT in the blend. Therefore, the film with P3HT: PCBM 

(1:1) had the highest absorption intensity, which is a significant factor in enhancing the photoelectric 

performance of the solar cell. 

 

Fig. 2. (a) Transmittance spectra of ITO substrate and ITO substrate coated with ZnO layers and (b) Absorption spectra of P3HT: PCBM ratios 

deposited on glass substrate. 

 

To elucidate further the efficiency of exciton dissociation, the PL measurement of thin films was 

performed. The photoluminescence (PL) emission spectra of the P3HT, PCBM and of the bulk 

heterojunction based on P3HT: PCBM ratios were recorded in the range of 550-900 nm as depicted in Fig. 3. 

The PL the spectrum of pure pristine P3HT exhibits a broad emission in the range of 530–740 nm, with the 

two expected peaks, one located at 640 nm (1.94 eV), which is related to pure electronic transition, and the 

second shoulder at 680 nm (1.82 eV) that is assigned to the first vibronic band in P3HT. Once PCBM was 

presented as an acceptor with P3HT, It was observed that the PL emission intensity decreases with an 

increase in PCBM concentration. The PL quenching suggests that the transfer of photo-induced electrons 

from P3HT to PCBM increases hugely with an increase in the amount of PCBM. For an efficient device, a 

rapid transfer of photo-induced charges is very important, because if the electrons are not transferred within a 

few femtoseconds, the photo-generated excitons will decay to the ground state emitting PL resulting in an 

inefficient PV device. 
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Fig. 3. Photoluminescence spectra of P3HT, PCBM and P3HT: PCBM blend with different concentrations deposited on glass substrat.  

 

The Raman spectroscopy of P3HT and P3HT:PCBM films with different weight ratios deposited on 

a glass substrate are shown in Fig. 4. It was characterized by Raman spectroscopy in the range  

400-2000 cm-1. There are several Raman modes in the range 600-1600 cm-1 [35,36]. various Raman modes 

are observed and identified: 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. 

The obtained results suggest 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 favorable molecular morphologies for 

transport of charge carriers and hence improved cell efficiencies. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Fig. 4. Raman spectroscopy for P3HT: PCBM films P3HT: PCBM blend with different concentrations deposited on glass substrate. 

 

In order to study variation ratios effect on the surface morphology and topography as well as the 

films roughness, the atomic force microscope was recorded for different thin films on ITO substrate as 

illustrated in Fig. 5. The ratio 1: 0.6 film in Fig. 5 (a) exhibit a smooth surface and more uniform in 

thickness, compared to 1:1 and 1:0.8 ratios. It’s found that with increasing PCBM amount, the roughness of 

the film surface increases, as in ratios 1:0.8 and 1:1, as shown in the Fig. 5. The surface morphology is rather 

homogeneous with surface roughness RMS (Root Mean Square Roughness) of 2.4, 4.08 and 5.32 nm, for 

P3HT: PCBM thin films concentrations of 1:0.6, 1:0.8 and 1:1, respectively.  
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Fig. 5. 3D- AFM images of P3HT: PCBM thin films: (a) P3HT: PCBM (1:0.6), (b) P3HT: PCBM (1:0.8) and (c) P3HT: PCBM (1:1) blend deposited 

on ITO substrate. 

 

The J-V characteristic curves for P3HT: PCBM based devices with different ratios are shown in Fig. 6(a-

c). The determined parameters are summarized in table 1, displaying short-circuit current density (JSC), open-

circuit voltage (VOC), fill factor (FF) and power conversion efficiency (PCE). As can be seen, the 

photovoltaic performance of devices is considerably improved with PCBM amounts. The device based on 

P3HT:PCBM (1:1) demonstrates best performance compared to P3HT: PCBM (1:0.6) and P3HT: PCBM 

(1:0.8); the device with P3HT: PCBM (1:1) shows the highest performance with a short-circuit current 

density JSC = 10.38 mA.cm-2, an open-circuit voltage Voc = 590 mV, a fill factor FF = 60.01%, and a power 

conversion efficiency PCE = 3.67%. While the other values of PCE for weight ratio 1:0.6 and 1:0.8 of 

P3HT:PCBM films changing from 2.51 and 3.36, respectively.  

The increase in PCEs, it can be attributed to the high electron mobility in PCBM, the PCBM rich 

domains may assist charge collection in blends, which induce the improvement on device performance. The 

external quantum efficiency of the best cell is shown in Fig. 6(b). the EQE spectra of the device based 

P3HT:PCBM (1:1) exhibited broad and high spectral responses ranging from 400 to 600 nm, with maximum 

value around 60% at 550 nm. 

 
Fig. 6. (a) J-V curves of ITO/ZnO/P3HT:PCBM/MoO3/Ag with different ratios of 1:0.6, 1:0.8 and 1:1; (b) EQE spectra of the best cell based on 

glass/ITO/ZnO/P3HT:PCBM (1:1)/MoO3/Ag. 
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Table 1 

Photovoltaic performance parameters for P3HT: PCBM with different concentrations. 

 

 

 

 
 

 

* The averaged values were calculated from 8 solar cells. 

4. Conclusion 

In summary, we demonstrated an efficiency enhancement of inverted organic solar cells based on 

heterojunction by combining P3HT and PCBM as an active layer with different ratios 1:1, 1:0.8 and 1:0.6. 

Optical absorption spectra displayed increases in absorption intensities by increasing fullerene. These results 

were further confirmed by Raman results and AFM images. On the other hand, PL spectra is demonstrated 

efficient quenching by increasing the fullerene ratio. The best solar cells performance was obtained for 

P3HT: PCBM prepared in the 1:1 with PCE = 3.76%, in contrast to 3.36% for (1:0.8) and 2.51% for 1:0.6 

devices. 
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