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In this paper, we investigated the effects of mixing TiO2 and ZnO nanoparticles in the 

photoactive layer of poly (3-hexylthiophene) (P3HT) and [6,6]-phenyl C61-butyric acid 

methyl ester (PCBM) solar cells. Different weight ratios of TiO2, ZnO nanoparticles and 

PCBM were mixed, keeping the constant ratio of P3HT to form blend for deposition of 

active layer using xylene as a solvent. The mixing of both nanoparticles in the active layer 

of P3HT:PCBM increased the power conversion efficiency (PCE) of the devices. The 

optical absorption was enhanced in the visible region with the addition of TiO2 and ZnO 

nanoparticles in the active layer. The roughness of the active layer was increased with 

increasing amount of nanoparticles in the active layer blend. The metal oxides 

nanoparticles were found to agglomerate as their concentration increases than PCBM in 

the active layer and completely agglomerate in the absence of PCBM. 
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1. Introduction 
 

Organic solar cells (OSCs) are a smart technology because of their prospect ease 

fabrication, low cost, lightweight, readily available, colorful and portable [1–4]. In spite of having 

low efficiency and short lifetimes, the latest cost effective reports suggest that OSCs could become 

economical with other solar cell if modules with PCE of 5% and five years stability could be 

manufactured. One of the most promising techniques to enhance the PCE of the device is to build 

up interpenetrating network of electron donor and acceptor components in the photoactive layer of 

the solar cells.   

More recently, various hybrid organic-inorganic nanocrystals solar cells have been 

reported using different organic semiconductors P3OT, P3HT, MEH-PPV [5–11] and inorganic 

nanocrystals CdS, CdSe, CdTe, ZnO, SnO2, TiO2, PbS, and PbSe [12–20]. It was reported that 

incorporation of metal oxides in the active layer enhance the stability composed of P3HT, but also 

improved the charge transfer and thus PCE of hybrid solar cells [21,22]. Organic semiconductor 

have high light absorption coefficient compared to Si and inorganic nanoparticles have high carrier 

mobilities and higher absorption coefficient than PCBM generally used in organic solar cells [23]. 

In this study, ZnO and TiO2 nanoparticles were mixed in the blend of organic materials to 

fabricate tetra blended hybrid bulk heterojunction solar cells. Efforts have been made to replace 

PCBM in polymer solar cells; in addition to being less expensive than PCBM the inorganic 
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materials have energy levels that have capability to align with the electron donor (P3HT). The 

mixing of both metal oxides in the active layer of P3HT:PCBM solar cells, it can enhance the 

charge mobility and shrink the cost of the devices. Therefore, we fabricated devices with a 

P3HT:PCBM:ZnO:TiO2 blend. 

 

 

2. Experimental details 
 

ZnO nanoparticles (≤100 nm) were purchased from Sigma-Aldrich and titanium dioxide 

nanoparticles (8-10 nm) were synthesized based on technique [24]. Regio-regular P3HT was 

purchased from Rieke Metals. PCBM (99 % purity) was purchased from Nano-C USA. The hole 

transport layer poly(3,4 polyethylene dioxythiophene polystyrenesulfonate) PEDOT:PSS was 

received  from Heraeus Material Technology LLC, USA. ITO coated glass substrates were 

purchased from Delta Technologies USA. 

Indium tin oxide (ITO) coated on a glass substrates were cleaned in detergent, deionized 

water, isopropanol and acetones for 5 minutes each. Substrates were dried in nitrogen pressure and 

placed into a UV-O3 cleaner for 20 minutes. The conducting polymer poly (3,4-

ethylenedioxythiophene):poly(styrene-sulfonate) (PEDOT:PSS) was spin coated using 3000 rpm 

for 60 seconds and used as anode buffer material for smoothing the ITO surface, enhancing the 

adhesion to the upper light absorbing layer, and improving the device stability by hindering 

oxygen and indium diffusion through the anode. The blend of P3HT:PCBM:ZnO:TiO2 of different 

weight ratios (1:0.7:0 A, 1:0.55:0.075:0.075 B, 1:0.35:0.175:0.175 C, 1:0.15:0.275:0.275 D and 

1:0:0.35:0.35 E) dissolved in 1ml xylene (X) solvent after  stirring 12 hrs at 40
0
C was spuned on 

the top of PEDOT:PSS layer. Finally, a top metal electrode of LiF/Al was vacuum deposited onto 

the photoactive layer. The top contact area of 0.4 cm
2
 was maintained for all devices. We 

fabricated all the devices twice time and found very small change in PCE of the devices. 

 

 

3. Results and Discussion 

 
 

Fig. 1: Schematic of hybrid BHJ solar cell (a) and energy level diagram (b) 

 

 

Fig. 1a depicts the architecture of normal hybrid BHJ solar cell with the photoactive layer 

composed of P3HT, PCBM and ZnO:TiO2 nanoparticles. The energy level diagram of the layers 

involved for the ZnO:TiO2 conjugated hybrid solar cells [25] is shown in Fig. 1b. Photogenerated 

excitons are generated at the interfaces of donor (P3HT) and acceptor (PCBM). In this case the 

generated holes transfer towards the ITO anode after passing through buffer layer (PEDOT:PSS) 

and electrons are transported to the LiF/Al cathode. Electrons cannot flow towards ITO electrode 

due to PEDOT:PSS. The mixing of ZnO and TiO2 nanoparticles in the  active layer favor transport 

electrons towards top contact (Al) due to their lower conduction energy level and higher electron 

mobility in the hybrid active layer.  

a 

bb b 

b 
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Fig. 2: J-V characteristics of various ratios of P3HT:PCBM:ZnO:TiO2. 

 

 

The current density vs voltage (J-V) curves obtained under dark and light conditions using 

a calibrated AM 1.5 G solar simulator at 100 mW/cm
2 

are shown in Figure 2. Different weight 

ratios of the blends were used in the active layer and results are summerized in Table 1.  

 
Table 1: Device parameters obtained from J-V curves in Fig. 2 

 

Devices Voc 

(V) 

Jsc 

(mA/cm
2
) 

FF 

(%) 

Rsh 

(Ω-cm
2
) 

Rs 

(Ω-cm
2
) 

PCE (%) 

 

A 

 

0.54 

 

5.03 

 

41.7 

 

676 

 

39.2 

 

1.13±0.1 

B 0.64 

 

5.78 53.7 1064 15.6 1.98±0.2 

C 0.64 7.16 

 

48.4 362 16.8 2.22±0.03 

D 0.64 

 

5.53 44.4 696 22.0 1.55±0.2 

E 0.28 0.01 34.1 

 

26240 50.4 0.001±0.0 

         

 

As we incorporated ZnO:TiO2 nanoparticles to the active layer of the devices, better 

performance in nearly every parameters is found, namely  Voc, Rs and Jsc. This trend broke down 

with very higher concentration of metal oxides without PCBM in the binary active layer blend. 

This is probably due to large aggregations of nanoparticles preventing charge separation and 

reducing the short circuit current to zero. The table indicates that mixing various ratios of 

ZnO:TiO2 nanoparticles in the active layer of the devices, while maintaining the amount of 

acceptor material, increased efficiency from 1.13± 0.1 % to 2.22± 0.03 %. The increase in 

efficiency mostly originates from a drop in series resistance (Rs) with the incorporation of 

optimum amount of metal oxides nanoparticles in the active layer, evident from the high Jsc when 

similar values of voltages are applied. The table shows that Rs decreased from 39.2 Ω-cm
2
 to 22.0 

Ω-cm
2 

with incorporation of metal oxides, in the presence of PCBM in the active layer. The 

decrease in Rs is manifested to decrease in bulk resistivity with the addition of ZnO:TiO2 as the 

addition develops perculation network of the active layer [26]. The increase in Rsh is due to 

suppression of leakage current attributed to nanoparticles network [13,27]. The observed increase 

in Rsh and decrease in Rs, reduced the leakage current and found significant increase in FF and 

Voc of the devices with increasing amount of nanoparticles in the active layer [28,29]. The 
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increase observed in Jsc and FF is attributed to percolation network of nanoparticles that facilitates 

the electron transport in the photoactive layer and an electric field is formed between 

heterojunction of organic material and nanoparticles [25,30]. The Voc remained constant in the 

devices, untill whole PCBM was replaced by ZnO:TiO2, when the Voc is droped to 0.28 V.  This 

decrease in Voc is due to the BHJ structure breaking down from extensive aggregations of the 

metal oxides in the binary blend and can be seen in device E (Table 1).  

 

    
 

Fig. 3. FESEM images of different ratios of P3HT:PCBM:ZnO:TiO2 active layer. 

 

 

Fig. 3(a)-3(b) show the field emission scanning electron microscope (FESEM) images of 

the active layer of D and E. Fig. 3a displays few small and large clusters of TiO2 and ZnO were 

found on the surface of the active layer. In binary film E complete agglomeration was observed, as 

shown in Figure 3b. Due to complete agglomeration without PCBM in the active layer, it appears 

that PCBM also acts as surfactant for ZnO:TiO2. This suggests it necessary to use an active layer 

of PCBM and ZnO:TiO2 to achieve high performing devices. 

 

  
                            
Fig. 4 (a &b) : AFM images of A and D active layers 

 

 

The Fig. 4(a)-4(b) display images of A and D active layers obtained using atomic force 

microscope (AFM). Figure 4a represents the surface is rough with few needle type feature and a 

RMS roughness value of 5.7 nm.  Fig. 4b shows the formation of small and large chunks of 

ZnO:TiO2 on the surface of P3HT and PCBM with RMS roughness of 26.4 nm. This roughness 

increased with increasing amount of ZnO:TiO2 in the blend of P3HT: PCBM film.  

 

a b 

b a 
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Fig. 5: Optical graphs of different ratios of P3HT:PCBM:ZnO:TiO2 based devices. 

 

 

The UV- Vis absorption spectra of various ratios of P3HT:PCBM:TiO2:ZnO active layers 

prepared at 150
0
C for 15 minutes is shown in Figure 5. In active layer A, the absorption of PCBM 

is dominant below 400 nm and absorption caused by P3HT is visible between 400-640 nm. As 

PCBM concentration reduces in the active layer, the absorption peak of P3HT at 500 nm increases 

and broadens. This trend depends on PCBM concentration and thermal annealing of the active 

layer [31]. Absorption increased with increasing amount of ZnO:TiO2 in the blend of 

P3HT:PCBM and introduced red and blue shift in the absorption spectra. As described earlier, 

roughness increased in the presence of nanoparticles in the active layer. The surface with high 

roughness might scatter more light and leads to slightly increased absorption with nanoparticles 

conjugated active layer [25]. 

 

 
Fig. 6: EQE curves of different ratios of P3HT:PCBM:ZnO:TiO2 blend devices. 

 

 

The external quantum efficiency (EQE) curves of A and C devices are shown in Fig. 6. 

The figure shows the improved EQE with incorporation of ZnO and TiO2 nanoparticles in the 

active layer of the devices. The enhancement in EQE was attributed to decrease in recombination 

current and to increased absorption in the active layer with incorporation of both nanoparticles 

[32]. 

 

 

b 
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4. Conclusions  

 

Effects of incorporation of ZnO and TiO2 nanoparticles in the active layer of P3HT:PCBM 

BHJ solar cells was studied. The mixing shows an increase in the efficiency of the devices from 

1.13±0.04 % to 2.22±0.03 %. The efficiency improved most probably due to decrease in Rs of the 

devices. The Voc, Jsc, FF and EQE of the devices increases with increasing amount of both 

nanoparticles in the blend of active layer of P3HT:PCBM. The addition of both nanoparticles 

enhanced the absorption and introduce blue shift with optimum amount of ZnO:TiO2 in the blend 

of the active layer. The ZnO and TiO2 nanoparticles agglomerated with increasing amount of 

nanoparticles in the active layer and increased the surface roughness. The both nanoparticles 

formed large aggregates in the absence of PCBM in the active layer. This recommends that the 

PCBM also acted as a surfactant material in the photoactive layer of the devices. 
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