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 The effect of photovoltaicslayer deposition methods for hybrid organic/inorganic 

poly(3-hexylthiophene) (P3HT):ZnOnanorods solar cell were studied. A new technique 

for photoactive deposition named Angle Lifting Deposition (ALD) was compared to 

typical spin coating method. This new approach consumed very small amount of 

materials as compared to spin coating, but the fabricated device exhibited higher 
efficiency. The ALD method was devised by stamping 13 layers of 

P3HT:ZnOnanorods onto ITO coated glass substrate/PEDOT:PSS at the surface 

pressure of 9 mN/m. After every deposition, the film was dried using hot air for 15 
seconds. It is observed that the type of photoactive film deposition technique affected 

the optical and electrical properties of the fabricated solar cells. 
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INTRODUCTION 

 

 Historically the first photovoltaic effect in an electrolyte solution was observed by Alexandre-Edmond 

Becquerel in 1839. Bell Labs pioneered solid-state solar cells in 1954 and since then there have been a 

proliferation of research work on the development of solar cells to harness the sun’s energy to generate 

electricity. However, even after more than half a decade of research and development solar cells account only 

for a very small fraction of the total electricity produced globally. Crystalline and multi-crystalline silicon solar 

cells are the most developed and produced accounting for about 80% of the solar cell market. The optical 

absorption of silicon is well matched with the solar spectrum and power conversion efficiencies of 25% and 

20% have been obtained for crystalline and multi-crystalline silicon solar cells respectively. However, high 

production costs of solar cells raised the interests in using organic electronic materials as alternatives to silicon. 

Conjugated polymeric materials developed by Hideki Shirakawa, Alan MacDiarmid and Alan Heeger (Chiang 

et al., 1977) are a type of organic material with strong absorption, high quantum yield in the solid state, exhibit 

molecular wire properties and highly fluorescent (Yang and Swager, 1998). They are easy to fabricate due to 

low processing temperatures and amenable to the use of standard printing processes (Gaudiana and Brabec, 

2008) and can be deposited on a wide range of substrates (Levellet al., 2010). 

 Nevertheless, organic solar cells based on conjugated polymers have poor conversion efficiency and low 

charge mobility (Siringhaus, 2005), relatively narrow optical absorption spectrum (Nicholson and Castro, 2010) 

and large optical band gap (Godlewski and Obarowska, 2007). To obtain useful efficiency levels, composites of 

organic/inorganic solar cell devices have been researched and developed (Fan et al., 2013). They showed 

promising photo-physical properties as compared to conjugated polymer devices. These types of solar cells 

exploit the combination of unique properties of the inorganic materials at the nano-scale level that enable them 

to absorb a broad spectrum of incident sunlight. 

 Numerous groups of researchers have investigated different types and combinations of organic/inorganic 

composite. Haridaset al. (2008) demonstrated that when a very small fraction of inorganic nanoparticles is 

introduced into a conjugated polymer there is a significant change in optical properties. Meanwhile Hyun et al. 

(2002) have fabricated solar cells based on poly(3-hexylthiophene) (P3HT) and CdSenanorods. The results 

obtained showed an increment in charge transfer rate and extended spectrum absorption up to 700 nm. Nam et 

al. (2011)also reported that by incorporating CuInS2 quantum dots into organic photoactive layers, the 

corresponding power conversion efficiency was 13% higher than that of purely organic solar cells. 
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 Zinc oxide (ZnO) also has been extensively used as an inorganic material in composite solar cells structure 

due to its stability in air, good light transmittance (Fan et al. 2013), environmental friendly (Chou et al., 2009) 

and low crystallization temperature (Shao et al. 2013). Studies revealed that ZnO blend in polymer solar cells 

improve charge carrier collection and transport (Takanezawaet al. 2008;Olson et al., 2007, Olson et al., 2008). 

Size, morphology and percentage of ZnO in the polymer matrix also influence the efficiency of the solar cells 

(Jiet al., 2010;Beeket al., 2006).  

 Generally, composite organic/inorganic materials can be prepared by physically mixing the two materials 

according to the fractional composition required, or by direct attachment of inorganic nanoparticles to the 

polymer. One of the conventional ways of fabricating hybrid organic/inorganic solar cells is by spin coating the 

mixture of organic/inorganic materials. In this paper, we compare the characteristics of solar cells that were 

fabricated by spin coating technique with Angle Lifting Deposition (ALD) method which is a modification of 

theLangmuir-Schaeffer technique.  

 

MATERIALS AND METHODS 

 

Materials: 
 Chloroform that was used as solvent to conjugated polymer Poly(3-hexylthiophene) or P3HT, and Poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) or PEDOT:PSS were purchased from Sigma Aldrich. All 

materials used were as-received unless stated otherwise. Indium tin oxide (ITO)-coated glass slides with a sheet 

resistance of 5 Ω/sq were used as the substrates. The substrates were cleaned by sequential ultrasonic treatment: 

chloroform, acetone and propanol before being rinsed copiously with de-ionized water and dried using Nitrogen 

gas. PEDOT:PSS was filtered using 0.45 µm microfilter and spun onto the ITO coated substrate at 4000 rpm, 

followed by annealing for 10 minutes. PEDOT:PSS acts as the hole transport layer in the solar cell device  and 

helps smoothen the ITO surface and keep the ITO from diffusing into the active layer.  

 In this investigation, two types of photoactive film deposition methods were employed: 

 

1. Spin coating (SC): 
 P3HT was dissolved in chloroform to make 10 mg/ml solution, followed by blending with 20 mg of 

ZnOnanorods by ultrasonication for 5 min. Composite layers of P3HT and ZnOnanorods were spun at 5000 rpm 

for 50s onto the ITO/PEDOT:PSS glass substrates and annealed at 80 
o
C for 10 min. Finally, 100 nm thick 

aluminum (Al) was evaporated on the top of the cells. 

 

2. Angle Lifting Deposition (ALD): 
 A mixture of P3HT and ZnO was prepared by adding 0.4 mg of ZnOnanorods into 0.2 mg/ml P3HT in 

chloroform. Then, 1000 µL of the solution was dispensed into a PC-controlled KSV 2002 System 2 trough filled 

with ultra-pure water (resistivity 18.2 MΩ at 25
o
C) to form a floating film layer on the water surface. The 

chloroform was allowed to evaporate for 10 to 15 minutes before compressing the film layer. The film area was 

compressed with one barrier at a constant barrier speed and its surface pressure was monitored by a PC. When 

the surface pressure reached 9 mN/m, the film was deposited by carefully touching one edge of the substrate 

(glass/ITO/PEDOT:PSS) onto the surface at an angle of 45
o
 and slowly dropping it onto the monolayer surface, 

and then lifted by raising it the same way. After every deposition, the film was dried using hot air for 15 seconds 

to initiate polymerization and ensure that the film is completely dry before the next deposition. Thirteen layers 

of film were deposited. After the last deposition, the film was annealed at 80 
o
C for 10 min before the aluminum 

is evaporated to form a solar cell device. 

 

Characterization: 
 Absorption spectra and the energy of the photoactive layers were measured by Jasco 570 UV-Vis-NIR 

spectrophotometer. The current density–voltage (J-V) characteristics of solar cells were recorded by a Keithley 

2400 source meter unit assisted by a calibrated solar simulator with AM 1.5 illumination and light intensity of 

100 mW/cm
2
. 

RESULTS AND DISCUSSION 

 

 Figure 1 shows the TEM image of the ZnOnanorodsused in this work. The diameter of the ZnO is around 

45 nm and the length is ~ 100 nm. The size is a bit larger as compared to typical ZnOnanorods size used in solar 

cells, of lengths 20-30 nm. Studies by several groups show that by changing the parameters for the preparation 

of the inorganic layer, ZnOnanorods morphology and P3HT crystallinity, solar cells efficiency can be enhanced 

(Olson et al., 2006;Lee et al., 2009).  

 Surface pressure vs. mean molecular area isotherm of pristine P3HT and P3HT:ZnO is depicted in Figure 2. 

The isotherm profiles of both materials show no distinct phase change, a feature characterized by long polymer 

chains that cause a two-dimensional lattice to form (Petty, 1996). By extrapolating the solid phase linear section 
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of the graph, it was found that P3HT:ZnO show smaller mean limiting molecular area, Ao as compared to 

pristine P3HT, approximately 2000 Å
2
. The graph profile of pristine P3HT is not smooth as compared to 

P3HT:ZnO because the polymer have rearranged its’ chains during the liquid-solid phase transformation. On the 

other hand, when ZnOnanorods was introduced into the polymer matrix, it broke the polymer’s long chain 

during ultrasonication, consequently, aiding the molecular re-arrangement. This phenomenon is due to the fact 

that ZnO tend to be hydrophilic while polymers are hydrophobic (Chen et al., 2012). 

 

 
 

Fig. 1: TEM image of synthesized ZnOnanorods 

 

 
 

Fig. 2: Isotherm of P3HT and P3HT:ZnOnanorods 

 

 UV-Visible absorption spectra in energy scale of P3HT:ZnOnanorods photoactive layer deposited on 

ITO/PEDOT:PSS is depicted in Figure 3. The UV-Vis result shows the sample prepared by spin coating method 

has distinct absorbance peak with energy of 3.3 eV. This vibrational energy associated with 

ZnOnanorodsthatabsorb light at a wavelength of 375 nm. This result is consistent with those of Jiet al. (2010) 

who reported the absorption spectrum of ZnOnanorods/P3HT spin-coated on ITO glass. The difference of ZnO 

peak between the two samples is due to the quantity used to make P3HT:ZnO solution. Although the ratio is the 

same, the quantity used in the ALD technique is much smaller. It is also observed that for film deposition using 

the ALD technique, a shoulder of the curve at 2.05 eV is more prominent than the curve for spin coating. This 

shoulder is generally attributed to a higher crystallization of intra-chain interactions indicating an ordered 

molecular structure of the active layer. Another distinct shoulder at 2.25 eV is due to vibronic transitions in the 

UV-Vis spectra that are associated with improvement in holes mobility in the polymer (Olson et al., 2007;Cho 

et al., 2006). 
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Fig. 3: Absorption spectra of P3HT:ZnOnanorods deposited on ITO/PEDOT:PSS substrate by (a) Spin coating  

and (b) ALD techniques. 

 

 The current density–voltage (J-V) characteristic of the solar cells fabricated using the two different methods 

is depictedin Figure 4. The measurements were carried out under a simulated AM1.5 illumination by a solar 

simulator with light density of 100 mW/cm
2
. The solar cell performance was found to depend on the photoactive 

layer deposition method.  

 

 
 

Fig. 4: Current density Voltage J-VcharacteristicsunderAM1.5 illumination 

 

 From the J-V measurement, the short circuit current density,Jsc for the device fabricated using spin coating 

technique was 0.52 mA/cm
2
, whereas for the ALD method the Jsc was 0.55 mA/cm

2
. The open circuit voltage, 

Voc for spin coating was estimated to be around 1.027 V and Voc for ALD was 1.101 V. Accordingly, the fill 

factor,FF for spin coating was 0.52 and 0.64 for ALD. Fill factor is defined by equation 1: 

 

𝐹𝐹 =
𝑃𝑚𝑎𝑥

𝑉𝑂𝐶×𝐽𝑆𝐶
,            (1)

   

 in which Pmaxis the maximum power generated by the device. FF is related to charge transport and therefore 

to charge carrier mobility (Schilinskyet al., 2004). It is desirable to have high mobility of thin active layers in 

order to prevent significant loss by recombination. This shows that the larger the FF, the greater the device 

efficiency. The efficiency, ηis the ratio between the maximum electrical power produce by the cell to the light 

power incident, Pinc on active layer, or mathematically, 

 

𝜂 =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛𝑐
=

𝑉𝑂𝐶×𝐽𝑆𝐶×𝐹𝐹

𝑃𝑖𝑛𝑐
          (2) 

 

 The efficiency, ηfor spin coating and ALD device was 0.28% and 0.39% respectively. Table 

1summarizedthe J-V measurements. 

 Generally, the device fabricated using ALD method displayed better overall results. Two distinct factors 

lead to this outcome. First, it is the method of deposition. In ALD, composite P3HT:ZnOnanorodswas 
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compressed from “liquid phase” to “solid phase” before it was transferred onto the substrate. As a consequence, 

the molecules were more ordered and packed. In spin coating technique, polymer chain interactions were much 

lesser and P3HT:ZnOnanorodsmolecules were randomly distributed during spinning. Second factor is the post 

treatment of the devices after film deposition. The spun coated P3HT:ZnOnanorods layer was only thermally 

treated once, that is, after completion of the deposition. On the other hand, in ALD method, every layer of 

polymer film was dried using hot air in order to initiate polymerization in order to get better crystallization, and 

annealed when all of the thirteen layers of film have been deposited. Annealing process after deposition resulted 

in higher degree of crystallinity and significantly improved the performance of solar cells. This finding is in 

agreement with different blend of organic/inorganic materials (Bi et al., 2011;Ho et al., 2011;Li et al. 2005). 

Other studies showed that polymer crystallinity improves the contact between the polymer and electrode (Cho et 

al., 2006), better phase separation, thereby increasing the charge carrier mobility and improves the charge 

transfer rate of the films (Chen et al., 2012). 

 
Table 1: Characteristics of the hybrid P3HT:ZnOnanorods solar cells under the illumination of AM 1.5 simulated solar light. 

Deposition 
Method 

Jsc 
(mA/cm2) 

Jmax 
(mA/cm2) 

Voc 
(V) 

Vmax 
(V) 

FF 

Spin coating 0.517 0.330 1.027 0.84 0.52 

ALD 0.548 0.404 1.101 0.96 0.64 

 

Conclusion: 

 We have shown how photoactive layer deposition method affects the performance of 

P3HT:ZnOnanorodsdevices. The fabricated devices using ALD technique exhibited higher efficiency 

(η)compared to devices fabricated using spin coating method. We attribute the improvement in the measured 

short-circuit current density to the increase of crystallinity of the active layer as indicated by the absorption 

spectra graph. Higher crystallinity therefore leads to more effective electrons and holes transportation which 

naturally affects the efficiency of the device. In view of this, the ALD deposition technique promises an 

effective alternative method depositing the photoactive layers of solar cells. 
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