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Abstract—A number of studies have been reported thin-film 

bulk heterojunction solar cells using p-type semiconducting 

materials as electron donors and n-type semiconducting 

materials as electron acceptors. Moreover, some studies have 

reported that controlling the morphology of the photoactive 

layer is important. In this study, we report a novel method for 

film formation utilizing centrifugation to control the 

morphology of the photoactive layer in thin-film solar cells. By 

employing this method, we observed high performance. 

Furthermore, the photoactive layer formed by the 

centrifugation method resulted in suitable phase-separated 

structures for charge separation and charge transfer, which 

were similar to a mutual penetration structure. We also 

fabricated thin-film bulk heterojunction solar cells using this 

method and obtained a performance that was 2.2 times greater 

than that obtained by the conventional spin-coating method 

using a p-type semiconducting polymer and Ti(IV) isopropoxide 

as the electron donor and electron acceptor, respectively. 

 
Index Terms—Morphology control, thin film solar cells, bulk 

heterojunction solar cells, phase separation, photoactive layer, 

photovoltaic cells. 

 

I. INTRODUCTION 

Organic photovoltaic devices constitute a rapidly emerging 

technological area because of their promising properties, 

including flexibility, light weight, transparency, low cost, and 

large-area manufacturing compatibility [1]-[6]. In recent 

years, dye-sensitized solar cells and organic thin-film solar 

cells have been reported as next-generation developments in 

this field. Furthermore, the performance of 

perovskite-sensitized solar cells has rapidly increased. As 

organic thin-film solar cells, bulk heterojunction organic 

thin-film solar cells using organic semiconducting polymers 

have been one of the most extensively studied research topics. 

Typically, in these devices, the photoactive layers are 

composed of p-type semiconducting polymers and n-type 

fullerene derivatives such as [6,6]-phenyl-C61 or C71-butyric 

acid methyl ester ([60]PCBM or [70]PCBM) [7]-[10]. 

However, as fullerene and its derivatives are sensitive to air, 
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stable, alternative electron acceptors are needed. In this 

regard, several studies have described new types of bulk 

heterojunction thin-film solar cells utilizing conjugated 

polymers and n-type inorganic materials as n-type 

semiconductors [11]-[13]. These studies have inspired the 

development of fullerene-free, organic thin-film solar cells. A 

previous study reported the formation of fullerene-free 

organic–inorganic thin-film solar cells utilizing Ti(IV) 

isopropoxide as the electron acceptor [14], and our group 

demonstrated the importance of controlling the 

phase-separated structure in the photoactive layer with the 

aim of obtaining a high energy conversion efficiency [15]. We 

have demonstrated that the molecular structure and size of Ti 

alkoxide are effective for controlling the morphology of the 

photoactive layer. To control the morphology using the 

molecular structure, this method (this method means utilizing 

molecular structure) effectively restricted the formation of the 

photoactive layer [15]. However, if the molecular structure is 

used to control the morphology, all parts of the photoactive 

layer will change uniformly. Hence, this method cannot 

control the morphology in the direction of both electrodes. In 

other words, this method cannot form a p–n gradient structure 

into the photoactive layer. Moreover, some studies have 

revealed that the use of thermal annealing and some additives 

as well as several solvents are essential for the formation of a 

suitable photoactive layer [16], [17]. The use of either of these 

methods will result in a uniform change in the morphology in 

all parts of the photoactive layer. However, these methods 

cannot control the morphology in the direction of both 

electrodes for the efficient transfer of free carriers. On the 

other hand, some studies have demonstrated that centrifugal 

force is effective for changing the morphology of a polymer 

solution or the solution containing titanium compounds. In 

this study, we use the centrifugation method and demonstrate 

morphology control in the direction of both electrodes in the 

formation of a p–n gradient structure [18], [19]. 

 

II. EXPERIMENTAL 

Poly(3-hexylthiophene-2,5-diyl) (P3HT, electron donor) 

and Ti(IV) isopropoxide as the p-type and n-type 

semiconducting polymers, respectively, were purchased from 

Sigma–Aldrich. Fig. 1 shows the molecular structures of these 

materials and their energy diagram. Indium-tin oxide 

(ITO)-coated glass substrates (15 Ω per square) were 

patterned for the fabrication of the solar cells. First, these 

substrates were successively washed by ultrasonication in 

water, acetone, and isopropyl alcohol for 15 min each and 

then dried under a stream of dry air. 
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Fig. 1. Chemical structures of P3HT and Ti(IV)isopropoxide and energy 

diagram. 

 

Second, the washed substrates were further treated with a 

UV-O3 cleaner (Filgen, Model UV253E) for 20 min. Third, a 

photoactive layer of P3HT– Ti(IV) isopropoxide (1:2 wt%) 

was centrifugation-coated on the ITO substrates at 2000 to 

6000 rpm for 20 s from a chlorobenzene solution; for 

comparison, the same photoactive layer was also coated by 

the conventional spin-coating method. Fig. 2 shows the 

centrifugation film-coating system fabricated in this study.  

 
Fig. 2. Schematic diagram of the centrifugation film-coating system. 

 

 
Fig. 3. Structure of thin-film bulk heterojunction solar cells. 

 

The manufactured centrifugation equipment was attached 

to the rotating part of a spin-coater (KYOWA RIKEN Ltd; 

K359S-1). The radius of gyration from the center to the 

substrate was adjusted to 10 cm. The spin-coating method was 

used as commonly available reference method that could be 

conducted under the same conditions as centrifugation 

coating. Moreover, to promote the hydrolysis of Ti(IV) 

isopropoxide, the substrate with the photoactive layer was 

placed overnight in a humidistat bath maintained at 80% 

humidity. Moreover, all photoactive layers were dried under 

dark conditions. The counter electrodes, aluminum (200 nm) 

was deposited by vacuum evaporation. The photoactive layer 

and counter electrodes were laminated using an epoxy resin. 

Fig. 3 shows the device structure.  

The current density–voltage (J–V) characteristics were 

measured using a direct-current voltage and a current 

source–monitor under illumination with AM1.5G simulated 

solar light (San-Ei Electric, XES-40S1) at 100 mW/cm
2
. The 

light intensity was corrected against a calibrated silicon 

photodiode reference cell (Bunko-Keiki, BS-520). On the 

other hand, to measure the transmittance and surface 

roughness of the photoactive layers, a substrate with a 

photoactive layer was placed in a humidistat bath maintained 

at 80% humidity for 3 days in order to rapidly advance the 

hydrolysis for the crystallization of Ti(IV) isopropoxide. 

Moreover, we also prepared a substrate with a photoactive 

layer, which was not hydrolyzed, for comparison. After 

coating each photoactive layer on a glass substrate by each 

coating method, UV-Vis-near-IR spectra (light transmittance) 

were recorded on a calibrated UV spectrophotometer 

(Shimadzu, UV-1800). The surface state and roughness of the 

photoactive layer were measured using a stylus profiler 

(Bruker, DEKTAK XT-E).  

 

III. RESULTS AND DISCUSSION 

We fabricated bulk heterojunction solar cells and 

investigated their photovoltaic performance [20]-[23]. Figure 

4 shows the photocurrent density of the bulk heterojunction 

solar cells with photoactive layers of different thicknesses, 

fabricated by different film formation methods.  

 
Fig. 4. Relationship between the current density and thickness of photoactive 

layers. 

 

TABLE I: PERFORMANCE PARAMETERS OF DEVICES FORMED USING 

DIFFERENT FILM FORMATION METHODS 

 
Centrifugation 

method 

Spin-coating 

method 

Photocurrent density  

[μA/cm2] 
235 158 

Open circuit Voltage [V] 0.45 0.44 

Fill factor 0.45 0.31 

Power conversion efficiency [%] 0.047 0.021 

 

 The photocurrent density values of the photoactive layers 

with thicknesses of around 100–300 nm formed by the 

centrifugation method were greater than those obtained by the 

conventional spin-coating method. In particular, a 200 nm 

thick photoactive layer exhibited a current density of 235μ

A/cm
2
 and fill factor of 0.45, which was approximately 1.5 
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times that obtained using the spin-coating method (158μ

A/cm
2
 , 0.31). The corresponding performance parameters are 

listed in Table I. 

The specific gravities of P3HT and Ti(IV) isopropoxide 

are 1.1 g/cm
3
 and 0.96 g/cm

3
, respectively [24]. As a result, 

P3HT preferentially undergoes phase formation, and initially, 

the ITO side, which was subjected to centrifugal force, and 

the photoactive layer form a structure similar to that of a 

mutual penetration structure. A phase-separated structure in 

the photoactive layer of a bulk heterojunction solar cell is an 

important factor for the overall photovoltaic performance 

[25]-[27]. That is, we consider that by using the centrifugation 

method, the resulting morphologies exhibited adequate 

continuity in the direction of both electrodes for the charge 

transfer of free carriers. Table II lists the relationship between 

the phase-separated models and the photocurrent density 

values of the devices.  

TABLE II: PHASE-SEPARATION MODELS OF THE PHOTOACTIVE LAYERS IN 

BULK HETEROJUNCTION SOLAR CELLS  

 

In model (a), isolated respective phases were formed, 

which would inhibit the charge transfer of free carriers to both 

electrodes. Ideally, a continuous phase structure is required in 

the direction of both electrodes, as indicated by models (b) 

and (c) in Table II. In consideration of this analysis, the 

photoactive layers, which rapidly advanced hydrolysis for the 

crystallization of Ti(IV) isopropoxide, were subjected to 

transmittance and surface roughness measurements. If a lot of 

Ti exists at the surface, the transmittance will decrease owing 

to reflection of the crystallized Ti, and the surface roughness 

will also increase owing to the crystallized Ti. Fig. 5 shows 

the transmittance spectra of the photoactive layers.  

Fig. 5. Transmittance spectra of photoactive layers. 

The light transmittance of the photoactive layer decreased, 

which can be observed by the change in the spectrum (b) to 

the spectrum (a) in Fig. 5, when using the centrifugation 

method. In contrast, when the conventional spin-coating 

method was used, the transmittance value did not change, as 

indicated by the change in spectrum (d) from the spectrum (c) 

in Fig. 5. That is, this phenomenon is indicative of the 

deposition of Ti isopropoxide, which has a lower specific 

gravity, to the upper layer of the photoactive layer. Titanium 

oxide was formed by hydrolysis with moisture at the surface 

of the photoactive layer, and then the titanium oxide layer 

reflected the incident light; hence, the transmittance of the 

thin film decreased. Moreover, the surface state of the 

photoactive layer before and after the crystallization of Ti(IV) 

isopropoxide, which was fabricated by each film formation 

method, was investigated. The average surface roughness of 

the photoactive layer formed by the centrifugation method 

was 3.22 nm and 59.89 nm before and after crystallization, 

respectively, as shown in Fig. 6 and Table III.  

Fig. 6. Surface states of photoactive layers fabricated by the centrifugation 

method before and after crystallization of Ti(IV)isopropoxide. (a) Before 

crystallization, (b) after crystallization.Magnetization as a function of 

applied field. 

 

TABLE Ш: SURFACE ROUGHNESS BEFORE AND AFTER CRYSTALLIZATION OF 

TI(IV) ISOPROPOXIDE 

Method 
Centrifugation 

method 

Spin-coating 

method 

Before crystallization 3.22 nm 2.40 nm 

 

After crystallization 

 

59.89 nm 

 

4.36 nm 

 

The average surface roughness values of the photoactive 

layer formed by the conventional spin-coating method were 

2.40 nm and 4.36 nm before and after crystallization, 

respectively, as shown in Fig. 7 and Table III.  

In other words, the increase in surface roughness indicated 

an increase in the amount of the crystallized titanium oxide. 

Next, we investigated the relationship between centrifugation 

force and power generation. Figure 8 shows the relationship 

between the centrifugation force and photocurrent density of 

the solar cells.  

The spin speed was fixed at 2000 rpm to 6000 rpm with 

increments of 500 rpm, and the experiment was performed at 

a radius of gyration of 10 cm. Upon applying a centrifugal 

force of approximately 1000G, the highest photocurrent 
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density was observed. When a centrifugal force of less than 

approximately 1000G was applied, a phase-separated 

structure was formed in isolated domains, similar to that 

observed when the spin-coating method was utilized in model 

(a) and Table II. In this case, the respective phases were 

isolated, which would inhibit the charge transfer of free 

carriers to both electrodes. In contrast, when a centrifugal 

force of approximately greater than 1000G was applied, a 

phase-separated structure was formed, similar to the 

formation of a bilayer structure in model (d) in Table II. That 

is, in this case, the production of a sufficient number of p–n 

junction surfaces for charge separation would be inhibited in 

the photoactive layer. On the other hand, when a centrifugal 

force of approximately 1000G was applied to the photoactive 

layer, a continuous phase structure in the direction of both 

electrodes was observed for the efficient charge transfer of 

free carriers.  

 

 
Fig. 7. Surface states of photoactive layers fabricated by the spin-coating 

method before and after crystallization of Ti(IV) isopropoxide. (a) Before 

crystallization, (b) after crystallization. 

 

 
Fig. 8. Relationship between the photocurrent density and centrifugal force. 

 

IV. CONCLUSIONS 

The results from this study demonstrated that it is possible 

to control phase separation by the use of the centrifugation 

method. In addition, this method can be effective for forming 

a continuous morphology in the direction of both electrodes. 

This centrifugation method was utilized with n- and p-type 

semiconducting materials with different specific gravities. 

We also obtained an ideal structure, which was suitable for 

charge transfer in the direction of both electrodes, by 

controlling the centrifugal force applied vertical to the 

electrode. A centrifugal force of approximately 1000G was 

suitable for obtaining the highest photocurrent density for the 

P3HT and Ti(IV) isopropoxide photoactive layer. By using 

the centrifugation method, a power conversion efficiency that 

was 2.2 times higher than that obtained using the conventional 

spin-coating method could be obtained.  
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