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ABSTRACT  

The rapidly increasing power conversion efficiencies of organic solar cells are an 

important prerequisite towards low cost photovoltaic fabricated in high throughput. In this 

work we suggest indane as non-halogenated replacement for the commonly used 

halogenated solvent o-dichlorobenzene. Indane was blended with the higher volatile 

solvents chloroform or toluene or o-xylene in order to improve wettability and to reduce 

drying time. The combination of high volatile solvents with the less volatile host solvent 

indane allows for an increased fabrication speed due to a reduction of the overall drying 

time and provides films with good light absorption behavior and high polymer crystallinity. 

For the solvent mixture toluene-indane, solar cell performance is comparable to the o-

dichlorobenzene reference device indicating this mixture as a suitable replacement for 

increased productivity without drawbacks in nanomorphology as investigated by atomic 

force microscopy (AFM) and grazing incidence X-ray diffraction (GIXD). This study 

provides a fundamental understanding on solvent mixture drying kinetics and can aid the 

ink formulation. 

 

KEYWORDS: organic photovoltaic, drying process, P3HT:PCBM, morphology, grazing 

incidence X-ray diffraction (GIXD), knife coating 
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1. Introduction 

The performance of organic solar cells has made rapid progress in the past years by 

reaching 9.2% power conversion efficiency recently. [1] The intrinsic advantages of 

solution processable and mechanically flexible materials allows the realization of flexible 

[2-5], stretchable [6] solar cells or even textile fibers [7]. For large area fabrication of such 

devices different techniques such as knife over roll coating [8], slot die coating [8-11], 

screen printing [5, 8-10, 12, 13] and gravure coating [9, 14] could be utilized. 

Large area solution processing also involves the evaporation of large amounts of solvents. 

These are commonly halogenated which can cause difficulties for industrial applications 

due to their toxicity. In the scope of high throughput manufacturing it is therefore desirable 

to use non-halogenated solvents. The very limited solubility of organic semiconductors 

complicates the replacement of the usual solvents like chlorobenzene and o-

dichlorobenzene (DCB). Besides a sufficiently high solubility, the solvent must also allow 

appropriate structure formation of the polymer-fullerene blend during film drying. For good 

energy conversion efficiency the dry polymer-fullerene blend must ideally comprise a 

multiple scale phase separated, interpenetrating polymer-fullerene network with crystalline 

polymer domains and with percolation pathways within each material to the electrodes. [15-

18] Slow drying was reported as one of the methods to enhance the order of P3HT in 

P3HT:PCBM blends resulting in an improved solar cell efficiency [19-21]. However, slow 

drying results in low throughput due to slow coating speeds or extremely long driers at high 

coating speeds. Additionally, slow drying provides time for dewetting processes which can 

be kinetically suppressed at fast drying conditions and the wet surface collects ambient dust 
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particles. Therefore, the reduction of drying time is beneficial for an efficient high 

throughput solar cell fabrication process. 

In this work, we report the successful replacement of DCB with a non halogenated solvent 

indane that delivers power conversion efficiencies of poly-(3-hexylthiophene-2,5-diyl) 

(P3HT) and C61-butyric acid methyl ester (PCBM) doctor-bladed solar cells close to the 

DCB reference devices. Moreover, the incorporation of a higher volatile component results 

in an initially accelerated drying followed by a final slow drying period (the latter needed 

for molecular ordering. [19-22]) Case studies of drying kinetics for a set of different volatile 

solvents provide a fundamental understanding of solvent mixture drying kinetics. The dried 

films have been characterized by grazing incidence X-ray diffraction (GIXD) and atomic 

force microscopy (AFM).  

The combination of high volatile solvents with the less volatile host solvent indane allows 

for an increased fabrication speed due to a 40% reduction of the overall drying time and 

provides films with good light absorption behavior, high P3HT crystallinity and efficient 

device performance. This study can aid the ink formulation for environmentally friendlier 

solvent mixtures.  

 

2 Methods 

2.1 Numerical Approach for Drying Kinetics 

For aiding ink formulation, drying kinetics simulations of the mentioned solvent mixtures 

have been accomplished. These calculations are done for horizontal plate geometry in 

forced convection by a two dimensional mass transfer model including a moving drying 

front as described in previous work. [23, 24] The calculations are carried out with an 
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initially uncoated offset of x0=10mm which is followed by 60 mm wet film of xsolid=2wt% 

solid fraction of P3HT:PCBM (xsolvent=98 wt.%) and 200 nm dry film thickness. Drying 

kinetics are shown for the centered position of the wet film, i.e. at x=30mm. Drying 

conditions are 20°C and v=0.3 m/s drying gas velocity. The simulations cover the constant 

rate drying period regime, where diffusional mass transfer limitations of solvent in the film 

can be neglected. The drying kinetics simulation of the last few nanometers, which is called 

falling rate drying period, would additionally require the determination of solvents diffusion 

coefficients in the P3HT:PCBM matrix as a function of the solvent concentration. Changes 

in the drying gas flow rate will only affect the overall drying time but the characteristic of 

the evolution of xsolvent remains alike. P3HT and PCBM solubility have been determined as 

described in reference [21]. 

 

2.2 Experimental 

P3HT:PCBM solar cells were fabricated by dissolving 1.5 wt.% of P3HT 

(Mw =58900 g/mol, PDI = 1.9, Rieke Metals, 4002E) and 1.2 wt.% of PCBM (purity >99%, 

Solenne BV) at 70˚C for 14 hours in several solvent systems, namely o-dichlorobenzene 

(DCB), indane, as well as 1:1 by wt. mixtures of toluene-indane, o-xylene-indane and 

chloroform-indane. Chloroform and toluene were purchased from Merck, whereas o-xylene 

(98%), DCB (99%), and indane (95%) were provided by Sigma-Aldrich.  

After cleaning the 3×3 cm²  pre-patterned-ITO glass substrates (Philips polyLED), poly(3,4-

ethylenedioxythiophene) doped with poly(styrenesulfonate) (PEDOT:PSS, Clevios P VP Al 

4083 provided by Heraeus Clevios GmbH) was spin-coated, and annealed at 130 ˚C for 6 

minutes. The thickness of the resulting PEDOT:PSS layer was 50 nm, as measured with a 
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Dektak profilometer. The photoactive layer (PAL) was subsequently deposited by the 

doctor blade technique (Coatmaster 509 MC-1). Solvent evaporation was allowed to 

proceed slowly by covering the just deposited PAL with a Petri dish. Finally, the top 

electrode, made of 1 nm LiF and 100 nm Al, was thermally evaporated in a vacuum 

chamber through a shadow mask, with an active area of 0.167 cm². 

X–ray reflectivity and GIXD measurements were performed on P3HT:PCBM solar cell 

devices in the synchrotron facility ANKA (Karlsruhe, Germany), using a point detector with 

8 keV photon energy. 2D GIXD measurements were conducted with an area detector 

(MarCCD) at 12.3keV at beamline ID10B in the European Synchrotron Radiation Facility 

(ESRF, Grenoble, France). AFM measurements were done in tapping mode with a Veeco 

Dimension Icon.  

The absorption spectra were measured in transmission with a spectrophotometer (Perkin 

Elmer, Lambda 1050) using a blank PEDOT:PSS/ITO/glass substrate as reference. The 

absorption spectra are normalized to the PCBM absorption peak at 333 nm.  

The current-voltage characteristics were recorded with a Keithley 2400 sourcemeter, 

using a 50-W halogen lamp with IR filter, resulting in mismatch factor of 0.75. Prior to 

measurements, the light source was calibrated to 1 sun intensity with a standard Si 

photodiode detector.  Each  3×3 cm² substrate contained 4 solar cells. Current-voltage 

characteristics were measured before and after the cells underwent a thermal treatment at 

130˚C for 5 minutes.  

 

3. Results and Discussion 

3.1 Film Drying Kinetics 
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In preceding work we have demonstrated that the P3HT:PCBM blend crystallization in 

DCB proceeds with primary P3HT crystallization at solvent fractions of xsolvent=85-95 wt.% 

(after crossing the P3HT solubility limit) followed by PCBM clustering in the final drying 

period at low solvent fractions xsolvent < 55wt%.[21] The observation of a delay in P3HT 

crystallization leads to the assumption that this period -before crossing the solubility limit- 

does not contribute significantly to structure formation. Hence, it seems likely that skipping 

this initial phase by faster drying will result in comparably performing solar cells. This 

consideration leads us to investigate the combination of high volatile solvents chloroform 

(bp = 61°C), toluene (bp = 111°C) and o-xylene (bp = 144°C) with the less volatile host 

solvent indane (bp = 178°C). Vapor pressure of the environmentally friendlier indane and 

its solubility of P3HT and PCBM are comparable to the well known ideal solvent DCB 

(bp = 179°C). For indane P3HT and PCBM solubility at 20°C was determined to 2.9 wt% 

and 5.5 wt% respectively (the solubility of P3HT and PCBM at 20°C in DCB is 3.8 wt% 

and 2.6 wt% respectively). Higher PCBM solubility represents higher solid-solvent 

interaction forces for PCBM which might reduce polymer-fullerene interaction in indane 

solution in comparison to DCB. Implications on film morphology will be discussed in the 

structural section. 

Figures 1a-c depict the calculated evolution of solvent mass fraction  

xsolvent=(msolv.1 + msolv.2)/( msolv.1 + msolv.2 + msolid) of drying P3HT:PCBM films for different 

solvent blending ratios of chloroform-indane, toluene-indane and o-xylene-indane. Figure 

1d shows the drying path through the quasi ternary phase diagram for the investigated 

P3HT:PCBM.  
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For easier readability, the mass fractions of the solvent mixtures are reflected as a single 

solvent. The drying kinetics for pure indane (0:1 solvent ratio) is governed by a slow 

decrease of solvent mass fraction xsolv in the beginning. This leads to a long residence time 

at solvent fractions >85 wt%, similar to the case of DCB. [23, 24] As the solid fraction 

becomes significant, the solvent fraction xsolv reduces rapidly and a wide range in the phase 

diagram is crossed quickly leading to the blend crystallization. In the top row of Figure 1a-c 

it gets quantitatively clear, that the overall drying time can be influenced by the type of 

solvent combination in the mixture and the solvent blending ratio. In addition the mixture 

of indane with high volatile solvents causes a faster drying at the initial stage as it can be 

observed in the zoomed plots shown in the bottom row of Figure 1a-c. 

Due to lower differences in the vapor pressure of the mixture o-xylene-indane in Figure 1c, 

no abrupt change in the evaporation kinetics can be detected. For the 1:1 solvent blending 

ratio the transition from fast to slower indane dominated drying kinetics has largely 

completed at 95-96 wt% overall solvent fraction. This secures that the initially fast drying 

period has ended roughly at the P3HT:PCBM solubility limit. Hence, for this solvent 

blending ratio a reduction of retention time is attained in that area of the phase diagram, 

where no crystallization processes are proceeding. Beside the slightly increasing drying 

time, from chloroform to toluene and o-xylene due to the decreasing vapor pressure, one 

can see a strong difference in the sharpness of the transition from initially fast to slower 

drying period. Figure 1e shows the evolution of film thickness during drying for the 1:1 

solvent mixtures.  

Aiming for high fabrication throughput, fast drying is desired. Since the solvent mixture 

chloroform-indane exhibits the fastest drying kinetics this would be the best candidate for 
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fast production, but chloroform is not the desired non-halogenated replacement for DCB.  

In the following we will discuss how far the choice of solvent mixtures in combination with 

their evaporation kinetics influences the film structure and the corresponding optoelectronic 

properties of solar cells. 

 

3.2 Film Structure for Different Solvent Mixtures 

For the structural characterization, we have performed X-ray diffraction and AFM 

measurements of P3HT:PCBM solar cells. Figure 2a depicts the 2D GIXD diffraction 

pattern of a P3HT:PCBM film on a glass/ITO/PEDOT:PSS substrate cast by doctor blade 

from a toluene-indane mixture. While PCBM exhibits a powder like diffraction ring of 

randomly oriented aggregates, P3HT shows a predominant edge-on configuration, i.e  with  

(100) oriented  perpendicular to the substrate and  (020) oriented in-plane (Figure 2b). The 

wing like shape of the P3HT (100) peak (representing the angular orientation distribution of 

P3HT crystallites, known as mosaicity), is similar for all solvent mixtures (data not shown). 

For the determination of the associated spacing and coherence length of PCBM aggregates 

and P3HT crystallites, X-ray measurements were taken in specular reflection with a point 

detector (Figure 2c) and in grazing incidence. The diffraction profiles in out-of-plane 

direction along qz and in-plane profiles along qxy are depicted in Figure 2c and Figure 2d 

respectively. Figure 2c shows the P3HT (100) Bragg peak of the P3HT:PCBM blends dried 

in chloroform-indane, toluene-indane and o-xylene-indane 1:1 mixtures. From these profile 

plots the scattering plane spacing d and the crystalline correlation length L are determined 

from the Bragg peak position and the FWHM of the Bragg peak respectively. The profile 

plots were adapted with Gaussian fits for each Bragg reflection. Similar d100 spacing is 
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obtained for all solvent mixtures as well as a similar correlation length L100, although 

slightly higher for the o-xylene-indane case (Table 1). This similarity of crystallinity can 

also be found in the in-plane data of Figure 2d, which reveals the same d020 spacing and the 

same correlation length L020 in π-π stacking direction except for the o-xylene-indane case 

where it is slightly lower (Table 1). The difference in the intensity of the (100) Bragg peak 

along qz is due to the difference in thickness of the films. Hence, X-ray diffraction 

measurements reveal very similar crystallinity of the P3HT:PCBM films for the three 

solvent mixtures regardless of the differences in initial evaporation kinetics. This is a first 

indication that the approach of initially accelerated drying does not affect the final film 

morphology. In preceding work, such high (020) correlation length could only be reached at 

reduced drying temperature of 15°C (L020 = 11.8 nm for DCB). On the other hand the (100) 

correlation length is smaller for the investigated solvent mixtures as previously reported for 

DCB (L100 = 19.4 nm for DCB at 15°C drying temperature). [22]  

We do not expect strong differences in the vertical gradients of P3HT:PCBM 

composition for the solvent mixtures driven by differences in their surface tensions. The 

higher volatile solvents exhibit comparable surface tensions of 27.5 mN/m, 28-28.5 mN/m 

and 29.5 mN/m for chloroform, toluene and o-xylene respectively. A nanoscale 

characterization of the film morphology was performed by AFM. Figure 3 shows 1×1 µm² 

phase images of the P3HT:PCBM films cast from the reference solvent DCB, pure indane 

and the solvent mixtures of chloroform, toluene and o-xylene with indane. The observed 

structures resemble those of P3HT lamellar fibrils. [25-27] While Figure 3a shows for DCB 

the finest fibril structure of all investigated films, the structure is coarser for indane 

processed films (Figure 3b).  The similarity of the AFM phase images Figure 3b-e for films 
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processed from indane and its mixtures also suggests that the final indane dominated drying 

period governs morphology formation. Since the larger structure scale cannot be caused by 

longer assembly and crystallization times, they must originate from solvent specific 

properties. Such differences change the molecular conformation and the structural evolution 

due to specific solid-liquid interaction forces as for instance indicated by the increased 

PCBM solubility in indane compared to DCB. 

 

3.3 Optoelectronic Properties for Different Solvent Mixtures 

After having shown in AFM and GIXD measurements the structural similarity of 

P3HT:PCBM films processed from the above mentioned solvent mixtures, we now focus 

on the implications of the film structure on the optoelectronic properties of solar cells. The 

structural investigation revealed strong P3HT crystallinity in (100) direction perpendicular 

and in (020) π-π stacking direction along the substrate. Thus we expect strong vibronic 

shoulders in the absorption spectra due to the high amount of π-π-stacked P3HT molecules. 

This is confirmed by Figure 4 where the normalized absorption is plotted for pure DCB and 

indane as well as for all solvent mixtures. All absorption spectra feature strong vibronic 

shoulders (at about 605 nm) and a similar position of the main absorption peak (at about 

500 nm) that indicates a similar conjugation length of the P3HT chains which is related to a 

similarly stretched conformation of P3HT.  

The current density-voltage characteristics of P3HT:PCBM solar cells are depicted in 

Figure 5 for the fabrication from different solvent mixtures. The inset depicts the as cast 

devices and the main figure shows the same devices after thermal annealing. The poor 

device performance in Figure 5 prior to annealing is due to non optimized process 
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conditions probably caused by insufficient humidity desorption prior to the cathode 

depostition. After annealing the devices processed from the combination toluene-indane 

exhibit the highest power conversion efficiency although the bulk and surface morphology 

was similar to prior to the annealing step for all films cast from the different solvents 

(Figure 5a). Reasons for the dramatic difference in short circuit current density between 

chloroform (1.1 mA/cm²), o-xylene (5.8 mA/cm²) and toluene (8.2 mA/cm²) as higher 

volatile solvent components, cannot be found in the bulk microstructure or surface 

morphology since X-ray and AFM measurements have revealed similar properties for all 

films processed from the different solvents. We observed high P3HT crystallinity with 

similar amount of π-π stacking and similar crystalline orientation for all samples. In 

particular chloroform-indane leads to an extreme low short-circuit current and an S-shaped 

JV-curve although the bulk structure looks similar compared to the other films. Ruderer et 

al. observed the same effect for P3HT:PCBM solar cells processed from pure chloroform. 

They observed a strong vertical gradient with a serious enrichment of P3HT at the cathode 

interface which causes a strong barrier for electron extraction. [28] Although we can 

exclude a bilayer formation as it was suggested for pure chloroform according to our X-ray 

reflectivity measurements (data not shown), a similar trend of P3HT enrichment at the 

cathode interface might cause the similar JV-characteristic for chloroform mixed with 

indane.  

Another set of solar cells was fabricated for the comparison of the most promising solvent 

mixture toluene-indane, the pure host solvent indane and the ideal reference solvent DCB 

(Figure 5b). Although DCB still provides the highest power conversion efficiency (Table 

2), indane leads to comparable results. The practical disadvantage of pure indane with a 
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comparatively high surface tension of 34.9 mN/m is the poor wetting behavior, which can 

be improved by mixing with the discussed solvents that exhibit a lower surface tension. 

This improvement of film homogeneity due to solvent mixing can also be achieved for 

DCB with a surface tension of 37 mN/m. 

In combination with toluene, the drying time can be reduced about 40% by generating a 

similar P3HT:PCBM crystallinity, absorption behavior and solar cell performance in 

comparison to DCB. A slight drawback is the increased series resistance which can be 

derived from the slope of the current density-voltage curve in the forward operation regime 

in Figure 5b. Overall, this indicates the solvent mixture toluene-indane as a suitable 

replacement of DCB for high throughput and large area fabrication of organic solar cells.  

 

4. Conclusion 

In order to accelerate the initial drying period without crossing the P3HT:PCBM solubility 

limit, we chose the solvent blending ratio of 1:1 of several higher volatile solvents blended 

with the host solvent indane which showed a transition to the slower host solvent 

evaporation kinetics at 95-96 wt% solvent fraction. The crystallinity and optic properties 

generated by this ratio was indeed comparable for chloroform, toluene and o-xylene 

combined with indane regardless of their vapor pressure. The combination of toluene-

indane showed similar performance in comparison to pure indane and DCB by 40% 

reduced drying time. This identifies this blend as suitable replacement for DCB and makes 

it appropriate for large scale and high throughput OPV fabrication. This work further 

provides a systematic understanding of the correlation between solvent mixtures and their 

associated drying behavior that can aid the choice of solvent strategies. 
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Table 1: Structural data for P3HT and PCBM obtained from the GIXD data for films cast 

from different solvent mixtures at room temperature: spacings d associated with the (100) 

and (020) Bragg reflections of P3HT and those of PCBM and mean coherence length L 

along those crystallographic directions. Film thicknesses were in the range of 170-180nm. 

Solvent d100 

[nm] 

L100 

[nm] 

d020 

[nm] 

L020 

[nm] 

dPCBM 

[nm] 

LPCBM 

[nm] 

Chloroform-Indane 1.6 15.2 0.38 11.8 0.45 2.9 

Toluene-Indane 1.6 15.2 0.38 11.8 0.45 2.9 

o-Xylene-Indane 1.6 16.4 0.38 10.2 0.45 2.9 

 

Table 2: Current density-voltage characteristics of P3HT:PCBM solar cells fabricated by 

doctor blading under ambient conditions from different solvents. With d as thickness, Jsc as 

short-circuit current density, Voc as open circuit voltage, FF as fill factor and PCE as power 

conversion efficiency under mentioned illumination conditions with a spectral mismatch 

factor of 0.75. PB indicates an additional post bake for 5min at 130°C. 

Solvent d Jsc Voc FF PCE PCEmax 

 [nm] [mA/cm²
] 

[V] [-] [%] [%] 

Toluene-Indane 225±60 5.5±3.0 0.41±0.03 0.32±0.25 1.0±0.6 2.0 

Toluene-Indane + PB 225±60 7.4±1.0 0.53±0.06 0.41±0.05 1.5±0.4 2.1 

DCB 265±150 3.8±1.8 0.48±0.03 0.53±0.03 1.0±0.6 1.9 

DCB + PB 265±150 7.9±1.1 0.57±0.02 0.41±0.08 1.9±0.6 2.7 
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Figure 1: Calculated drying kinetics (constant rate period) of the solvent mixtures a) chloroform-indane, 

b) toluene-indane and c) o-xylene-indane for different solvent blending ratios (by weight) which are 

indicated in c). The top row shows the entire evolution while the bottom row depicts a zoomed view of 

the composition evolution. d) Corresponding drying path through ternary phase diagram of 

P3HT:PCBM (1:0.8) solution. e) Corresponding thickness evolution of each 1:1 solvent blending ratio. 

Drying conditions were chosen to 20°C drying temperature, 0.3m/s gas flow rate in horizontal plate 

geometry for 200nm dry film thickness and 2wt% initial solid fraction. In this figure both solvents are 

combined to an overall solvent fraction. The evaporation kinetics of pure DCB are comparable to those 

of pure indane due to the similar vapor pressure. 
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Figure 2: a) 2D GIXD diffraction pattern of P3HT:PCBM film cast from a toluene-indane mixture. b) 

Schematic unit cell of P3HT crystallites. c) Out-of-plane and d) in-plane X-ray diffraction profiles of 

P3HT:PCBM films cast from different solvent mixtures obtained by point detector measurements. 

Symbols represent experimental data and lines the appropriate Gaussian fits. The solvent blending ratios 

were for all combinations 1:1. 
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Figure 3: AFM phase images of P3HT:PCBM films cast by doctor blade from different solvents such 

as a) o-dichlorobenzene, b) indane, c) chloroform-indane, d) toluene-indane and e) o-xylene-indane at 

room temperature. The solvent blending ratio was for all cases 1:1 by volume. For clarification the 

image scale was adapted for each image differently as indicated in each image. 
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Figure 4: Absorption spectra of P3HT:PCBM (1:0.8) films cast from o-dichlorobenzene (DCB), indane 

(In), o-xylene-indane (o-Xyl-In), toluene-indane (Tol-In) and chloroform-indane (Cf-In). The solvent 

blending ratios were 1:1 for all combinations. Spectra are normalized to the PCBM absorption peak at 

333nm. 
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Figure 5: a) Typical current density-voltage characteristics of P3HT:PCBM (1:0.8) solar cells fabricated 

under ambient conditions by doctor blading and slow drying conditions from the solvent mixtures 

chloroform-indane (Cf-In), toluene-indane (Tol-In) and o-xylene-indane (o-Xyl-In) in 1:1 ratio for all 

solvents. The inset shows as cast devices and the main figure shows thermally annealed devices (5min, 

130°C) respectively. b) Best current density-voltage characteristics of equally fabricated solar cells from 

pure indane (In), o-dichlorobenzene (DCB) and toluene-indane (Tol-In). Solid lines represent conditions 

under illumination while dashed lines are measured under dark conditions. 
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