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TFPV is the use of toxic and halogenated 
solvents to dissolve the photoactive blend 
of materials. Furthermore, the deposition 
technique typically used for lab-scale solu-
tion-processed TFPV, spin coating, is not 
transferable to an industrial production 
setting. [ 4–6 ]  Transitioning to nonhalogen-
ated solvents affords a more environmen-
tally friendly and less toxic approach, while 
blade coating offers a precise and reliable 
linear deposition technique that can be 
scaled from lab to fab. [ 7–14 ]  

 Blade coating is a large area applicable, 
linear deposition technique used in roll-
to-roll and sheet-to-sheet coating indus-
tries. [ 4,15–17 ]  A blade, in near-contact with 
the underlying substrate, spreads a droplet 
of ink over a substrate, optimally resulting 
in a smooth and uniform coating, free 
of pinholes and ribbing. Blade height, 
blade speed, and substrate temperature 
are some of the key intrinsic deposition 
parameters, while ink composition is a 
determining factor for deposition results, 
solubility, and wettability. 

 The Hansen solubility parameters 
(HSP) describe the properties of solutes, solvents, and solvent 
systems, and enable a theoretical description of the solubility of 
materials. [ 18,19 ]  Three parameters represent the polar, hydrogen, 
and dispersion components of interaction for both materials 
and solvents, where similar-valued materials are more likely 
to dissolve each other than dissimilar-valued materials. The 
HSP space of solubility for a solute may be approximated by 
an ellipsoidal volume where solvent systems with a combined 
parameter value within this volume dissolve the solute, while 
those systems with a value outside the ellipsoid do not dissolve 
the solute. The HSP for a material are determined by meas-
uring the material solubility in a variety of solvents with known 
solubility parameters and by fi tting an ellipsoid to the HSP for 
equal solute concentrations. Thus, the HSP are dependent on 
the threshold of solubility desired, shifting with the concentra-
tion limits of the foreseen application. This selection method 
has been described in several studies for the determination of 
solvents for organic photovoltaic materials. [ 7,12,20,21 ]  

 Nonhalogenated solvents are one step toward industri-
ally viable printing of solution-processed TFPV. [ 7–14 ]  Several 
studies have reported potential replacements for halogenated 
solvents that are commonly used in OPV fabrication; however, 
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  1.     Introduction 

 Thin fi lm photovoltaics (TFPV) have reached effi ciencies, 10.8% 
for single-junction polymer organic photovoltaics (OPV), [ 1 ]  12% 
for small molecule evaporated OPV, [ 2 ]  and 20% for perovskite-
based devices, suffi cient for commercialization. [ 3 ]  One of the 
limiting factors in the industrial uptake of solution-processed 
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most require less desirable additives or post-deposition treat-
ments. [ 7–10,13 ]  An optimal replacement removes these processes, 
while decreasing the toxicity of the inks. It must be noted that 
“nonhalogenated” does not equate to “nontoxic”; however, con-
clusive literature on the toxicological and environmental impact 
of industrially uncommon solvents is defi cient. Beyond the 
toxicity of the solvents used, several further issues must also 
addressed for commercialization, including the cost of mate-
rials and electrodes, [ 22,23 ]  device reliability, [ 24,25 ]  and the potential 
need for replacement of lead in the emerging fi eld of perovs-
kite-based TFPV. [ 26,27 ]  

 In this work, we present a generalized fi ve-step process for 
fabricating high performance TFPV from nonhalogenated inks:

   1.  Compile solvent list and remove toxic/halogenated solvents. 
  2.  Test wettability of solvents on underlying substrate to be 

implemented. 
  3.  Determine HSP for material. 
  4.  Perform fi rst selection of potential solvent combinations with 

complimentary HSP for solubility, miscibility, and drying 
time. 

  5.  Optimize deposition for uniform coating and high-perfor-
mance devices, leading to a fi nal selection of solvent combi-
nation, solution composition, and deposition parameters.   

 This methodology can be applied to the processing of any 
type of solution-processed device, and is implemented for OPV 
devices in this work. Using this fi ve-step process, we describe 
new nonhalogenated solvent systems, based on thiophene, 
tetralin, 1,2,4-trimethylbenzene,  o -xylene, and anisole for 
blade coating several diketopyrrolopyrrole-based (pDPP5T-2, 
pDPP5T-2S, P390) OPV devices (chemical structure shown in 
 Figure    1  ). [ 28,29 ]  These solvent systems are determined using 
a full investigation of the HSP of the least soluble material, 

pDPP5T-2. Contact angle measurements reveal the potential 
for coating the inks on typical underlying layers, including 
TiO 2 , MoO 3 , poly [(9,9-bis(3′-( N , N -dimethylamino)propyl)-
2,7-fl uorene)-alt-2,7-(9,9-dioctylfl uorene)] (PFN-2), and ZnO. 
Fabricated devices are optimized for photoactive layer thick-
ness and coating conditions to achieve devices with comparable 
performance to those with halogenated solvents. This high per-
formance was attained without the need for additives or post-
deposition treatments.   

  2.     Results and Discussion 

  2.1.     Wetting-Contact Angle 

 The implemented solvent system must wet the substrate sur-
face to achieve smooth, uniform, and reproducible fi lms from 
blade coating. Contact angle measurements reveal the wetta-
bility on each of the evaporated MoO 3  and solution-processed 
TiO 2 , ZnO, and PFN-2 layers ( Table    1  ). Multiple successive 
measurements were carried out to ensure a steady-state value. 
Some polar solvents, e.g., water, result in larger error in their 
measurement due to degradation of the underlying layer. In 
this study, TiO 2  was selected as the underlying transport layer 
in the fi nal device structure due to its solution deposition at 
room temperature, its high surface energy ( γ  total  = 59.7 N m −1 , 
 γ  polar  = 23.1 N m −1 , and  γ  dispersive  = 36.7 N m −1 ), and its known 
device performance with pDPP5T-2. [ 28 ]    

  2.2.     Hansen Solubility Parameters 

 The HSP for pDPP5T-2 are  δ  dispersive  = 19 ± 1 MPa 0.5 ,  δ  polar  = 3 ± 
2 MPa 0.5 , and  δ  hydrogen  = 2 ± 2 MPa 0.5 , determined with its solu-
bility limits (Table  1 ). The solubility limits were determined by 
progressively diluting solutions until no aggregates remained 
at room temperature, after which a fi lm could be coated 
without particles. Figure  1  represents the 3D HSP space by its 
2D projections of the hydrogen, polar, and dispersion dimen-
sions for solvents and nonsolvents. The chemical structure of 
pDPP5T-2 is also shown in Figure  1 . A more comprehensive 
list of HSP for each solvent is included in Table S1 (Supporting 
Information). 

 When dissolved in a variety of solvents, pDPP5T-2 displays a 
large absorption spectrum dependence on the solvent, ranging 
from red to blue. A photograph of a selection of solvents is 
shown in Figure S1 (Supporting Information). Normalized 
UV–vis absorption spectra for pDPP5T-2 in solvents further 
used in this study are depicted in  Figure    2  . All measured solu-
tions were dilute and free of aggregates. Chloroform and thio-
phene show an absorption peak at 750 nm, suggesting an inter-
action of polymer chains.  

 Solvent systems of chloroform/ ortho -dichlorobenzene, thio-
phene/tetralin, thiophene/1,2,4-trimethylbenzene, thiophene/
anisole,  o -xylene/tetralin, and  o -xylene/anisole provide proper 
solubility of pDPP5T-2 and coatability on TiO 2 . These systems 
were determined with the following criteria: individual sol-
vent HSP on opposing sides of the pDPP5T-2 HSP center, low 
boiling points for both solvents, small contact angle on TiO 2 , 
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 Figure 1.    Hansen solubility parameter space, represented by 2D projec-
tions onto the dispersive, polar, and hydrogen dimensions, represented 
by black symbols for good solvents (>2 g L −1 ), blue symbols for semi-
solvents (1–2 g L −1 ), and red symbols  for nonsolvents (<1 g L −1 ). The 
good solvents are clustered around ranges of  δ  dispersive  = 19 ± 1 MPa 0.5 , 
 δ  polar  = 3 ± 2 MPa 0.5 , and  δ  hydrogen  = 2 ± 2 MPa 0.5  . 
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and miscibility of the two solvents. Thiophene is a primary 
solvent for several solvent systems due to its strong single 
solvent capabilities, while  o -xylene provides contrasting HSP 
to several other solvents. The volume ratios for each solvent 
system have combined HSP near the center of the pDPP5T-2 
ellipsoid. Furthermore, within the soluble HSP ellipsoid, the 
solvents and their ratios were chosen to provide a Marangoni 
fl ow, alongside the convection driven fl ow, to reduce the coffee 
ring effect. [ 30–32 ]  Marangoni fl ows result from a gradient in sur-
face tension in a liquid, where the volume of higher surface 
tension effectively “pulls” the liquid in a low surface tension 
volume toward it. [ 31 ]  

 The three polymers—pDPP5T-2, pDPP5T-2S, and P390—
are designed to be progressively more soluble. The photoactive 
component of each includes a diketopyrrolopyrrole surrounded 
by fi ve thiophene units. The pDPP5T-2S has a lower molecular 
weight (44 500 g mol −1 ) than that of pDPP5T-2 (47 000 g mol −1 ). 

When blade coated, the solubility limit of pDPP5T-2 in the 
above systems did not provide the thickness required for effi -
cient device performance. [ 28 ]  Low solubility inks may be imple-
mented with techniques that require lower concentrations, 
such as spray coating. [ 33 ]  Both pDPP5T-2S and P390 have sol-
ubility limits ≈10 g L −1  in chloroform,  ortho -dichlorobenzene, 
thiophene, tetralin, 1,2,4-trimethylbenzene, anisole,  o -xylene, 
and the solvent systems of each. Thus, the HSP ellipsoid of 
these two materials envelopes that of pDPP5T-2. Both of these 
materials reach layer thicknesses up to 300 nm when blade 
coated from the same solvent systems as pDPP5T-2.  

  2.3.     Device Fabrication 

 Blade coating offers an abundance of parameters to be screened 
for the optimum deposition process. The blade height, blade 
speed, substrate temperature, and the ratio of the two solvents 
in the system were adjusted to attain uniform and smooth layer 
formation. Higher blade height and higher blade speed pro-
duce thicker fi lms, while substrate temperature is effective at 
ensuring a high enough solvent evaporation rate to complete 
layer formation in a short time. For the solvent systems used 
in this study, elevated temperatures had no effect on device per-
formance, nor fi lm morphology. Thus, room temperature dep-
ositions were used with all inks. Blade coating from the pure 
solvents used in this study does not provide uniform fi lms, due 
to the fi lm dewetting whilst drying. 

 Full OPV devices with a structure of ITO/TiO 2 /pDPP5T-
2:[70]PCBM/MoO 3 /Ag were fabricated, with a blade-coated 
photoactive layer deposited from the solvent systems listed in 
 Table    2  . The top MoO 3 /Ag electrodes were evaporated without a 
post-deposition treatment to the photoactive layer. The external 
quantum effi ciency (EQE) spectrum for the pDPP5T-2 device 
deposited from CF:ODCB is approximately 60% over the full 
absorption spectrum (Figure S2, Supporting Information). In 
the case of the nonhalogenated solvent systems, the low solu-
bility of pDPP5T-2 limits the performance. Filtered solutions 
of pDPP5T-2:[70]PCBM were deposited, effectively coating at 
the highest concentration of pDPP5T-2 possible, resulting in 
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  Table 1.    Contact angles of pure solvents on glass substrates coated with 
typical interfacial layers and pDPP5T-2 solubility range.  

Solvent Contact angle a)  
[°]

pDPP5T-2 solubility 
[g L −1 ]

TiO 2 MoO 3 PFN-2 ZnO

1,2,3-Trimethylbenzene 0 0 0 6 2–4

1,2,4-Trimethylbenzene 0 0 0 0 2–4

1,3,5-Trimethylbenzene 0 0 0 15 2–4

Acetone 0 0 12 0 0

Acetophenone 4 6 21 3 <1

Anisole 0 0 15 6 >4

Benzyl alcohol 0 15 16 23 0

Chloroform 12 9 10 9 >4

Cyclohexanone 0 5 14 0 −

Diiodomethane 35 38 49 43 −

Ethanol 0 0 14 0 0

Ethylbenzene 4 0 5 5 −

Ethylene glycol 31 23 44 41 0

Hexadecane 12 24 7 10 −

Indane 3 0 18 5 2–4

Isopropanol 0 0 0 0 0

 m -Xylene 0 0 0 22 2–4

 o -Xylene 0 3 0 0 2–4

 Ortho -Dichlorobenzene 5 11 22 8 2–4

 p -Xylene 0 0 0 0 2–4

Salicylaldehyde 2 7 26 27 −

Terpineol 17 18 15 12 −

Tetralin 0 7 9 6 2–4

Thiophene 9 9 12 11 >4

Toluene 0 0 0 0 <1

Veratrole 14 12 26 9 <1

Water 27 21 104 29 0

    a) Contact angles of 0° represent complete wetting, with angles too small to reliably 
measure.   

 Figure 2.    Normalized absorption spectra for dilute solutions of pDPP5T-2. 
The solvents shown are chloroform (CF),  ortho -dichlorobenzene ( o DCB), 
thiophene (thio), tetralin (tet), xylene (xyl), and 1,2,4-trimethylbenzene 
(1,2,4-TMB).
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suitable thickness for devices but a high [70]PCBM loading 
of approximately 90 wt%. The pDPP5T-2 devices from nonh-
alogenated inks achieve suitable open circuit voltage ( V  OC ) and 
fi ll factor (FF) for pDPP5T-2. [ 28 ]  These devices are limited in 
short circuit current density ( J  SC ) due to the low absorption of 
[70]PCBM relative to pDPP5T-2. Reference pDPP5T-2 devices 
from chloroform (CF):  ortho -dichlorobenzene (ODCB) inks give 
a high performance of 6.3% effi ciency at a photoactive layer 
thickness of 80 nm.  

 Devices with the same architecture as above but with 
pDPP5T-2 replaced with either pDPP5T-2S or P390 display 
high performance with nonhalogenated solvent systems. 
The high performance is owing to the high solubility and 
ensuing layers of sufficient thickness (Table  2 ). A study of 
P390-based device performance as a function of photoactive 
layer thickness for devices indicates optimum current pro-
duction at 90 and 230 nm, regardless of the solvent system 
( Figure    3  ). This range of layer thickness was obtained by 
varying the blade speed and height. These trends concur 
with the literature for pDPP5T-2 based on the same device 
architectures. [ 28 ]  Unfortunately, the second interference peak 
in current production at 230 nm cannot be utilized for high-
performance devices due to the rapid drop in FF, limited by 
charge carrier collection in thick devices (Figure S3, Sup-
porting Information).  

 Optimized pDPP5T-2S and P390 devices coated from non-
halogenated inks achieve comparable performance to those 
deposited from optimized halogenated inks. The device perfor-
mance metrics (Table  2 ) indicate high performance with most 
of the nonhalogenated inks. The corresponding current density 
versus voltage plots and EQE spectra are presented in Figure S2 
(Supporting Information). The pDPP5T-2S performed the best 
in xylene:tetralin with 5.6% effi ciency, and P390 had the highest 

effi ciency in thiophene:tetralin with 6.1% effi ciency. Due to 
slight differences in solubility and drying conditions, these 
two similar materials show high performance in the same sol-
vent systems, but peak performance in different inks. A nonh-
alogenated solvent system cannot be universal for a family of 
materials, but must be empirically tested to provide the best 
resultant morphology.   
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  Table 2.    Device performance for OPV devices with blade-coated donor:[70]PCBM photoactive layers.  

Solvent system Donor material Solvent ratio 
[v/v%]

 η  
[%]

FF 
[%]

 J  SC  (EQE) 
[mA cm −2 ]

 V  OC  
[mV]

PAL thickness 
[nm]

Chloroform/ ortho -dichlorobenzene pDPP5T-2 80/20 6.3 67 17.3 (17.1) 540 80

Thiophene/tetralin pDPP5T-2 80/20 0.7 59 2.3 (–) 550 130

Thiophene/1,2,4-trimethylbenzene pDPP5T-2 90/10 0.7 62 2.0 (–) 570 100

 o -Xylene/tetralin pDPP5T-2 97/3 0.6 60 1.8 (–) 540 66

Chloroform/ ortho -dichlorobenzene pDPP5T-2S 80/20 4.9 63 14.2 (13.6) 550 106

Thiophene/tetralin pDPP5T-2S 80/20 4.9 65 13.6 (13.6) 550 88

Thiophene/1,2,4-trimethylbenzene pDPP5T-2S 90/10 4.9 64 13.7 (13.2) 560 109

Thiophene/anisole pDPP5T-2S 90/10 4.5 55 14.8 (13.3) 560 110

 o -Xylene/tetralin pDPP5T-2S 97/3 5.6 67 15.5 (15.2) 540 90

 o -Xylene/anisole pDPP5T-2S 97/3 2.2 57 6.9 (7.8) 550 103

Chloroform/ ortho -dichlorobenzene P390 80/20 5.1 61 14.6 (14.5) 560 120

Thiophene/tetralin P390 80/20 6.1 65 17.5 (17.2) 550 129

Thiophene/1,2,4-trimethylbenzene P390 90/10 5.8 65 15.3 (15.4) 570 70

Thiophene/anisole P390 90/10 4.9 62 14.5 (14.1) 550 102

 o -Xylene/tetralin P390 97/3 4.9 61 14.8 (–) 550 68

 o -Xylene/anisole P390 97/3 3.2 59 9.9 (–) 560 60

 Figure 3.    A comparison of current production in blade coated P390 
devices for each solvent system showing identical maxima with thick-
nesses determined by optical interference. The short circuit current 
density ( J  SC ) versus photoactive layer thickness plots for different sol-
vents systems are presented in order of decreasing current production: 
thiophene:tetralin (black circles), thiophene:1,2,4-trimethylbenzene 
(blue down-facing triangles), thiophene:anisole (left-facing triangles), 
and chloroform:  ortho -dichlorobenzene (red right-facing triangles). The 
optical interference maxima, as determined from simulations, are indi-
cated by grey ranges around thicknesses of 90 and 230 nm. Equal valued 
horizontal lines of the  J  SC  are drawn for each system to indicate relative 
differences.
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  3.     Conclusion 

 A fi ve-step process was presented to optimize the performance 
of solution-processed photovoltaic devices coated from nonh-
alogenated inks. First, known toxic and dangerous solvents are 
fi ltered out of the compilation of potential solvents. It must be 
noted that several of the nonhalogenated solvents used in this 
study lack suffi cient literature on their toxicological and envi-
ronmental impacts, representing a potential for advancement 
of the knowledge of the coating community. Second, a selection 
of solvents is tested for wettability on the underlying layer deter-
mined by the device architecture to be implemented. Third, 
the Hansen solubility parameters for the material system are 
found, and the complementary solvents on the opposing sides 
of the material HSP are chosen. Next, ratios of the multisolvent 
system with the combined HSP within the solubility space of 
the materials are adjusted to blade coat smooth and uniform 
fi lms. Last, blade-coating parameters, such as blade speed, 
blade height, and substrate temperature, were optimized for 
peak device performance. 

 Using this process, nonhalogenated solvent systems based 
on thiophene, tetralin, 1,2,4-trimethylbenzene, anisole, and 
 o -xylene are developed for three photoactive materials based on 
diketopyrrolopyrrole surrounded by fi ve thiophenes (pDPP5T-2, 
pDPP5T-2S, and P390). A selection of solvents is tested for wet-
tability on solution-processed TiO 2 , MoO 3 , PFN-2, and ZnO 
layers, while the Hansen solubility parameters for pDPP5T-2 
are found to be  δ  dispersive  = 19 ± 1 MPa 0.5 ,  δ  polar  = 3 ± 2 MPa 0.5 , 
and  δ  hydrogen  = 2 ± 2 MPa 0.5 . The higher solubility of pDPP5T-2S 
and P390 in the same solvents results in a solubility ellipsoid 
enveloping that of pDPP5T-2. This overlap enables the use of 
the same solvent systems for all three materials. Devices from 
nonhalogenated inks achieve higher performance than those 
coated from the archetypal halogenated solvent system; P390 
and pDPP5T-2S devices attained 6.1% and 5.6%, respectively, 
with nonhalogenated solvents, compared to 5.1% and 4.9%, 
respectively, with halogenated solvent systems. This general 
fi ve-step process demonstrates the applicability of Hansen solu-
bility parameters to a range of materials in a family of polymers, 
showing a new pathway for the industrial-scale deposition of 
TFPV materials with more environmentally friendly inks.  

  4.     Experimental Section 
  Materials : The patterned 3 × 3 cm glass/ITO substrates were 

purchased from Colorado Concepts ( R  S  = 20 Ω � −1 ). The pDPP5T-2 
( M  w  = 47 000 g mol −1 , PDI = 2.2, Lot: GKS1-001), pDPP5T-2S ( M  w  = 
44 500 g mol −1 , PDI = 2.3, Lot: 2440-151R2), and P390 were synthesized 
by BASF, while [6,6]-phenyl-C71-butyric acid ([70]PCBM) (99%) 
was purchased from Nano-C. All solvents were purchased from 
Sigma-Aldrich. 

  Device Fabrication : Substrates were cleaned with successive ultrasonic 
baths in detergent, deionized water, acetone, and isopropanol. All device 
fabrication steps were carried out in an N 2  environment. TiO 2  sol–gel in 
ethanol was spin coated to give 5 nm thick layers. Layers of ZnO were 
spun coat from a ZnO precursor (zinc acetate dehydrate dissolved in 
2-ethoxyethanol, ethanolamine, and ethanol) and annealed at 300 °C. 
PFN-2 was spin coated as described in the literature. [ 34 ]  Solutions of the 
DPP donor and [70]PCBM acceptor in the solvent systems were mixed 
and stirred at 80 °C, and cooled to room temperature before blade 

coating. Blade coating was performed with a fi lm applicator Multicator 
411 on a Coatmaster 510 (Erichsen) with coating speeds between 
20 and 80 mm s −1 . The substrates were held at either 20 or 60 °C during 
deposition. The top contacts of MoO 3  and Ag were thermally evaporated 
at a pressure of 10 −5  Pa to thicknesses of 10 and 150 nm, respectively. 

  Characterization : The contact angle measurements were performed 
with an OCA-20 contact angle measurement system (DataPhysics 
GmbH). Solvents were tested for solubility limits by trying to dissolve 
the polymer at high concentration and elevated temperature. The 
solution was then diluted until no aggregates were found and layers 
were coated without particles. Atomic force microscopy (AFM) images 
were recorded on a Picoscan PicoSPM LE scanning probe microscope 
operated in tapping mode. Film thicknesses were measured by a Dektak 
D150 (Veeco Instruments) surface profi lometer. The current density 
versus voltage measurements were done with a Keithley 2602A Source-
Measure Unit and an Abet solar simulator producing 100 mW cm −2  
AM1.5G illumination. External quantum effi ciency was measured with 
coupled and monochromated Xe and quartz halogen lamps calibrated 
by a Si photodiode.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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