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Abstract 

New polymer donors and nonfullerene acceptors have elevated the performance and stability 

of solar cells to higher grounds. To achieve their full potential, they require their adaptation to 

scalable and cost-effective solution manufacturing techniques for large area deposition. 

Likewise, formulating scalable solution-based transport layer inks that are compatible with the 

photoactive layer is imperative. This manuscript reports the full integration of solution-based 

transport layers and electrode alongside a PTB7-Th:IEICO-4F bulk heterojunction in inverted 

architecture through inkjet-printing, resulting in power conversion efficiencies up to 12.4% 

opaque devices and 9.5% semitransparent devices with average visible transmittance (AVT) 

values of 50.1%, including hole transport layer (HTL). The wetting envelope of the highly-

hydrophobic photoactive layer alongside the surface energy of candidate solutions and solvents 

allows the formulation of thick transport layer inks that are compatible with the drop-on-

demand inkjet-printing process and yield uniform and homogenous films. Moreover, the 

surface energy components of the donor and acceptor serves as a fingerprint to assess the 

vertical stratification of the photoactive layer with the inclusion of different solvents. This 

methodology addresses a scale-up bottleneck of solution-based transport layers for high-
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efficiency organic cells, enabling its adaptation to high-throughput techniques including slot-

die and roll-to-roll coating. 

1. Introduction 

Organic solar cells have been widely studied as alternative and flexible energy harvesting 

technologies in the past decades, owing to their intrinsic properties such as semitransparency, 

lightweight, and flexibility.[1] They have the potential to be used for large-scale power 

generation in building integrated systems and greenhouses, as well as for energy harvesting in 

microwatt application devices such as wearables and remote sensing.[2-3] The latest 

developments in the synthesis of donor polymers and non-fullerene acceptor materials (NFAs) 

in combination with innovations in solution processed supporting transport layers have pushed 

the power conversion efficiency (PCE) of organic solar cells over the 17% mark.[4-6] While the 

performance of organic solar cells has been predicted to reach values around 20% with the use 

of NFAs,[7] much work is needed in the adaptation of these materials to  manufacturing in order 

to bridge their gap towards commercialization.[8-11] 

The transition of record-holding materials from spin-coating under inert conditions to more 

scalable high-throughput printing methods including blade coating, slot die coating, and inkjet 

printing requires the formulation of photoactive layer (PAL) inks with the correct rheological 

and volatility properties to produce the morphological features and stratification for optimal 

device performance.[12-14]  Different routes have been taken to optimize and standardize 

inherent parameters and temperatures for each printing technique to control the film formation 

and drying dynamics mechanisms that ultimately dictate the film thickness, uniformity and 

domain separation.[14] Some groups have focused on finding alternative solvents that meet the 

solubility criteria of the donor and NFAs while evaporating at specific rates to enhance the 

phase separation and crystallinity of the components and improve charge extraction.[15] Others 

have made use of volatile solid additives to avoid retention in the films and problems with long 

term device stability.[16-17] These strategies have resulted in solar cells with over 5% efficiency 
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in areas larger than 5 cm2, however they are still limited in terms of geometry and ease of 

customization.  

Inkjet printing has been proposed for the high throughput fabrication of highly efficient solar 

cells as it allows the noncontact deposition of the photoactive ink directly onto desired 

substrates with full control over the pattern with reduced material consumption.[18-22] A 

complete transition from the laboratory requires the adaptation of not just the highly-efficient 

photoactive materials to these printing methods, but of all the supporting layers in the solar cell 

device architecture in order to replace difficult-to-scale vacuum deposition techniques such as 

thermal evaporation.[12] Since the successful demonstration of all inkjet-printed solar cells with 

a PCE of 4.1% by Eggenhuisen et al in 2015,[23] there have been some studies that have centered 

on the optimization of hole transport layers (HTLs) that can coat on top of the highly 

hydrophobic PALs,[24-26] and current collectors that compete with their evaporated counterparts 

while providing added properties such as semi-transparency.  

These scalable efforts have worked well for PALs based on P3HT in combination with 

fullerene derivatives or the NFA O-IDTBR in an inverted architecture. [24-25, 27] However, the 

energy levels of P3HT limit the full potential of  novel high-performance low bandgap NFAs 

such as IEICO-4F, which can be better utilized alongside push-pull type donor polymers like 

PTB7-Th  to yield  ultra-high photocurrents and efficiencies over 12%.[28-30] Several works 

have focused on the specific development of HTLs in NFA-based devices but they rely on the 

utilization of complex surface modifiers,[31-32] dipole layers,[33-35] or HTL materials that cannot 

yet be used for stable inverted structures or in scale-up processes.[36-39] Thus, there is still need 

for transport layers that are compatible with highly-efficient and highly hydrophobic PAL,[40] 

while meeting the thickness and solution processability requirements of high-throughput 

methods.  
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In this work, we demonstrate the successful high throughput fabrication of fully inkjet-printed 

inverted semitransparent organic solar cells based on the well-known polymer donor  Poly[4,8-

bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-

ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PTB7-Th) and the low 

band gap NFA 2,2'-[[4,4,9,9-Tetrakis(4-hexylphenyl)-4,9-dihydro-s-indaceno[1,2-b:5,6-

b']dithiophene-2,7-diyl]bis[[4-[(2-ethylhexyl)oxy]-5,2-thiophenediyl]methylidyne(5,6-

difluoro-3-oxo-1H-indene-2,1(3H)-diylidene)]]bis[propanedinitrile] (IEICO-4F) via 

formulating a scalable, efficient and stable HTL. We produce photoactive layer inks with 

various solvents and evaluate their effect on the bulk heterojunction (BHJ) vertical 

stratification and overall device performance by utilizing the surface energy of the donor and 

the acceptor as a fingerprint.  Solar cells with printed photoactive layers from chlorinated 

solvents and Xyl:Tet demonstrated efficiencies of up to 12.4% and 9.8%, respectively. The 

construction of the wetting envelope served a guideline to formulate transport layer inks 

through solvent engineering, thus ensuring proper wetting and film formation on top of the 

highly hydrophobic PAL while maintaining the required properties for charge extraction and 

transport.  

Through careful optimization of printing parameters of each of the supporting layers and 

electrodes, we obtain PCE values over 9.5% with a fully printed stack including a silver grid 

electrode on ITO substrates, the highest reported values for inkjet-printed devices. Due to the 

high conductivity of the HTL formulation, we were able to print a silver grid as top electrode, 

ultimately leading to semitransparent devices with average visible transmission (AVT, 400-

700nm) values of 50.1% including the hole transport layer (~450 nm). Finally, we investigated 

the shelf stability of devices fabricated with inks from different solvents and of fully printed 

devices, which overtime were able to retain over 90% of their initial performance after 2 
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months, further demonstrating the potential of engineered HTLs in combination with high 

efficiency NFA-based PAL in real life applications.   

 
2. Results & Discussion  

 

 

The chemical structures of the donor PTB7-Th and the NFA IEICO-4F are shown in Figure 

1a. Devices fabricated along with  IEICO-4F have demonstrated high short-circuit current 

densities (Jsc) of approximately 27 mA cm-2 and PCE values above 12.5% after controlling the 

nanomorphology of the blend through solvent additives and passivation of the interfacial 

layers. [30, 41] Figure 1b displays the energy levels of each one of the layers of devices fabricated 

fully by inkjet printing as obtained from literature, while Figure 1c shows a schematic of all 

the inkjet-printed layers in the inverted configuration. We started optimizing the PAL in both 

normal and inverted configurations (Figure S1a), and then substituted each spin-coated or 

evaporated layer with its inkjet-printed counterpart in different steps. The final architecture of 

the inkjet-printed opaque devices in the regular configuration was ITO/PEDOT HTL 

Solar/PAL/AZO nanoparticles/Ag nanoparticles, while the layer order of the semi-transparent 

devices in the inverted architecture was ITO/ZnO/PAL/Ω-PEDOT/Ag nanoparticle grid.  The 

comparison of the voltage-current density curves of opaque devices with spincoated PAL, 

printed PAL, and semitransparent devices with an all-inkjet-printed stack on ITO substrates in 

the inverted configuration is presented in Figure 1d. Solar cells fabricated with an optimized 

inkjet-printed PAL exhibited Jsc values around 27 mA cm-2, a Voc of 0.71 V, fill factors (FF) 

around 67% and PCE values at 12.5% in the inverted configuration, while the normal 

architecture devices demonstrated Jsc values of 27.6mA cm-2, a Voc of 0.71 V, FF around 61% 

and PCE values at 12.2% (Figure S1b). The performance of the inkjet-printed PALs matches 

that of previously reported values for spincoated devices in both configurations.[30, 41-42]  All-
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printed solar cells in the inverted architecture exhibited Jsc values around 26 mA cm-2, a Voc of 

0.71 V, FF around 53% and PCE values over 9.5%. This the highest reported values for all 

inkjet-printed solar cells so far.  

We explore the wetting properties, vertical stratification and performance of PAL based on 

common solvents for spincoating such as chlorobenzene (CB), dichlorobenzene (DCB) and 

chloronaphtalene (CN), as well as the environmentally friendlier xylene (Xyl) and tetralin (Tet) 

to explore their compatibility with scalable high-throughput processes. The AFM images in 

Figure S2 compare the roughness and nanomorphology of PTB7-Th:IEICO-4F surfaces 

fabricated with each solvent on top of ZnO, while Figure 2a illustrates their water contact 

angle.  The inclusion of CN resulted in RMS values around 3.66 ±	0.39	nm,	while	the	other	

solvents	did	not	surpass	the	2.8nm	mark.	These values are coherent with previous studies 

demonstrating higher molecular aggregation of IEICO-4F with the inclusion of CN, which at 

optimal drying conditions resulted in more ordered NFA packing, face-on orientation, 

improved coherence lengths, and thus, higher JSC values. [41,	43-44]	 

The film obtained from CB alone has an average contact angle of 101.1o and a calculated 

surface energy γCB of 31.36 mN, while the addition of CN increases its contact angle to 103.4o 

and its surface energy γCB:CN is reduced to 30.8 mN/m. Interestingly, the utilization of  higher 

boiling point solvents such as DCB or Xyl:Tet increases the surface energy to  32.3 and 33.3 

mN/m, respectively. The total surface energy of PTB7-Th (29.9 mN/m) is lower than that of 

IEICO-4F (39.3 mN/m), and as it has been demonstrated previously with other systems the 

lower surface energy component tends to spontaneously distribute towards the surface.[45-47] 

Nonetheless, the choice of solvent greatly affects the degree in which PTB7-Th accumulates 

at the film interface with air. We used Cassie’s equation (Equation 1) to approximate the 

material composition at the surface by measuring the contact angle of water of both PTB7-Th 

(103.8o) and IEICO-4F(93.1o), where σ is the fractional surface area of each component.[48-49] 
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cos 𝜃!"#$% =	𝜎&'&()*+,	cos 𝜃./01*/2	 + 𝜎&'&()*+, cos 𝜃&'&()*+,         (1) 

 

The calculation of the wetting envelopes through the polar and dispersive components (see 

supporting information) serves as a visual fingerprint in the characterization of the vertical 

phase separation (Figure 2b). While the JV curves of completed devices in the inverted 

(Figure 2c) and normal configurations (Figure S3) and box charts in Figure S4 serve to 

evaluate the overall performance of the different inks and their possible utilization as 

alternative solvents. Through the above-mentioned model and blend contact angles, it is 

demonstrated that CB alone produces a PTB7-Th fraction surrounding the 80% area while the 

inclusion of CN further increases this fraction up to 96.5%. The lower solubility of PTB7-Th 

in CN, [41] in combination with the hypomiscibility of the blend, [50] can lead to a more 

pronounced vertical stratification profile.[51]  As PTB7-Th is p-type, a high concentration of it 

at the surface may help with charge transport in the inverted configuration, decreasing its series 

resistance Rs from 7.79 Ω to 1.86 Ω, resulting in an improved FF from 53.4% to 66.7%. 

Moreover, the refined nanomorphology resulting from CN in combination with a favorable 

charge transport from vertical stratification may explain the slight current increase from 26 to 

26.7 mAcm-2 in the inverted configuration. In the normal configuration, the addition of CN 

resulted in a similar behavior, as the improved nanomorphology increased the Jsc 23.1 to 26.5 

mAcm-2. These devices demonstrated higher series resistance values (5.46 Ω) in comparison 

with devices in inverted configuration, perhaps coming from an unfavorable vertical 

stratification profile [52-54], resulting in slightly lower FF values at 61.1%. Nonetheless, the 

overall performance was elevated from 8.2% with a CB ink to 11.8% with a CB:CN ink.  

In the same manner, PALs from DCB may produce the same contact angle as that of CB:CN, 

however it’s lower roughness, higher surface energy, and a wetting envelope with an increased 
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polar region suggests a slightly unfavorable morphology with a higher concentration of IEICO-

4F at the surface. This translated to a decreased Jsc of 23.8 and FF of 58.5% in the inverted 

configuration, and a Jsc of 22.4 and FF of 51.4% in the normal configuration, while the PCE 

remained closed to that of CB in either architecture. The utilization of a combination of Xyl 

with the higher boiling point Tet produces PAL films with higher surface energies averaging 

33.39 mNm-1 and with water contact angles approaching that of IEICO-4F alone, we calculate 

acceptor fractions 𝜎&'&()*+,  around 88.6% through Cassie’s model.  This may be explained 

by the rapid evaporation of Xyl in combination with the higher solubility of IEICO-4F in Tet, 

which may interfere with the blend dispersion and solid liquid phase demixing. [51] Devices 

made with this solvent combination exhibited a high FF of 63.4% and PCE of 9.8% in the 

inverted configuration. A comparison of the external quantum efficiencies (EQE) of devices 

fabricated from different inks is given in Figure 2d, while the overall characteristics of devices 

fabricated in the inverted and normal configurations are summarized in Table 1 and Table S5, 

respectively.  

The optimized PTB7-Th:IEICO-4F PAL ink was based on a mixture of CB with CN as an 

additive, although combinations of greener solvents like Xyl and Tet show great promise with 

further optimization.  It has been previously demonstrated that by using a higher boiling point 

solvent with a similar solubility as the main solvent improves the film morphology and charge 

transport[41, 55]. The utilization of the high boiling point CN in combination with the low 

crystallinity of the blend proved favorable for inkjet printing as it slowed down evaporation at 

the nozzles and reduced the possibility of common printing issues such as clogging, misfiring, 

and satellite droplets,[56] while improving the drying behavior of the deposited wet film. The 

effect of the variation of the drop spacing (DS) alongside the drying temperature on the surface 

morphology and performance of the devices is shown through the AFM images in Figure S5, 

box charts in Figure S6, and the contour maps in Figure 2e & f, Figure S7a & b and the JV 
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curves of Figure S7c.  The nanomorphology of the devices printed at different conditions 

varied slightly with DS, with RMS values reaching 3.37	±	0.32	nm	at	a	DS	of	20	µm. In the 

same manner, higher drying temperatures seemed to increase the roughness of the films to 

RMS values of 3.16 ± 0.52 nm at 70 oC.	 	These values were similar as those obtained in 

previous studies, and may suggest optimized drying parameters for printing.		

Uniform films were formed with DS below 30 µm, while the continuity of the films is 

compromised with DS above 35 µm as shown in Figure S7d. We observe a drop in for devices 

printed with DS above 35 µm, a consequence of the electrical shorts caused by pinholes and 

lines that are not well connected to one another. As the film is able to absorb more light with 

its increased thickness at lower DS, higher Jsc values above 27 mA cm-2 are obtained, however 

due to their reduced FF below 55% they do not surpass the 10% PCE mark. Performances over 

11% are obtained with DS approaching 30 µm and at drying temperatures above 65oC due to 

thicknesses being around 100 nm (Figure S7e) and increased FF over 60%, coming from an 

improved morphology.  Along with these printing parameters, we optimized the PAL 

donor:acceptor ratio and solution concentration (Figure S7f-h). Overall, the formulation of a 

PAL ink must include a high boiling point solvent with good solubility as an additive to allow 

the formation with a favorable donor:acceptor network for charge transport, including vertical 

stratification. The surface energy fingerprint of each of the components can serve as a 

parameter to assess the degree of separation at the air interface, while the calculation of the 

wetting envelope can be further utilized as a guideline for the deposition of interfacial layers.  

 

The transition towards all inkjet-printed devices was performed layer by layer to properly adapt 

the rheological properties of each ink, deposition conditions, film formation dynamics, and 

compatibility with previous and subsequent layers. We scanned and collected different readily 

available ETL and HTL inks to understand their compatibility with the printing process and 
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with the PAL. We measured the dynamic viscosity 𝜂 and liquid surface tension 𝛾 of each ink 

(Table S1) to calculate their printability parameter, or Z number, based on the proposition by 

Ohnesorge and Fromm (Figure S8). [56-58] For the first layer on top of ITO, we adjusted the 

Clevios PEDOT HTL Solar solution for devices in the normal architecture, and the commonly 

used solgel ZnO solution to print devices in the inverted configuration. The optimal parameters 

for each ink were found by varying the DS and processing conditions, in combination with a 

printed PAL on top, as demonstrated in in Figure S9 and Figure S10.  

Perhaps the most challenging step in the transition towards all-inkjet-printed devices is the 

formulation of transport layers in ink form that work properly on top of the highly hydrophobic 

PALs[24]. In order to better assess the wettability of the different HTL and ETL inks, we 

calculated the surface energy components of the PTB7-Th:IEICO-4F PAL through the contact 

angle of 3 different solvents (Figure S11a) as established by the Owens, Wendt, Rabel and 

Kaelble (OWRK) method.[59-60] Likewise, we measured the total surface tension σ of the 

different ETL and HTL inks through pendant drop method (Figure S11b), and later calculated 

their polar  𝜎3.	and dispersive components 𝜎34 through OWRK by measuring their contact angle 

on PTFE, as its polar component 𝜎5.	is nearly null. [61] The surface tension components of the 

different inks are summarized in Table S2. We used the surface energy components of the 

PTB7-Th:IEICO-4F PAL to build its wetting envelope according to the numerical solution of 

the work of adhesion equation (Equation 2) when setting the angle at 0o and solving in terms 

of the polar and dispersive components of the surface and of the liquid (Figure S12).[59, 61]  

 

             𝑊𝑎 =	𝜎3(cos 𝜃 + 1) = 2	 23(𝜎54)(𝜎34) +	3(𝜎5.)(𝜎3.)4                    (2) 

 

The wetting envelope represents the polar part of the solvent 𝜎5. plotted against its dispersive 

part 𝜎54, and it can be used to predict the wettability of a particular solvent on the solid film; 
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i.e. any plotted solvent that falls outside the curve of the wetting envelope will not wet the 

surface efficiently.[62-63] We used this methodology to predict whether an ETL, HTL, and 

auxiliary solvents could wet the surface of the PALs to produce functional films for either a 

regular or inverted architecture (Figure 3a).  

The images in Figure S13a illustrate the difference between an ink that is designed for inkjet 

printing but does not wet the hydrophobic substrate (PEDOT IJ1005) versus an in-house 

formulated ink (Ω-PEDOT) that wets the surface and forms uniform layers. The film formation 

contrast between an Aluminum-doped Zinc oxide (AZO) dispersion based on highly-volatile 

solvents within the wetting envelope and the engineering of cosolvents with higher boiling 

points is depicted as well.  

The wetting envelope of the PAL serves as a guideline for the engineering of HTL and ETL 

inks based on dispersions in carrier solvents. Adjusting the solvent system to the drying 

dynamics of deposition methods like inkjet-printing and slot-die coating can make a difference 

in how the films form, thus improving the overall uniformity, and ultimately the repeatability 

and standardization of the process. Some of the most sought after ink modifiers for inkjet 

printing include ethylene glycol (EG), diethylene glycol (DEG), polyethylene glycol (PEG) 

and Propylene glycol (PG) due to their favorable viscosity and volatility.[64] However, their 

liquid surface tension components (Table S2) renders them outside the wetting envelope of the 

PTB7-Th:IEICO-4F system, thus we utilized alcohol alternatives with a reduced polar 

component like 1-Butanol (1-But) and 1-Pentanol (1-Pent).  

The AZO/ETL ink engineering process with for devices in the normal configuration is shown 

in Figure S14, while the printing process optimization of thickness and device characteristics 

of all-inkjet-printed devices is shown in Figure S15 and Table S3. Normal configuration 

devices with 3 printed layers showed a performance of up to 9.4%, while the utilization of a 
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silver ink for all-printed-devices presented fractures between layers (Figure S13 c) and reduced 

the efficiencies down to 6.25%. 

In the inverted configuration, we tested the c-PEDOT ink directly as HTL and anode electrode 

due to its conductivity (~290 S cm-1) by printing 1, 2 or 3 layers on top of each other (Figure 

S16a).  The resulting high series resistance values (RS) did not permit FFs over 47% and with 

reduced Voc values at 0.65 V the efficiencies stayed at around 5.5%.  In an attempt to increase 

the extraction of charges we formulated the Ω-PEDOT ink through a mixture of highly 

conductive PEDOT:PSS inks, in combination with alcohols solvents like 1-pentanol as 

additives solvent to improve wetting. 

 

 This strategy pushed the FF over 50% and the efficiencies close to 7% where PEDOT:PSS is 

used also as current collector top electrode (Figure S16b). We printed a silver ink as an 

additional layer directly on top of the Ω-PEDOT over the entirety of the defined active area for 

opaque devices (A). These devices showed an increased FF to over 54% and a regular Voc at 

0.7 V; however, their Jsc was reduced to around 13.5 mA cm-2 (Figure S16c), suggesting some 

interference of the silver ink with the underlying layers as well. The SEM images and 

micrographs in Figure 3b & c, Figure S16d, and Figure S17 demonstrate that the solvent of 

the ink penetrates all the way to the PAL, cracks it and creates voids in the film continuity. 

The higher conductivity of our specially formulated Ω-PEDOT (~ 405 S cm-1) created the 

opportunity to both cover the silver electrode improving the Jsc and FF of an intact PAL by 

reducing cracking and penetration, while making our solar cells semi-transparent at the same 

time.  We followed two different strategies as shown in Figure S16c: printing silver pads 

outside the active area (B), and printing a partial silver grid over the whole stack (C) (Figure 

3b & c). These strategies helped increase charge extraction and yielded performance values up 
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to 8.42% PCE for the electrode pads, and a remarkable 9.5% PCE with an AVT of 40.0% with 

the utilization of a silver grid electrode.  (Table S4).   

The evolution towards all inkjet-printed devices on ITO substrates is demonstrated through the 

JV curves in Figure 3d and their summarized characteristics in Table 1 in the inverted 

configuration, and in Figure S18 and Table S5 in the normal configuration. The printing 

parameters for each layer are summarized in Table S6, while the images in Figure 3e display 

the transmissivity of the resulting devices, demonstrating that the semitransparency is 

proportional to the absorbance range of the PAL rather than the formulated transport layers. 

The active layer alone demonstrated AVT values 59.6%, evolving into 50.1% with the 

inclusion of the transport layers. The utilization of a PAL with high AVT values above 25% 

ensures the transmission of the required wavelengths for human sight and plant growth, while 

absorbance ranges higher than 80% in the NIR region help to block the heating wavelengths of 

the solar spectrum.[65-67] Thus, the addition of a highly-conducting engineered Ω-PEDOT 

transport layer in combination with a semitransparent silver grid establishes their potential use 

in building integrated systems or greenhouses.  

 

For organic solar cells to be commercially viable, on top of being compatible with fast 

manufacturing techniques they need to meet a standard lifetime for stable operation in real-life 

applications. We investigated the effect of the photoactive ink solvent on the shelf stability of 

the devices under 2 different conditions: under dark and ambient humidity (50-65% Relative 

Humidity) according to ISOS-D-1[68-69], as well as under dark and nitrogen conditions (Figure 

4 and Figure S19). While morphological changes with the addition of CN play an important 

role,[50] the higher degree of induced stratification of the BHJ would help maintain the 

thermodynamic stability of the devices overtime, as the PTB7-Th at the air interface has similar 

surface energy as that of MoO3 (19−31m Nm-1). [70] Devices made with CB and CN in the 



  

14 
 

inverted configuration retained 75% of their initial performance after 2 months under Nitrogen.  

Solar cells fabricated with Xyl:Tet retained 62% of their initial PCE under Nitrogen, 

demonstrating the potential transition towards greener solvents. The degradation of the devices 

was more accentuated under ambient conditions. Studies have shown that using MoO3 as the 

interface for non-encapsulated devices results in degradation over time with exposure to 

humidity and heat [71], and thus the search for more stable transparent interfaces and the use of 

encapsulation strategies becomes apparent [72].  

It is worth noting that devices in the normal configuration degraded much faster as their Voc 

was reduced below 0.4V values after 1 week under Nitrogen and after 2 days under ambient 

conditions (Figure S20), perhaps coming from the change in work function resulting from 

degradation of both interfacial layers and metal contact. [73-74] Figure S21 presents contact 

angle measurements and AFM images of fresh and aged samples. The surface energy of all 

samples was reduced overall with a small increase in the polar component, suggesting some 

interaction of moisture with the BHJ[75-76]. All the samples presented higher RMS values upon 

aging. Previous stability studies show that aging does not affect the packing and face-on 

orientation, however it promotes a higher stacking and crystallization of IEICO-4F,[50] which 

correlates with the presented topography. Future alternative solvent studies should include the 

effect of solvent drying mechanisms on the orientation and crystallization of the BHJ 

components.  

Lastly, we studied the shelf stability of the semitransparent all-printed solar cells in the inverted 

configuration under both conditions. These devices retained 90% of their initial PCE even after 

2 months under dark and nitrogen, and retained a similar trend under ISOS-D-1. This first 

stability study demonstrates that all-printed devices in the inverted configuration have the 

potential for scale-up in manufacturing.  

 

3. Conclusion  
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The path to scalable manufacturing of novel donor polymers and nonfullerene acceptor 

materials such as PTB7-Th and IEICO-4F requires transitioning not just the high efficiency 

photoactive film, but all the stack layers to solution processing techniques that provide the high 

throughput and standardization required for industrial production. Here we demonstrate that 

inkjet printing of a PTB7-Th:IEICO-4F PAL yields efficiencies up to 12.5% in the inverted 

configuration, and 12.2% in the normal configuration, placing them at the same level as the 

spincoated devices. We explored the utilization of alternative solvents for the PAL, used the 

surface energy of each component as a fingerprint to study their effect on the degree of vertical 

stratification in the BHJ, and studied their overall performance in both configurations.  

In order to print on top of the highly hydrophobic PAL, we obtained its wetting envelope and 

formulated HTL and ETL inks with lower volatility co-solvents that fell within the wetting 

region, resulting in uniform functional films. Through careful optimization of the printing 

process parameters, we deposit all the supporting layers for semitransparent devices in the 

inverted configuration with PCE values of 9.5% and AVT of 50.1%. The transition towards 

all-printed devices also yielded devices with a high degree of stability (90%) after the same 

period of time, demonstrating their potential scalability in a wide variety of applications where 

transparency is required, including building integrated systems and greenhouses. 

 

4. Experimental Section  

 

Materials & Ink Formulation:  Indium Tin Oxide (ITO) coated glass substrates were purchased 

from Xin Yan Technology HK. All solvents, additives, and other chemicals were purchased 

from Sigma-Aldrich and used as received. For the PAL, (20mg) of PTB7-Th and IEICO-4F 

(1-Material) were mixed in a (1:1) donor to acceptor ratio and dissolved in 1ml of 

chlorobenzene with 4% of chloronaphtalene by volume. For the ZnO sol-gel ink we mixed zinc 
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acetate dehydrate in of ethanolamine (21 µL) and 2-methoxyethanol solution (1 mL). Both 

ZnO and Al:ZnO inks were prepared by mixing (900µl) of the dispersion from Avantama and 

adding 1-pentanol (100µl) for better layer formation. For the HTL layer in the normal 

configuration we utilized the HTL Solar ink (Clevios) as is.  In the inverted configuration, two 

solutions of PEDOT:PSS (c-PEDOT (Orgacon) and hc-PEDOT (Clevios) ) were mixed with 1 

wt% glycidoxypropyltrimethoxysilane (GOPS), sonicated for 30 minutes and filtered through 

a 1.2 µm TPFE filter to avoid nozzle clogging. A silver nanoparticle ink ANP DGP HR 

(Anapro) was used as received as the metal top electrodes.  

 

Solar cell fabrication:  The ITO coated glass substrates cleaning procedure was done in 

detergent, deionized water, acetone, and IPA by sonication for 10 minutes each, followed an 

oxygen plasma treatment was used to remove any organic residues and improve substrate 

wettability. Reference devices in the inverted configuration had a (glass/ITO/ZnO/PTB7-

Th:IEICO-4F/MoO3/Ag) stack and fabricated as follows. First, the ZnO sol-gel solution was 

spincoated at 4000RPM for 30s and annealed at 200oC for 10 minutes, inkjet printing of the 

PAL was performed with a Dimatix DMP 2800 printer with previously described printing 

parameters and annealed at 110oC in a nitrogen glovebox. Lastly, 7nm of MoO3 and 100nm 

of silver were deposited at specific areas through a shadow mask through thermal evaporation. 

Reference devices in the inverted configuration had a (glass/ITO/Al 4083/PTB7-Th:IEICO-

4F/Nb-TiO2/Bathocuproine (BCP)/Ag) stack and fabricated as follows. First a solution was 

prepared by diluting Al 4083 PEDOT:PSS (Clevios) with IPA in a (1:3) ratio by volume. 

This solution was bladecoated at 50oC at 10mm/s, and annealed at 140oC for 5 minutes. The 

PAL was inkjet-printed as mentioned above, followed by spincoating of a Nb-TiO2 

nanoparticle dispersion in 1-butanol (Avantama) and a BCP solution in ethanol at 3000RPM 

for 20s each. Lastly, a 100nm layer of silver was deposited by thermal evaporation. The 
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inkjet printing substitution of each layer was performed in different steps as described in the 

main text, for which the printing parameters are summarized in Table S1. All devices had 

an area of 0.1cm2.  

 

Characterization: The current density-voltage (J-V) curves were obtained by simulating the 

solar spectrum at AM 1.5 illumination through a 21 LED Engine (Wavelabs Sinus-70) and 

doing a voltage sweep from -1V to 1V while measuring the resulting current with a Keithley 

2400 source meter. In order to assess the printability of each ink their viscosity was 

measured through a RheoSense m-VROC viscometer, while their total surface tension was 

measured through pendant drop method on a drop shape analyzer (Kruss DSA100). The 

surface energy components of each layer were calculated by using the OWRK methodology 

through the measurement of the sessile drop contact angle of 3 different liquids (Water, 

Ethylene Glycol, Diiodomethane) on the selected surface with the same drop shape analyzer. 

Likewise, the calculation of the polar component of the liquid surface tension of each ink 

was performed through the same methodology by measuring the sessile contact angle of 

each ink on a clean PTFE substrate. To assess the evaporation rate we placed a 5µl droplet 

of each solvent in an aluminum crucible separately and allowed it to evaporate over the 

course of 45 minute while measuring the mass loss through Thermogravimetric Analysis 

instrument (TGA) with a nitrogen flow of 20 sccm. The thickness of each layer was 

measured through a stylus mechanical profilometer (Tencor P7) by applying a 0.5 mN force 

on the probing tip. AFM images were captured using the solver-next SPM (NT-MDT) 

equipped with an OTESPA cantilever (Bruker) while SEM images of the cross section were 

obtained through Zeiss SEM with voltages ranging from 3kV to 10kV and at different 

magnifications depending on the requirements of each sample. The transmittance spectra was 

obtained using a Perkin Elmer UV/VIS/NIR spectrometer, and the AVT values were calculated 
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in the range of 400 to 700 nm. Shelf stability tests were performed by periodically testing the 

devices under AM 1.5 illumination and storing them under dark at room temperature (23oC) in 

both Nitrogen conditions, and ambient humidity (RH 50-65%), as established by the ISOS-D-

1 protocol.  
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Figure 1. (a) Molecular structures of components PTB7-Th and IEICO-4F.  
(b) Energy band alignment of all the printed layers in the inverted architectures. The values 
are expressed in eV.  (c) Diagram showing the different printed layers of the inverted 
architecture. (d) JV curves comparing the performance of the printed devices in the inverted 
architecture with the spincoated photoactive layer with evaporated electrodes. Insets show an 
image of a semitransparent fully printed stack placed against the KAUST Beacon and a 
rendering of an inkjet printing cartridge ejecting a droplet.  
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Figure 2. (a) Water contact angle on PALs printed from inks based on different solvents (b) 
Calculated wetting envelopes of PALs from different solvent inks and compared with pure 
PTB7-Th and IEICO-4F films to assess the degree of vertical stratification at the interface with 
air. J-V curves (c) and EQE (d) comparing the choice of solvent on the performance of solar 
cells fabricated in the inverted structure. Performance maps showing the short circuit current 
(e) and power conversion efficiency (f) of films printed from a CB:CN based ink at different 
drop spacings with varying drying temperature. 
 
 
 



  

22 
 

 
 
Figure 3. (a) Wetting envelope of the PTB7-Th:IEICO-4F (1:1) film placed against the liquid 
surface tension components of different HTL inks,  ETL inks, conductive inks, and auxiliary 
solvents. SEM images demonstrating the effect of a silver nanoparticle ink on two layers of c-
PEDOT (b) and one layer of Ω-PEDOT (c). Scale bar is 500nm. (d) JV curves showing the 
performance of devices e with different number of printed layers on ITO substrates starting 
from the PAL and the additional supporting layers in the Inverted architecture. (e) NIR-UV-
Vis transmittance of the different layers of devices in the Inverted architecture. The dotted 
turquoise line represents the normalized absorbance of the PAL. The yellow area denotes the 
visible range. Inset. Image demonstrating the semitransparency of the fully printed devices.  
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Figure 4.  Shelf stability of devices with a PTB7-Th-IEICO-4F PAL printed from different 
solvents and All-printed devices in the Inverted architecture, stored under dark and ambient 
humidity conditions (ISOS-D-1) (a) and under dark Nitrogen conditions (b), and tested at given 
time intervals.  
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Table 1.  Summary of photovoltaic parameters of PTB7-Th:IEICO-4F inks based on different 
solvents and of inverted devices fabricated with  different number of printed layers on top of 
ITO substrates and comparison with reference spincoated counterpart (*). The printing 
parameters of the different layers were optimized independently. The values are the average 
representation of 12 devices for each changed parameter. 
 
 
PAL Ink Solvent Jsc [mA cm-2] Voc  [V] FF  [%] PCEav [%] PCEmax [%] 

CB 26.2 0.69 53.4 9.30 9.65 

CB:CN 26.7 0.70 66.6 12.10 12.44 

DCB 23.8 0.71 58.5 9.43 9.88 

Xyl:Tet 21.3 0.71 63.4 9.54 9.80 

      

Printed Layers (on ITO)  Jsc [mA cm-2] Voc  [V] FF  [%] PCEav [%] PCEmax [%] 

Spincoated PAL * 27.4 0.71 65.5 12.30 12.61 

PAL 27.0 0.71 65.5 12.30 12.50 

ZnO + PAL 26.6 0.70 66.3 12.10 12.41 

ZnO + PAL + c-PEDOT  20.3 0.65 42.9 5.62 5.73 

ZnO + PAL + Ω-PEDOT 24.3 0.68 49.7 7.92 8.21 

ZnO + PAL + Ω-PEDOT + Ag 26.1 0.69 53.2 9.24 9.58 
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9.5% Semitransparent solar cells with ultra high transmission in the visible (50% AVT) 
are fabricated fully by inkjet printing. The effect of different photoactive layer ink 
solvents on the vertical stratification and performance is explored.  The formulation of 
transport layer inks compatible with highly hydrophobic active layers and with scalable 
printing processes permits the use of a semitransparent electrode grid.  
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