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SUMMARY
This paper is a demonstration and a guideline to perform and analyze in-house (with a laboratory X-ray instrument) in situ GISAXS experiments of drying inks on roll-to-roll slot-die coated, non-fullerene organic photovoltaics. 

ABSTRACT
We present an in-house, in situ Grazing Incidence Small Angle X-ray Scattering (GISAXS) experiment, developed to probe the drying kinetics of roll-to-roll slot-die coating of the active layer in organic photovoltaics (OPVs), during deposition. For this demonstration, the focus is on the combination of P3HT:O-IDTBR and P3HT:EH-IDTBR, which have different drying kinetics and device performance, despite their chemical structure only varying slightly by the sidechain of the small molecule acceptor. This article provides a step-by-step guide to perform an in situ GISAXS experiment and demonstrates how to analyze and interpret the results. Usually, performing this type of in situ X-ray experiments to investigate the drying kinetics of the active layer in OPVs relies on access to synchrotrons. However, by using and further developing the method described in this paper, it is possible to perform experiments with a coarse temporal and spatial resolution, on a day-to-day basis to gain fundamental insight in the morphology of drying inks. 

INTRODUCTION:
Organic photovoltaics (OPVs) represents one of the most promising emerging solar cell technologies. OPVs can enable large-scale production of a cost-effective renewable energy source based on nontoxic materials with remarkable short energy payback times1. The photoactive part in OPVs is an approximately 300-400 nm thick layer of conductive polymers and molecules, which can be printed at a rate of several meters per minute by roll-to-roll coating techniques1. This thin-film technology is flexible, colorful, and lightweight, which opens paths for new solar energy markets, such as Internet-of-Things, building integration, decorative installations and fast installation/uninstallation at very large scale2–5. Furthermore, OPVs consist solely of abundant and nontoxic elements, which make them both cheap to produce and recycle. Therefore, this technology is receiving increasing attention from industry and academia. Tremendous efforts have been made to optimize each layer in the complete stack that constitutes the organic solar cell, and a lot of theoretical and experimental research has been done to understand the underlying physics of OPVs6–8. The enormous interest in the technology has pushed the field to its current state where champion devices fabricated in laboratories are exceeding 18% efficiency9. However, upscaling the fabrication (i.e., moving from spin-coating on rigid substrates to scalable deposition on flexible substrates) is accompanied by significant losses in efficiency10. Bridging this gap is thus paramount for OPVs to become competitive with other commercially available thin-film solar cell technologies. 

OPV is a thin-film technology that consists of several functional layers. In this demonstration, the focus is solely on the photoactive layer. This layer is particularly important, as this is where the photons are absorbed, and the photocurrent is generated. Typically, the photoactive layer consists of at least two constituents, namely a donor and an acceptor. Here, the focus is on the donor polymer P3HT in combination with either O-IDTBR or EH:IDTBR as the acceptor11, with the chemical formulas as shown in Figure 1. The optimal design of the photoactive layer is described as a bulk heterojunction (BHJ), where the compounds are intermixed throughout the device, as shown in Figure 2. The BHJ is obtained by slot-die coating an ink consisting of the donor and the acceptor in solution10. While coating the wet ink onto the substrate, the solvent molecules evaporate, which leaves the donor and acceptor in an intermixed state. The distribution of donor/acceptor with respect to phase separation, orientation, ordering, and size distribution, is commonly referred to as the morphology of the BHJ. The morphology of the active layer plays a significant role in the solar cell performance due to the nature of the working principle4,12. The working principle is illustrated in Figure 2 and can be described in four steps: First, an incoming photon is absorbed and excites an electron from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). The hole (a vacant state in the HOMO) and the excited electron are bound together. This bound electron-hole-pair is referred to as an exciton. Second, the exciton is free to move around, and the approximate mean free path before recombination is 20 nm6. Third, when the exciton is near an interface between donor and acceptor, it is energetically favorable to dissociate into a free electron in the LUMO of the acceptor and a free hole in the HOMO of the donor. Fourth, if the device is connected to a circuit, charges will thereby be transported to the anode and cathode. To improve the functionality of OPVs, the morphology must be optimized to accommodate each of the four steps to ensure that the BHJ absorbs as many of the incoming photons as possible and generates as many moving charges as possible. The big scientific question of the optimal morphology remains.

This is still an open question, and the procedure for optimizing the morphology for a specific combination of donor and acceptor is so far done by trial and error. Optimal coating conditions for the blend P3HT:O-IDTBR and P3HT:EH-IDTBR have been reported13,14. Similar experimental parameters were used here to prepare both P3HT:O-IDTBR and P3HT:EH-IDTBR roll-coated on a flexible substrate at 60 °C, as described by Kuan Liu et al.15. The roll-coated OPVs have an inverted structure16 and were fabricated on flexible substrates without indium tin oxide (ITO-free), with the structure PET/Ag-grid/PEDOT:PSS/ZnO/P3HT:O-IDTBR or EH-IDTBR/PEDOT:PSS/Ag-grid, where the light enters through the PET substrate. PEDOT:PSS is an abbreviation for poly(3,4-ethylenedioxythiophene) polystyrene sulfonate and PET is poly(ethylene terephthalate). After fabrication, the final stack is cut to small solar cells with a photoactive area of 1 cm2. 

Standard means to characterize the performance of solar cells include measuring the current density vs. voltage (J-V) curves and the external quantum efficiency (EQE) spectra. For both P3HT:O-IDTBR and P3HT:EH-IDTBR, the results are shown in Figure 3 and Table 1. The low 2.2% PCE of the P3HT:EH-IDTBR solar cell is due to its lower short circuit current (JSC), which is partially limited by the series resistance (Rs) of 9.0 Ω·cm2 compared to that of P3HT:O-IDTBR of 7.7 .0 Ω·cm2. The open-circuit voltage (VOC), is similar in both devices (Table 1), which reflects the electronic similarity of the two acceptors. The photovoltaic band-gap of the P3HT:O-IDTBR and P3HT:EH-IDTBR solar cells are 1.60 eV and 1.72 eV, respectively, in agreement with the optical properties observed by the redshift in the EQE shown in Figure 3 and reported by Enrique P. S. J. et al.13. Usually, a redshift is due to a more crystalline structure, thus it is expected that O-IDTBR possesses a higher degree of crystallinity than EH-IDTBR for the specific coating conditions. The improved JSC of the P3HT:O-IDTBR solar cell is in part due to its broader spectral absorbance and the device processing improvements. The integrated EQE currents for the EH-IDTIBR and O-IDTBR based devices are 5.5 and 8.0 mA/cm2 under 1 sun illumination as shown in Figure 3. From the EQE profiles, it can be seen that the 1:1 mass ratio is close to ideal for P3HT:O-IDTBR but is not optimal for P3HT:EH-IDTBR. The differences in device performance can partially be explained by the presence of pinholes in the P3HT:EH-IDTBR film, whereas P3HT:O-IDTBR appears smooth as shown in Figure 4. The pinholes in the P3HT:EH-IDTBR material system are covered by the subsequent PEDOT:PSS layer during the solar cell fabrication, preventing short-circuiting of the devices. Furthermore, the side chains of the acceptors are respectively linear and branched, which causes their solubility to differ, and thus their drying kinetics. One can use a mini roll-to-roll coater to probe the drying kinetics while coating, which mimics the same coating conditions of the solar cell fabrication17, as first demonstrated in 201518. 

Here, we present the application of an improved mini roll-to-roll slot-die coating machine to perform in situ GISAXS experiments, to probe the morphology of the drying inks for OPVs with an in-house X-ray source. GISAXS is the preferred method to probe the size, shape, and orientation distributions in or on thin-films19. When performing a GISAXS experiment, the scattered X-rays that probe the sample are collected on a 2D detector. The challenging part is to choose the right model to retrieve the desired information from the sample that is being studied. Therefore, prior information regarding the sample structure is essential to choose a suitable model. Such knowledge can be obtained from atomic force microscopy (AFM), transmission electron microscopy (TEM), or molecular dynamics simulations7. Here, we will present why and how to apply the framework of Teubner and Strey20 to model the data obtained from the in situ GISAXS experiments to retrieve the size distributions of the domains inside the ink for BHJs while drying. There are two benefits of using a mini roll-to-roll coate. First, it mimics the large-scale production 1:1; thus, we are certain the device performance and active layer can be compared directly. Second, by using this method, we are capable of having enough fresh ink in the beam to ensure an in situ experiment with a laboratory X-ray source. The methods to perform and analyze the morphology of thin-films with GISAXS have been rapidly developing over the past decade18,21–28. Usually, when performing an in situ GISAXS experiment to probe drying kinetics of the active layer in OPVs, a synchrotron source is needed18,26,27. Synchrotron radiation is in general preferred over an in-house X-ray source to perform such an experiment to provide better time resolution and better statistics. However, synchrotrons are not available on a day-to-day basis and cannot be adjusted to fit a production line, therefore an in-house X-ray source can serve as a useful everyday tool for optimizing ink-formulations, coating conditions, and to gain fundamental insight in the physics of drying kinetics. The most significant disadvantage for using an in-house X-ray source is material consumption. As the flux of X-rays is at least five orders of magnitude smaller than at a synchrotron, more material is needed to obtain sufficient statistics. Therefore, this technique is not yet suitable for new material discovery, where only small amounts of materials are accessible. For materials that are cheap and easy to synthesize, which is also a dominant factor for scalability29, this method will be advantageous over the usage of synchrotrons in the pursuit of closing the efficiency gap for large scale roll-to-roll coated OPVs10,30. 

This article will guide the reader through performing in situ GISAXS experiments to probe drying kinetics of inks applicable for large-scale production of OPVs. An example of data reduction and analysis is presented along with a discussion of various models to interpret the data. 

PROTOCOL

This protocol is divided into five subsections. First, a procedure for preparation of inks is presented. Second, the procedure for preparing and performing roll-to-roll slot-die coating is described. Third, a step-by-step guide for performing an in situ GISAXS experiment is presented. Fourth, a procedure for data correction and analysis is outlined. Finally, the results are reported and discussed. 

1. Preparation of inks for roll-to-roll coating (Day 1)

1.1. Read the MSDS of the polymers, molecules, and solvents carefully before starting an experiment.

1.2. Place 90 mg of O-IDTBR and 90 mg of P3HT in a 10 mL vial. 

1.3. Dissolve the P3HT:O-IDTBR solids in 4.5 mL of dichlorobenzene:bromoanisole (0.95:0.05) solvent mixture. The final concentration of the ink is then 180 mg / 4.5 mL = 40 mg/mL. 

1.4. Place a magnetic stirrer in the solution and seal the vial immediately. Place the sealed vial on a hot plate with a magnetic rotator. Set the rotation at 300 rpm and the hot plate at 60 °C, and leave it stirring for 12 hours. 

1.5. Repeat the procedure for ink preparation for P3HT:EH-IDTBR.

2. Preparing and performing roll-to-roll slot die coating (Day 2)

2.1. Turn off the rotation and the hot plate. Remove the vials from the hot plate at least 1 hour before using it, to achieve room-temperature of the inks when coating. 

2.2. Wind 18 m of PET substrate foil on the feeder roll. Attach the free end of the substrate to the winder roll as shown in Figure 5. Start the motor to run the foil 0.2 m to tighten the substrate. 

2.3. Set the first hot plate of the roll-to-roll setup at the desired temperature (i.e., 60 °C). Set the second hot plate at 80 °C to ensure that the film is dried when wound onto the winder roll. Wait approximately 15 min for the temperature of the two hot plates to stabilize.

2.4. Load 2.2 mL of ink into a 3 mL syringe. Mount the syringe in the pump. Attach a tube from the syringe to the slot-die coating head.

2.5. Place the coating head close to the end of the first hot plate by adjusting the horizontal translation stage, and place the meniscus guide approximately 5 mm above the substrate.

2.6. Set the syringe pump at the following coating settings: Rate: 0.08 mL/min, the diameter of syringe: 12.7 mm. 

2.7. Control the thickness of the active layer d by adjusting the flow rate, f, and the speed of the moving substrate, v, according to this formula:

where w is the width of the film (determined by the meniscus guide), and ρ is the density of the materials in the ink. In this experiment, we use v=0.6 m/min with a flow rate of f=0.08 mL/min, resulting in a film with a dry thickness of 425 nm.

2.8.  Critical step: Manually press the ink from the syringe through the hose and stop 1 cm before the ink reaches the coating head. Set the height of the meniscus-guide initially set to 5 mm. Start the syringe pump and wait for a droplet to wet the entire width of the meniscus-guide. Immediately, lower the coating head to wet the substrate with the ink and then raise the meniscus guide to the coating position 2 mm above the substrate.

2.9. Start the motor that winds up the substrate and start coating the ink. 

2.10. To stop coating, stop the pump and stop the moving substrate. Raise the coating head to a safe height (approx. 20 mm above the substrate). Then clean the head and hose with tetrahydrofuran. 

3. Day 2: In situ roll-to-roll GISAXS experiments 

3.1. X-ray setup description

NOTE: The total length of the Grazing Incidence Small Angle X-ray setup is 4.5 m and consists of an X-ray source, focusing optics, a collimation section, a sample stage, a flight tube, beam stop, and a detector, as shown in Figure 6. The X-ray source is a rotating anode from Rigaku. 

3.1.1. Use a copper anode for this experiment and set the operating condition to 36 kV and 36 mA. 

3.1.2. Operate the experiment in fine-focus-mode. The optics consist of a 2D focusing multilayer monochromator, which is aligned to optimize the reflection of the Copper Kα radiation with a wavelength of 1.5418 Å. The collimation section consists of three pinholes placed 45 cm, 141 cm, and 207 cm downstream from the X-ray source, respectively. The diameters of the pinholes are 0.75 mm, 0.3 mm, and 1.0 mm in diameter, respectively, with a probe size of approximately 1.0 mm at the sample position, corresponding to a beam footprint of 286 mm at 0.2° incidence angle. The beam has a flux at the sample of 5 x 106 photons s-1 and a profile as shown in Figure 7, left panel. 

3.1.3. Ensure that there are at least three controllable motors at the sample stage to adjust the position of the mini roll-to-roll coater. Downstream of the sample stage, install a 166 cm evacuated flight tube (less than 0.01 mbar) on the rack followed by an Eiger 4M X-ray detector31.

3.2. Install the roll coater.

3.2.1. Fasten the mini roll-to-roll coater to the goniometer. Mount the goniometer with the roll-to-roll coater on the optical bench at the sample position. 

3.2.2. Fasten the three motor cables. Fasten the goniometer stage to the bench. Approach the flight tube as close to the mini roll-to-roll coater as possible. 

3.3. Critical step: Align the sample position. Coat 10 cm of the ink and roll the film into the beam. The procedure for alignment is threefold.

3.3.1. Align the sample parallel to the beam. This is achieved by an iterative process of scanning the summed intensity of the direct beam as a function of the vertical sample position and incidence angle. 

3.3.2. Align the sample to a specific incidence angle,, by calculating the angle from the reflected beam on the detector with the following formula:
	
	

	
(1)


where  is the reflected beam position,  is the direct beam position (both measured in cm), and SDD is the sample-to-detector distance, here 166 cm. 

3.3.3. Optimize the intensity in the reflected beam by scanning the height of the sample position. For this experiment, use an incidence angle of 0.2°. The 2D data for this procedure is shown in Figure 7.

3.4. Choice of incidence angle

3.4.1. Choose the angle of incidence to ensure penetration in the layers of interest. Here this will be an incidence angle of 0.2°. 

NOTE: For this experiment, the film of interest consists of solvent, P3HT and IDTBR. Both P3HT and O-IDTBR have a higher density than the solvent, and presumably has the highest critical angle for total reflection. The critical angle of P3HT and O-IDBTR can vary according to their packing resulting in a critical angle varying from 0.16° - 0.19°, assuming a density of the solid of 1.1 - 1.35 g/cm3. Thus, 0.2° was chosen to ensure penetration into the bulk of the film. To perform a GISAXS experiment on another sample system, evaluate the best-suited incidence angle for a specific sample28,59.

3.5. Install the beam-stop just before the detector, which will extend the lifetime of the detector. Use a circular beam stop for the direct beam and an additional thin rectangular beam stop to block the reflected beam. The beam stop needs to block the direct beam but at the same time allow detection of scattering at low scattering angles. 

NOTE: It is possible to perform this experiment without a beam-stop to allow constant tracking of the reflected beam.

3.6. Install the point-suction. Place the point-suction to remove all the gases from the evaporating solvents. Fasten the point-suction to ensure the airflow at the sample is the same at each experiment.

3.7. Load a syringe with 2.2 mL of ink and place the syringe in the syringe pump. Manually press the ink from the syringe through the hose and stop 1 cm before the ink reaches the coating head. 
 
3.8. Set the distance from the coating head to the X-ray beam. Place the coating head at a position of 120 mm displaced from the X-ray beam along the moving direction of the foil, to ensure a drying time of 12 seconds (for 3 seconds of drying time, place the coating head 30 mm from the X-ray beam) as shown in Figure 8. 

3.9. Start roll-to-roll slot-die coating. Place the height of the meniscus-guide 5 mm above the substrate. 

3.9.1. Start the syringe pump and wait for a droplet to wet the entire width of the meniscus-guide. Immediately, lower the coating head to wet the substrate with ink, and then raise the meniscus guide to the coating position 2 mm above the substrate. 

3.9.2. Start the motor that winds up the substrate and start coating the ink. 

3.10. Start recording data. Open the X-ray shutter and start recording data for 3000 seconds. 

NOTE: This experiment was done with an exposure of 3000 seconds, a more robust method is to perform several shorter exposures to allow flexible temporal binning of data.

3.11. Monitor the quality of the coated film with a camera. Look for de-wetting effects of the film on the substrate and meniscus misalignments. If necessary, stop the measurements and redo the experiment. 

3.11.1. At the end of experiment, close the X-ray shutter. Turn off the X-ray beam remotely. Stop the syringe pump, raise the coating head and unwind the foil. For a series of experiments, repeat this procedure with a different setting.

4. Data treatment 

NOTE: Four experiments were performed and the specific parameters can be found in Table 2. One of the experiments with P3HT:O-IDTBR was stopped after 2732 seconds due to a syringe pump error; therefore, the signal must be normalized to account for the difference in acquisition time. 

4.1. Data correction

4.1.1. First, use a mask to correct for the beam stop and dead pixels33. Follow with a cosmic ray filter develop by SAXSLAB, then flat field correction, time correction, a filter for the additional scattering peaks arising from polycrystalline aluminum that are clearly visible in the two datasets shown in Figure 9, left panel. 

4.2. From real to reciprocal space

4.2.1. Convert the 2D data from real space to the reciprocal space vector qx,y,z in units of Å-1 by using this formula:
	

	
(2)


Here,  is the incidence angle with respect to the normal of the surface,  is the exit/final angle on the detector (vertical on the detector),  is the exit/final angle in the plane (horizontal on the detector), and is the wavelength of the incident beam. Assume the wavelength to be preserved, also known as elastic scattering34. 

4.3. Horizontal line integration at the Yoneda line

4.3.1. Determine the x and y coordinate for the center of the beam, respectively, the sample to detector distance (SDD = 1.66 m), the wavelength of the X-rays (1.5418 Å), and pixel size in each direction (75 x 75 μm2).

4.3.2. Calculate the expected position of the Yoneda line from the critical angle of the investigated sample28,34–36. 

4.3.3. Retrieve the scattering intensity as a function of scattering vector qxy, by using a MatLab script or by using dedicated software such as DPDAK or Xi-Cam38,39. Perform horizontal line integration as indicated in Figure 9, with a width of 50 pixels to each side to ensure a satisfying signal-to-noise ratio. 

4.4. Binning of horizontal integration

4.4.1. To avoid oversampling (see Figure 9, right panel) and to increase the signal-to-noise ratio for the large scattering vectors qxy, bin the data logarithmically40.

4.4.2. Do not bin the data points up until . This is not necessary due to the high intensity and mutual distance in q-space, which ensures that there are no redundant data points.

4.4.3. From and above, divide the qxy -axis into 135 equally spaced bins on a logarithmic scale, in such a manner that the first bin at  is the mean of two data points, and the final binned point at  is a mean of 24 points. 

4.5. Applying the Teubner-Strey model

4.5.1. Apply three Teubner-Strey contributions to describe the data. The first two contributions describe the contrast between the donor/acceptor and the last contribution describes the contrast between larger aggregates of materials surrounded by the solvent. The mathematical expression of the scattering intensity is as follows:

	
	

	
(3)



 where  is a constant background, the parameters  are defined in terms of the domain size, , and correlation length , as follows:

	
	

	
(4)



From equations (4), the domain size and correlation length can be expressed as follows:
	
	
(5)



and
	

	
(6)


where ,  and are the parameters for the donor/acceptor phases, and  and  are the parameters for the aggregate/solvent phases. The fitted models are shown in Figure 10. The results from the four fits, based on the described Teubner-Strey model, are found in Table 3. 

REPRESENTATIVE RESULTS
First and foremost, this paper describes the method and protocol for performing a successful roll-to-roll in situ in-house GISAXS experiment to probe drying thin-films. Based on the fitting, it can be deduced that the Teubner-Strey model successfully describes the data for P3HT:EH-IDTBR and P3HT:O-IDTBR for both 12 and 3 seconds of drying as shown in Figure 10.

The characteristic length scales based on the Teubner-Strey model can be found in Table 3 with the corresponding errors in Table 4. For all four fits, the domain size and correlation length for the highest qxy, , are close to the same value, varying from 12.0 ± 1.7 nm to 12.5 ± 2.2 nm and from 3.9 ± 0.4 nm to 5.0 ± 0.4nm. These two characteristic sizes and lengths are similar to the values reported in literature for the dry film bulk heterojunctions of P3HT:IDTBR and P3HT:PCBM 41, 42. For the large structures,  and, there is a clear tendency for the structures to become larger as it dries. For P3HT:EH-IDTBR it increases from 225 ± 10.3 nm to 562 ± 11.1 nm, and for P3HT:O-IDTBR it increases from 241 ± 4.1 nm to 489 ± 9.2 nm. The correlation lengths,  are found to 30 ± 12 nm and 34 ± 3.5 nm for P3HT:O-IDTBR and 41 ± 14 nm for bothP3HT:EH-IDTBR. Noticeably, is more pronounced after 3 seconds of drying than after 12 seconds of drying for P3HT:O.IDTBR as opposed to P3HT:EH-IDTBR, where the  is more pronounced after 12 seconds of drying than after 3 seconds of drying. Whether dissolves to contribute to the signal obtained at or cluster to contribute to is not determined in this experiment. 
 
Based on the formalism by Teubner-Strey20, the characteristic parameters for  indicate that small length scales,,, are characteristic for an early stage of spinodal decomposition where the two phases are intermixing43. This is in agreement with the general understanding of the morphology of donor/acceptor intermixing. The large length scales, are characteristic of micro emulsions20, which is caused by the contrast (electron density difference) between aggregates of material and solvent. From this experiment, it is impossible to distinguish whether these characteristic parameters of  are caused by the electron density difference between either P3HT:O-IDTBR/Solvent, O-IDTBR/Solvent, or P3HT/Solvent. 

To fit a model to X-ray, scattering data is an inherent inverse problem. Therefore, several models can be applied to describe the scattering data. For this analysis, the formulation by Teubner and Strey20,44 was applied to fit the data. The framework originates from an order parameter expansion of the Landau free energy to describe the scattering intensity from two-phase systems. Interpretation of the model is an abstract geometrical structure of a two-phase system with a characteristic domain size and a correlation length as known from statistical mechanics45.

There exist many sophisticated models that can predict the 2D data from GISAXS experiments, and user-friendly software programs34,46 to model this. Usually, GISAXS data from BHJ are modelled with the Distorted Wave Born Approximation (DWBA) with very high accuracy27,40,47,48. Nevertheless, the main disadvantage is that the modelled structure is not corresponding to the complexity expected in a BHJ. A simpler approach is to restrict the analysis to the qxy direction. When only 1D horizontal line cuts in qxy are considered, it is fair to assume that the main contributor to scattering arises from the lateral structures present in the film. Assuming this it can be shown that the momentum transfer retrieved from the horizontal line cuts corresponds to transmission SAXS49,50, from where Teubner-Strey is derived20 and therefore valid for the analysis presented here. 

This model is chosen for three reasons: First, the model is an analytical expression that has been proved to fit a variety of two-phase systems including BHJ20,26,51, and it can be employed for very fast fitting algorithms, which is applicable for large-scale quality control and for in situ measurements. Second, to the best of our knowledge, this model is in agreement with the morphology observed for P3HT:O-IDTBR by transmission electron microscopy (TEM)52 and atomic force microscopy (AFM)42. Third, it is a simple model i.e. it spans a small parameter space. 

Furthermore, this paper documents that probing drying kinetics of non-fullerene organic solar cells with an in-house X-ray source is possible. In addition, this method has the potential to serve as a tool for accelerating the research in large-scale roll-to-roll coated OPVs. 

Figure 1: Chemical structure of P3HT, O-IDTBR, and EH-IDTBR.

Figure 2: (Left) Working principle of a bulk heterojunction organic solar cell. Sunlight is creating an exciton, which upon separation allows the hole and the electron to diffuse to the cathode and anode, respectively. (Right) Energy diagram of the HOMO and LUMO levels of the donor and acceptor. 

Figure 3: (Left) JV-curves for roll slot die coated on flexible substrate P3HT:O-IDTBR and P3HT:EH-IDTBR, corresponding to the best performing devices shown in Table 1. (Right) EQE curves of roll slot die coated on flexible substrate P3HT:O-IDTBR and P3HT:EH-IDTBR. 

Figure 4: Images of the two inks, roll coated on PET substrate. Top is P3HT:EH-IDTBR and bottom is P3HT:O-IDTBR. 

Figure 5: (Left) Image of micro roll-to-roll coater. 1. a) 1.b) are indicating the rotation centre of the foil feeder and receiver, respectively. The motor is on the backside of the roll-to-roll coater and is a stepper motor. 2) The translation stages for the coating head, which can move in all three directions, along the foil, up and down, and outwards and inwards. 3) The slot die coating head, where a hose with ink can be fastened. 4) The two hot plates, indicated by the two arrows, which will heat the moving substrate to the desired temperature. In this experiment, it was set to 65 °C. All parts are controlled remotely. (Right) Roll-to-roll coater installed at the GISAXS set-up. 

[bookmark: _Ref27122962]Figure 6: Experimental set-up for Grazing Incidence Small Angle X-ray Scattering. 1) X-ray source is a rotating anode made by Rigaku. A rotating anode made from copper was operated at 36 kV 36 mA. 2) Optics section, where the Cu Kα characteristic fluorescence from the rotating anode diffract from a single bounce multilayer mirror, which makes the beam monochromatic at wavelength: λ=1.5418 Å. 3) Attenuator station, which was not applied for this experiment. 4) Collimation section, consisting of three pinholes after each other as indicated with the three arrows. The diameter of the pin holes are 0.75 mm, 0.3 mm, and 1.0 mm, respectively. 5) Mini roll-to-roll coater position attached to a vertical moving axis and a goniometer to control the incidence angle. 6) Flight tube in vacuum. 7) Eiger 4M detector. 

Figure 7: Three steps in the alignment procedure illustrated as raw Eiger 4M data. (Left) First, make sure there is nothing blocking the direct beam. In this example the beam stop is located just to the left and beneath the direct beam. (Middle) Scan the sample along the vertical axis and place it where half of the direct beam is blocked by the sample. Then rotate the sample to gradually changing the incidence angle and place the sample where the intensity of the direct beam is highest. This procedure must be done 3-5 times to ensure that the sample is completely parallel with the beam. (Right) Rotate the sample until a clear reflection occur on the detector. From these two positions, the exact incident angle can be calculated (see text).

Figure 8: Two stages of drying seen from two different angles. (Left) is the wet stage, where the film has been drying for 3 seconds before being probed. (Right) is the dry stage where the film has been drying for 12 seconds. The contrast have been increased to visualize the effect of the edges drying. 

Figure 9: (Left) 2D data P3HT:O-IDTBR at 12 seconds of drying with 3000 seconds of acquisition time. The red rectangle indicates where the horizontal integration has been performed and the intense areas marked as aluminum peaks originates from the heater plate. (Right) The horizontal integration from the red rectangle where the q-vectors of the aluminum peaks are omitted from the integration.

Figure 10: Binned horizontal line integration for the four experiments: P3HT:EH-IDTBR (black) and P3HT:O-IDTBR (blue) probed at both 12 seconds (triangles) and 3 seconds (squares) of drying along with the Teubner-Strey fits. 

Table 1: Optoelectronic characteristics of 1 cm2 organic solar cells based in P3HT:O-IDTBR and P3HT:EH-IDTBR showing the power conversion efficiency (PCE), the short circuit current density (JSC), the fill factor (FF), and the open circuit voltage (VOC), under 100 mW/cm2 illumination. 

Table 2: Overview of data. P3HT:O-IDTBR with a drying time of 3.0 s was stopped after 2732 s due to a syringe pump error.

Table 3: Fitted values from the four experiments. All units of [nm]. 

Table 4: Errors of the fitted values from the four experiments. All units of [nm]. 

DISCUSSION 
The incidence angle is very important for a GISAXS experiment. It can be questioned how stable the film will move with respect to the incident angle during roll-to-roll coating of 18 meters film on a flexible substrate. For the experiments performed in this demonstration, we cannot prove the stability of the moving substrate, but previous published data where an older version of the setup is used, document a stable film18,21. Previous synchrotron experiments where this roll-to-roll coater has been used have demonstrated that the incidence angle does not vary more than ± 0.03° as evaluated by the position of the reflected beam as a function of time (with a temporal resolution of 0.1 s), which is equal to ± 12 pixels from the Yoneda line for this experiment, whereas, the horizontal line integration were made with ± 50 pixels. Under the assumption made for this analysis, this small change of incidence angle will not influence the analysis of this work and can therefore be neglected. In the future, this type of experiments should be performed without a beam-stop and with continuous collection of data to probe the angle of incidence throughout the experiment. 

Air convection above the drying film, relative pressure, and relative humidity are known to influence the drying-profile of thin-films; thus, to make a fully reproducible experiment, carefully measuring these parameters is a necessity. Comparison between the four measurements in this paper is valid due to the fact that these were coated under the exact same conditions on the same day. 

To perform a roll-to-roll in situ GISAXS experiment, several criteria must be fulfilled to ensure a successful experiment. The differences in electron density (contrast) between the materials need to be high enough in order to have a scattering signal. Guidelines on this topic have been published J. Als-Nielsen et al.53.

Due to the low X-ray flux of a laboratory source relative to a synchrotron, much more material is needed to perform such experiments. Thus, it is not fully applicable for materials discovery but will serve as a tool for optimization of formulations of inks relevant for OPVs. Additionally to the low flux, it is only possible to perform coarser experiments with respect to the temporal resolution of drying inks. During such experiments we are probing 18 meters of active layer while drying. We expect small variations in the large-scale morphology throughout the experiment, and we therefore probe the mean of 18 meters of coated film. This mimics the conditions of a large scale fabrication. If the inhomogeneity within a few meters are to be studied, synchrotron radiation is needed. 

Performing exposures of 3000 seconds is not the optimal experimental design. A more robust method is to perform several shorter exposures to allow flexible temporal binning of data to analyze the large scale homogeneities and to probe the incidence angle at all times. 

To the best of our knowledge, this is the first demonstration of performing an in situ GISAXS on roll-to-roll coating of inks for OPVs on a laboratory X-ray source, although we have previously demonstrated similar experiments analyzing the crystalline diffraction signal54,55. With this demonstration and protocol, we believe it will be easier to apply and perform in situ GISAXS experiments for researchers, students, and developing engineers. This can potentially accelerate the research field, simply because it is possible to access such equipment on a day-to-day basis. Additionally, by using a roll-to-roll coater it is possible to compare the solar cell performance with the structural properties probed in this experiment, 1:1. 
 
Improvements of the experimental setup are required to exploit all the advantages of having an in house X-ray source. Besides increasing the usable X-ray flux for small laboratory sources, the first step for the improvement of this experiment is to avoid scattering peaks from aluminum that are overlying the data, as shown in Figure 9 (left). This can be realized by installing an X-ray absorbing substrate holder that can withstand temperatures up to 150 °C for proper heating. Additionally, guard slits just before the sample will improve the data quality. 
This demonstration is not exclusively of interest for research in the organic solar cell community, but any field that is researching or optimizing coating parameters for thin-film technologies. Combining this technique with simultaneous GIWAXS, where crystalline structures are probed, will further increase the number of the scientific fields where in house roll-to-roll X-ray experiments are applicable. 

As these in situ roll-to-roll experiments are probing wet films, it is beneficial if the solvent is not absorbing too large fractions of the illuminated X-ray beam. In general polymer:PCBM systems have a large contrast and combined with a solvent that does not contain chlorine (which is a strong X-ray absorber) will guarantee a large contrast, thus a high scattering intensity. For this experiment, the contrast of P3HT:IDTBR is small and combined with a chlorinated solvent the scattering intensity is low. These materials are not ideal for such an experiment, but very interesting for solar cells, which is why this technique must be further developed to ensure that systems with low contrast and high absorbance can be probed as well. The choice of model is the most determining factor to perform a comparative analysis across several GISAXS experiments. For the analysis presented in this paper, the framework of Teubner-Strey was applied to describe the four data sets. The best method to choose a model is to possess ab initio information about the shape and size of the investigated sample. This can be achieved from either TEM images, simulations, or microscope pictures. The reasoning behind our choice of model is stated in the text, but it should be noted that several models can be chosen for describing such GISAXS data. The Teubner-Strey model was originally developed for transmission SAXS but have successfully modelled GIWAXS data of BHJ solar cells before51 and now here. Further improvements are to adapt abstract geometric models as known from molecular dynamics simulations and apply DWBA to model 2D data. Alternative models include: strict geometrical objects with a degree of polydisperse distribution of size as described and applied in53, where the DWBA is necessary to model 2D data, a combination of Fresnel reflectivity and Gaussian distributions to fit ordered systems as co-block polymers GISAXS signals56, bead models mainly for biological samples57, and fractal geometry58,59. 
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