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Performance of solar cells 

Table S1. The average photovoltaic performances of PffBT4T-2OD: PC71BM devices 

without and with solvent additives. 

 

 

 

 

 

 

 

  

 JSC  

(mA/ cm
2
) 

Voc  

(V) 

PCE  

(%) 

FF  

without 9.3±0.3 0.76±0.01 3.4±0.1 0.48±0.01 

DIO 18.1±0.2 0.72±0.01 7.7±0.1 0.58±0.01 

CBA 10.0±0.1 0.76±0.01 3.8±0.2 0.48±0.01 

*average values are taken from 8 or more devices. 
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In-operando chamber and GISAXS/GIWAXS measurement 

The used measurement setup was introduced in our previous work in detail.
[1]

 To collect the 

morphology evolution, grazing incidence small and wide angle X-ray scattering (GISAXS / 

GIWAXS) and current-voltage measurements were simultaneously performed on the devices. 

The chamber was maintained at vacuum conditions (p ~ 6×10
-2

 mbar) during the operation 

process to avoid degradation via oxygen and water. A PerkinElmer PX5 150 W xenon arc 

lamp was used to simulate a sun radiation spectrum illuminating the solar cells, and the 

photovoltaic performance was recorded by a source meter (Keithley 2400). Two Kapton 

windows on the front and backside of the chamber allowed the X-ray beam to enter and exit 

the chamber. To avoid the strong scattering signals from the metal electrode, the beam was 

aligned to probe the active layer film close to the electrode (1 mm distance from metal 

contact). 

 

Before the in-operando experiments, two-dimensional (2D) GISAXS / GIWAXS data were 

measured to characterize the initial device state (denoted as 0 min). Afterwards, the devices 

were illuminated, and current-voltage curves were recorded periodically every 26 s for 120 

minutes in total. In parallel, 2D GISAXS / GIWAXS data were taken after 3, 10, 20, 40, 60, 

90 and 120 min of illumination with an exposure time of 5 s each.  
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Figure S1. Temporal evolution of PCE (black), FF (purple), JSC (blue) and VOC (red) of the 

devices without solvent additive (a), with DIO additive (b) and with CBA additive (c) during 

in-operando GISAXS measurements, respectively.  
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Figure S2. Extending the temporal evolution of the PCE decay curves (black symbols) from 

the measurements towards times t >> 120 min with modelling via exponential functions (red 

lines). The corresponding devices are indicated. 
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GISAXS measurements and analysis 

Figure S1 shows the 2D GISAXS images of device without additive (Figure S1a), with DIO 

additive (Figure S1b) and with CBA additive (Figure S1c) at selected times during the in-

operando process. To extract the scattering signal of the polymer PffBT4T-2OD, horizontal 

line cuts were performed at the Yoneda peak position of PffBT4T-2OD. 

The effective interface approximation of the distorted wave Born approximation (DWBA), 

which works well for modeling GISAXS data of polymer films, is chosen to model the 

scattering data in the small angle regime. In addition, to deal with data containing several 

average sizes of objects, the local monodisperse approximation (LMA) is applied,
[2,3] 

which is 

based on the assumption that in local domains with the size of the coherence length of the 

beam, only monodisperse objects are present. In this model, the total scattering signal can be 

approximated by the incoherent superposition of the scattering intensities of the individual 

substructures that appear within the film, if the length scales of the distinct substructures are 

sufficiently separated. 
[4]

  

GISAXS experiments can also provide information in the vertical direction, such as correlated 

roughness. In general, resonant diffuse scattering from correlated interfaces appears in the 

vertical direction when a part of the roughness spectrum is transferred from one interface to 

another interface. Therefore, the distance between the interference fringes and the amplitude 

of the resonant diffuse scattering give information about the thickness of correlated layers and 

the spectrum, which is correlated. 
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Figure S3. 2D GISAXS data of solar cells after different illumination times as indicated: a) 

device without additive, b) device with DIO additive, and c) device with CBA additive. 
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Figure S4. Horizontal line cuts of the 2D GISAXS data measured (symbols) after different 

operation times are shown together with fits (red lines): a) device without additive, b) device 

with DIO additive, and c) device with CBA additive. From bottom to top: GISAXS 

measurements after 0, 3, 10, 20, 40, 60, 90 and 120 minutes of device operation. The curves 

are shifted along the y axis for clarity. The q-range shielded by the beamstop is indicated by 

the gray area.  
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Figure S5. Vertical line cuts of the 2D GISAXS data measured after different operation 

times: a) device without additive, b) device with DIO additive, and c) device with CBA 

additive. The curves are shifted along the y axis for clarity. The non-accessible q-regions due 

to the beamstop shielding the detector and detector gaps are indicated by grayed-out areas. 
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GIWAXS analysis 

Prior to the GIWAXS analysis, efficiency-, solid-angle- and -correction were performed on 

the raw GIWAXS data to obtain correct qz vs. qr images, because a distortion originating from 

the conflict between the spherical and flat hypersurfaces of the Ewald's sphere and the flat 

crystalline planes and qx needs to be accounted for in GIWAXS measurements, especially for 

large exit angles.
[5]

 In this work, the corrections are done by the aid of the GIXSGUI 1.6.1 

software.
[6]

 Subsequently, the reference GIWAXS data of the pure ITO substrate was 

subtracted from the 2D GIWAXS data to remove contributions from the substrate and 

background. Afterwards, cake cuts were extracted from the background-corrected data along 

𝒒 across the (100) PffBT4T-2OD Bragg peak in the perpendicular direction, as exampled in 

Figure S5a. At last, the cake cuts were fitted by Gaussian distributions to obtain the intensity, 

q-position and FWHM value of the (100) PffBT4T-2OD Bragg peak, as shown in Figure S5b. 

The crystalline grain sizes were evaluated via the Scherrer equation along the crystal direction 

[hkl] = [100]. The X-ray beam at the synchrotron source exhibits certain intensity fluctuation, 

which were accounted for by normalizing the overall scattering intensity for the intensity of 

the peak arising from the Kapton windows of the used setup (q = 0.5 Å). 
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Figure S6. 2D GIWAXS data of solar cells after different illumination times as indicated: a) 

device without additive, b) device with DIO additive, and c) device with CBA additive. 
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Figure S7. Vertical cake cuts of the initial GIWAXS data of all samples after correction: 

without additives (black line), with DIO (red line) and with CBA (blue line). The gray dashed 

lines are the baselines as a guide to the eye. 
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Figure S8. Vertical cake cuts of the initial (black) and the final (brown) GIWAXS data of the 

device with DIO additive after correction. The fullerene peak (q = 1.3 A
-1

) and the polymer 

(010) Bragg peak are labelled.  
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Figure S9. a) Exemplary 2D GIWAXS data set of the sample with CBA indicating the 

performed cake cut (red dash lines). b) Corresponding cake cut after background subtraction. 

The peaks are fitted by Gaussian functions. The red line stands for the fitting line, and the 

purple line is the baseline. 
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Figure S10. Time evolution of the polymer crystalline grain size of devices with DIO. Red 

data points correspond to the GIWAXS measurements under solar illumination, whereas 

black data points correspond to a control measurement in the dark.  
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Radiation damage analysis 

Considering the potential radiation damage caused by the high-brilliance X-ray beam, a 

radiation damage test is performed on a device with DIO additive before the real in-operando 

measurements. 36 GISAXS measurements were continuously done at one fixed spot (around 

5 mm away from the electrode) of a solar cell with 5 s exposure time for a single 

measurement without operating the solar cell. Figure S11 shows the corresponding mapping 

of these measurements by showing the horizontal line cuts of the 2D GISAXS data of all 

measurements. No significant changes in the intensity during this exposure time are visible. A 

slight intensity difference is caused by the beam intensity fluctuation during the 

measurements. 

During the in-operando measurements, the current-voltage measurements are performed 

periodically, but the X-ray scattering measurements are only carried out at selected times with 

a total dose of X-ray radiation below the limit determined from the radiation damage test. 

Moreover, we do not observe any additional changes on the temporal evolution of 

photovoltaic parameters caused by the presence of the X-ray beam. Thus, we conclude that 

the X-ray beam does not affect the device performance. 
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Figure S11. Color mapping of horizontal line cuts of the 2D GISAXS data of all radiation 

damage measurements on a device with DIO additive. The horizontal black stripes are due to 

the inter-module gaps of the detector and the beamstop.  
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