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 11 

Experimental methods 12 

Single junction organic solar cell fabrication 13 

Pre-patterned ITO-coated glass substrates (10 Ohm/sq, Xin Yan Technology, HK) was cleaned 14 

through sonication in detergent, water acetone and 2-propanol prior to drying under a nitrogen 15 

stream. Substrates were further cleaned in a O2 plasma cleaner for 10 minutes. A solution of 16 

PEDOT:PSS (Clevios AL4083 diluted 1:2 in 2-propanol) was doctor blade coated onto the 17 

substrates before annealing at 140°C for 10 minutes in air, yielding a film thickness of 30 nm. 18 

Next, a solution of 1:1.5wt PTB7-Th and IEICO-4F (1-material, Canada) dissolved in 19 

chlorobenzene (20mg/ml) was doctor blade coated onto samples. Active layer thickness was 20 

controlled by varying the blade speed, the most optimised parameters were 400 µm blade-sample 21 

gap, 60°C sample temperature, and 10 mm/s blade speed yielding a dry film thickness of 90 nm. 22 

Bulk heterojunction films were annealed at 100°C for 10 minutes in a glovebox. An electron-23 

transport layer comprised of Nb-TiO2 nanoparticles (0.4%wt in 1-butanol, Avantama) and 24 

bathocuproine (0.5 mg/ml in 2-propanol, Sigma Aldrich) was deposited sequentially by spin-25 

coating at 3000 rpm for 30 seconds, as detailed in a previous report, yielding a total thickness of 26 

approximately 10 nm, as determined by a cross-sectional TEM measurement.[1] Finally, a 100 nm 27 

thick Ag contact was deposited through a shadow mask at 10-6 mbar to complete the device. 28 



 

a-Si:H + OPV tandem solar cell fabrication 29 

A graphical account on the patterning and device layout for tandem solar cells is present in Figure 30 

S1. 31 

An AZO-film was deposited on 0.55mm thick soda-lime glass (AGC VSTD, 300mm x 300mm 32 

substrate size) from a tube target (99wt.% ZnO:1wt.% Al2O3 doping) in an in-line sputtering 33 

system with non-reactive DC-magnetron sputtering at a substrate temperature of 330°C. Prior to 34 

deposition the glass substrate was cleaned through sonication in detergent and DI-water, 35 

subsequently. After AZO-deposition the sample was cut into 100mm x 100mm samples and the 36 

AZO was structured with a laser scriber in order to define the cell layout (pattern 1 – P1). 37 

Some of the samples were dipped in 0.5% HCl for 10s or 30s in order to gradually form a surface 38 

morphology which is beneficial for light coupling/trapping. This was followed by a DI-rinsing. 39 

The samples (one from each group: as-deposited, 10s and 30s of HCl-dipping; approx. 800, 700 40 

and 600nm of resulting AZO-thickness, respectively) were placed on an Al-carrier for co-41 

deposition of the p-i-n Si:H-stack. The deposition was done in a multi-chamber PECVD-process 42 

(13.56MHz, AKT 1600) at substrate temperatures of approx. 200°C. In a first step the p-doped 43 

layer, comprising a nano-crystalline (p)Si:H sub-layer (8 nm thick) followed by an amorphous 44 

(p)SiCx:H sup-layer was deposited in a first chamber (12 nm thick). The i.layer (300nm of (i)a-45 

Si:H) was deposited in a second chamber followed by n-layer deposition in a third chamber. 46 

Besides some very thin functional sub-layers, the n-layer in mainly build-up from (n)nc:SiOx 47 

which is a non-isotropic mixture of small (n)nc-Si crystallites embedded in an (n)a:SiOx-matrix, 48 

with a total thickness of 24 nm. This material allows a higher back reflection, hence a (further) 49 

improvement of light harvesting in the (i)a:Si:H absorber due to its lower refractive index 50 

compared to nc:Si:H or a:Si:H. The Si:H deposition was followed by a second laser scribing 51 

(pattern 2 – P2), selectively removing the Si-stack. 52 

In another DC-magnetron sputtering process an ITO-layer with approx. 80nm thickness was 53 

deposited from a planar target (97wt.% In2O3:3wt.% SnO2) at 165°C substrate temperature. Layer 54 

thicknesses were determined through ellipsometry. 55 

The formation of the cell layout was finished by a third laser scribing step (pattern 3 – P3), 56 

removing the Si:H and the ITO at the same time. 57 



 

After the cell deposition and patterning was finished, each of the three resulting 100mm x 100mm 58 

samples was cut into 16 25mm x 25mm samples. 59 

The organic photovoltaic subcell layers (PEDOT:PSS, bulk heterojunction, Nb-TiO2, BCP, Ag) 60 

were deposited in the same manner as for single junction devices described above. 61 

To prepare the PDMS foils with negative inverted pyramids, first the random pyramids textured 62 

wafers prepared by in alkaline solution and cleaned in RCA1 and RCA2 solution. The size of the 63 

pyramids is controlled by adjusting the alkaline concentration and the process temperature and 64 

found 5-6 µm average pyramid size gives the minimum reflection. PDMS anti reflection foils, 65 

Sylgard 184 from Dow Corning was used. The base and curing agent were mixed in a 10:1 ratio 66 

and mixed with plastic stick. After spin-casting this mixture onto silicon wafers, the wafer/PDMS 67 

stack was degassed in vacuum oven for 3 h and cured on hot plate 150 °C for 10 min. Later, 68 

carefully peeled PDMS foils were applied on the glass side of the devices by facing the planar side 69 

with glass. To prevent air gap formation, and minimize internal reflection, we applied Norland 70 

refractive index matching liquid in between. 71 

Solar cell & material characterisation 72 

UV-Vis-NIR absorption was performed using a Perkin-Elmer Lambda 950 spectrophotometer 73 

equipped with an integrating sphere. 74 

The optical behaviour of the tandem was simulated using ray tracer software (SunSolve, 75 

www.pvlighthouse.com.au) using the n and k values of the layers in the cell stack determined 76 

through ellipsometry. The software uses a transfer-matrix method to solve the optical losses of the 77 

device. To mimic the textured nature of the Al:ZnO layer, the simulation considers the Sun-facing 78 

side characterized with randomly distributed upright spherical caps (100 nm height). The 79 

absorption of each layer of the tandem was determined according to a previous report.[2] 80 

AFM topography and phase images where collected using a Solver Next NT-MDT scanning prove 81 

microscope with an OTESPA cantilever in semi-contact mode. 82 

Cross-sectional TEM microscopy was performed by preparing a lamellar first with a focused ion 83 

beam (FIB) in a scanning electron microscope (Helios 400s, FEI) equipped with a 84 

nanomanipulator (Omniprobe, AutoProbe300). The sample’s surface was protected by sequential 85 

layers of carbon and platinum deposited under the electron and ion beams. The bulk of the sample 86 



 

was milled with a Ga ion beam to reach the depth of ca. 8-10 μm. A ‘U-cut’ was made with the 87 

FIB and the lamella was extracted from the bulk according to the lift-out method. The lamella, 88 

attached to a copper TEM grid, was then thinned down with the FIB at 30 kV and sequentially 89 

reducing current in the range of 2.8 nA to 93 pA. The lamella was polished with the FIB at low 90 

voltages (5 and 2 kV) to remove any possible contamination. The top-view and cross-sectional 91 

images were acquired with the TEM (Titan 80-300, FEI) at 300 kV operating voltage. 92 

Current-voltage curves were measured using an LED solar simulator (WaveLabs Sinus-70, 93 

>AAA) calibrated to ±5% of AM1.5G between 350-1100 nm. For light intensity variations, a set 94 

of neutral-density filters were used (ThorLabs) to attenuate the simulated sunlight. A Keithley 95 

2400-series source-measure unit was used to record the J-V response at 50 mV/s. Tandem solar 96 

cells were measured behind a photoetched stainless steel aperture mask with area 0.10 cm2, the 97 

layout of which can be seen in Figure S1. 98 

External quantum efficiency measurements were performed using an Enlitech QE-R calibrated 99 

between 300-1100nm using an NREL-traceable Si photocell. AC measurements were made using 100 

a 200 Hz chopping frequency and internal lock-in amplifier. For tandem EQE measurements, a 101 

“3-terminal” technique was used whereby a connection was made between either top and bottom 102 

electrode, and the tandem’s recombination layer to probe each sub-cell individually. 103 

Stability measurements were performed under metal-halide arc lamps with a light output equal to 104 

1-sun. Samples were measured in a water-cooled chamber flushed with nitrogen. Cell temperature 105 

throughout the experiment was constant at 40°C. Cells were measured using a Keithley 2400-106 

series source-measure unit and held at open-circuit conditions between J-V measurements. 107 

Ultraviolet photoelectron spectroscopy (UPS) measurements on thin films were performed in an 108 

ultrahigh vacuum chamber (base pressure of 10-10mbar) equipped with a Sphera II EAC 125 7-109 

channeltron electron analyzer calibrated with the Fermi edge of clean polycrystalline silver. The 110 

spectra were recorded using the He I line (excitation energy of 21.22 eV) at pass energy of 10 eV. 111 

The estimated uncertainty in the measurements is ± 0.05 eV. 112 

Low energy inverse photoelectron spectroscopy (LEIPES) measurements were performed in 113 

isochromatic mode using an ultra-high vacuum (base pressure 10-9 mbar). The emitted photons 114 

were detected using a solid-state PMT detector (Hamamatsu R585) mounted outside of vacuum 115 



 

and equipped with a band pass filter of 280 nm (Semrock) with a narrow wavelength window of 116 

10 nm. 117 

 118 

 119 

 120 

Figure S1. (Left) Illustration of the substrate patterning protocol to achieve 6 a-Si:H & OPV 121 

tandem devices on a single substrate (25mm x 25 mm). (Right) Photographs of completed a-Si:H 122 

& OPV tandem devices as viewed through the front glass and from the rear. 123 

 124 
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Figure S2. External quantum efficiency and integrated JSC for a-Si:H, PTB7-Th:IEICO-4F and 127 

PM6:Y6 organic sub-cells. 128 

 129 

 130 

Figure S3. a) Simulated absorption of active layers (a-Si:H and PTB7-Th:IEICO-4F) within a 131 

tandem solar cell structure. b) Simulated absorption of active layers excluding the influence of 132 

parasitically absorbing interlayers (charge-selective layers & recombination layer). An 133 

experimentally-derived EQE measurement for a-Si:H is also shown to illustrate the accuracy of 134 



 

the model. c) The interlayer loss-free active layer absorption corrected for the AM1.5G 135 

spectrum. The integral of either sub-cell gives insight into the degree of generable photocurrent. 136 

 137 

 138 

Figure S4. Atomic force micrographs (height) of a-Si:H sub-cell ITO recombination layers with 139 

and without PEDOT:PSS as a function of Al:ZnO etching time. 140 



 

 141 

Figure S5. Layer roughness parameters (from AFM) for ITO recombination layer (with and 142 

without PEDOT:PSS) after texturing the a-Si:H Al:ZnO electrode  143 

 144 
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Figure S6. Current-voltage statistics for organic-a-Si:H tandem solar cells with an Al:ZnO 148 

roughness of 10 nm. 149 

 150 



 

 151 

Figure S7. Current-voltage statistics for organic-a-Si:H tandem solar cells with an Al:ZnO 152 

roughness of 20 nm. 153 

 154 



 

 155 

Figure S8. Current-voltage statistics for organic-a-Si:H tandem solar cells with an Al:ZnO 156 

roughness of 40 nm. 157 

 158 



 

 159 

Figure S9. Contour plots of averaged tandem J-V parameters as a function of a-Si:H Al:ZnO 160 

roughness and OPV active layer thickness without the use of an anti-reflective coating. 161 

 162 



 

Figure S10. Normalised EQE measurements of a-Si:H and organic sub-cells within a 20 nm 163 

textured tandem solar cell. The slope around the absorption edge is highlighted, illustrating 164 

increased trap density around the band edge in the a-Si:H subcell compared to the organic 165 

subcell. 166 

 167 

 168 

Figure S11. Photoluminescence intensity of PTB7-Th : IEICO-4F films aged under different 169 

illumination conditions before and after 220 hours. The difference in luminescence peak at 750 170 

nm is highlighted. 171 

 172 

 173 

 174 

 175 

 176 

[1] J. Troughton, M. Neophytou, N. Gasparini, A. Seitkhan, F. H. Isikgor, X. Song, Y.-H. Lin, 177 

T. Liu, H. Faber, E. Yengel, J. Kosco, M. F. Oszajca, B. Hartmeier, M. Rossier, N. A. 178 

Lüchinger, L. Tsetseris, H. J. Snaith, S. De Wolf, T. D. Anthopoulos, I. McCulloch, D. 179 



 

Baran, Energy Environ. Sci. 2020, DOI 10.1039/C9EE02202C. 180 

[2] K. R. McIntosh, M. D. Abbott, B. A. Sudbury, S. Manzoor, Z. J. Yu, M. Leilaeioun, J. 181 

Shi, Z. C. Holman, 2018, 1322. 182 

 183 

 184 


