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Abstract 

Perovskite/silicon tandem solar cells are increasingly recognized as promising candidates for 

next-generation photovoltaics with performance beyond the single-junction limit at potentially 

low production costs. Current designs for monolithic tandems rely on transparent conductive 

oxides as an intermediate recombination layer, which lead to optical losses and reduced shunt 

resistance. We demonstrate an improved recombination junction based on nanocrystalline 

silicon layers to mitigate these losses. When employed in monolithic perovskite/silicon 

heterojunction tandem cells with a planar front side, this junction is found to increase the 

bottom cell photocurrent by more than 1 mA/cm2. In combination with a cesium-based 

perovskite top cell, this leads to tandem cell power-conversion efficiencies of up to 22.7% 

obtained from J-V measurements and steady-state efficiencies of up to 22.0% during 

maximum power point tracking. Thanks to its low lateral conductivity, the nanocrystalline 

silicon recombination junction enables upscaling of monolithic perovskite/silicon 

heterojunction tandem cells, resulting in a 12.96 cm2 monolithic tandem cell with a steady-

state efficiency of 18%. 
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1. Introduction 

As the cost of photovoltaic (PV) modules has fallen steeply to currently less than 50% of that 

of the overall PV system, enhancing solar cell performance represents the most effective way 

to further reduce the cost of PV electricity.[1][2] The most viable approach to reach efficiencies 

well beyond those of today’s commercial solar cell technologies, such as crystalline silicon 

(c-Si), is to form a tandem device by combining a narrow-bandgap bottom cell with a top cell 

exhibiting a wider bandgap, thereby reducing thermalization losses. 

Recently, organic-inorganic lead halide perovskite solar cells were identified as promising 

wide-bandgap top cell candidates due to their high power output efficiencies,[3][4] sharp optical 

absorption edge,[5] and tunable bandgap, which can match the optimal value of 1.7-1.8 eV for 

tandems with a c-Si bottom cell.[6] Thanks to these properties, perovskite/c-Si tandem cells 

have an efficiency potential well above 30% with low-cost manufacturing.[7][8] So far, 

perovskites have successfully been employed in tandem cells with bottom cells based on c-Si, 

chalcogenides, and narrow-bandgap perovskites.[9][10][11][12][13] Silicon heterojunction (SHJ) 

bottom cells enabled the highest efficiencies reported for perovskite-based tandems due to 

their high open-circuit voltage,[14] excellent near-infrared response[15] and power conversion 

efficiencies above 26%.[16]  

Among the different possible tandem configurations, including 4-terminal mechanically 

stacked cells[17][18] and devices using a spectral splitter,[19] the monolithically integrated 2-

terminal tandem configuration, in which the top cell is directly deposited onto the bottom cell, 

arguably has the highest potential to reach a low levelized cost of electricity (LCOE). 

Nevertheless, monolithic sub-cell integration requires top cell processing conditions that are 

compatible with the underlying bottom cell, which makes manufacturing more challenging 

than for mechanically-stacked tandem cells. Furthermore, the overall current of a series-

connected 2-terminal tandem is limited to the cell generating the smaller current, requiring 

appropriate light management to reach high performance.  
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A crucial element of any 2-terminal tandem cell is the intermediate recombination or tunnel 

junction connecting both sub-cells in series, ideally enabling collected carriers from one sub-

cell to recombine with collected carriers of opposite charge from the other sub-cell without 

introducing electrical or optical losses. So far, mainly transparent conductive oxides (TCOs) 

have been used as recombination layers in the fabrication of monolithic perovskite-based 

tandems.[11][9][20][21][10] While in principle effective, this approach suffers from several 

drawbacks: parasitic absorption of wavelengths above 800 nm due to free-carrier 

absorption,[22] poor refractive index matching with silicon causing enhanced reflection losses 

at the TCO/silicon interface,[23] and high lateral conductivity, promoting shunt paths through 

the top cell.[24][25] 

A strategy to effectively mitigate TCO-related optical losses is the integration of a p/n 

recombination junction as widely used in III-IV semiconductor and thin-film silicon tandem 

solar cells.[26][27][28] A first demonstration of a silicon-based recombination junction for 

perovskite/silicon tandem cells was made by Mailoa et al., on a diffused-junction c-Si solar 

cell, although with a limited efficiency of 13.7% and requiring a high-temperature annealing 

step that is not compatible with SHJ cells.[29] A particularly interesting low-temperature (< 

200°C) approach lies in using hydrogenated nanocrystalline silicon (nc-Si:H), deposited by 

plasma-enhanced chemical vapor deposition (PECVD) employing silane gas with high 

hydrogen dilution.[27][30] By adding either trimethylboron or phosphine to the silane/hydrogen 

mixture in the reactor, highly doped nc-Si:H can be obtained,[31] which is required for 

recombination junctions exhibiting low resistance and narrow-potential energy barrier widths. 

Such nc-Si:H layers have recently been used for high-efficiency SHJ solar cells in the both-

sides-contacted and back-contacted configurations.[32][33][34] 

This work presents an nc-Si:H recombination junction for monolithic perovskite/silicon 

heterojunction tandem cells, which reduces reflection and parasitic absorption losses in 

comparison to a commonly used TCO recombination layer. Using this recombination junction, 
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we achieved tandem cell efficiencies of up to 22.7% obtained from J-V measurements and up 

to 22.0% steady-state efficiencies from maximum power point tracking for an aperture area of 

0.25 cm2. Thanks to the high device shunt resistance as a result of its low lateral conductivity, 

this recombination junction enabled tandem cell up-scaling, leading to > 12 cm2 monolithic 

perovskite/silicon heterojunction tandems with steady-state efficiencies up to 18%. 

  

2. Results and discussions 

Monolithic perovskite/SHJ tandem cells with nc-Si:H recombination junctions were 

fabricated with a layer stack as shown in Figure 1a. A rear-side textured SHJ bottom cell in 

the rear-emitter configuration (i.e., with the hole-collecting side facing sunwards) was 

used.[17] More information regarding device fabrication is given in the Experimental Section. 

On top of the polished front side of the bottom cell, the p+/n+ nc-Si:H recombination layer 

stack with a crystallinity of 17.7% ± 0.15, as obtained from Raman spectroscopy (see Figure 

S1), was deposited by PECVD. High-resolution transmission electron microscopy (HRTEM) 

micrographs of the recombination junction shown in Figure 1c confirm the presence of crystal 

grains in the nc-Si:H layers. Furthermore, colored inverse fast Fourier transforms (iFFT) 

generated from several Si (111) and (022) crystalline orientations demonstrate the presence of 

epitaxial growth between the p- and n-doped regions of the recombination junction, evidenced 

by crystals spanning across the nc-Si:H(p+)/nc-Si:H(n+) interface. The position of this 

interface is inferred from the EDX map (see Figure 1c), which is presented alongside the 

corresponding scanning transmission electron microscopy (STEM) high-angle annular dark-

field (HAADF) micrograph. These STEM and TEM images of Figure 1c indicate a 

recombination layer thickness of ~50 nm (nc-Si:H(p+) ~25 nm, nc-Si:H(n+) ~25 nm).  
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Figure 1. a) Schematic view of the perovskite/SHJ monolithic tandem cell with a nc-Si:H 

recombination junction; b) STEM bright-field image of a cross-section of the perovskite cell 

and corresponding EDX maps of Si K, C K, Cs K, Pb L, I K edges, either combined in the 

same image or, for the inorganic perovskite elements, shown individually after background 

subtraction; c) EDX map and corresponding STEM HAADF image of the recombination 

junction, which show the position of the different interfaces, HRTEM micrograph of the 

recombination junction, corresponding FFT and superposition of colored inverse FFTs 

computed from selected Si (111) and (022) reflections (pseudo dark-field image). 

 

The n-i-p perovskite top cell was deposited directly onto the nc-Si:H recombination junction, 

with a C60 electron transport layer, a perovskite absorber layer fabricated with a low-

temperature two-step deposition method, and a Li-doped spiro-OMeTAD hole transport layer. 

The perovskite absorber layer was realized by first co-evaporating PbI2 and CsI with a molar 

ratio controlled via the respective deposition rates. Then, an organohalide solution containing 
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either methylammonium (MA) iodide or a mixture of formamidinium (FA) iodide and 

formamidinium bromide was spin-coated onto the PbI2:CsI precursor layer, followed by 

thermal annealing to promote interdiffusion and to obtain either CsxMA1-xPbI3 or CsxFA1-x 

PbI(1-yBry)3. The tandem cells were completed by an MoOx/indium zinc oxide (IZO) 

transparent front electrode, Au fingers to contact the cells, and an MgF2 anti-reflective layer. 

To gain more information on the incorporation of cesium into the perovskite layer, energy-

dispersive X-ray spectroscopy (EDX) of a CsMAPbI3 layer was performed in combination 

with STEM (Figure 1b). The background-subtracted maps of the Cs Ka, Pb La and I Ka 

edges suggest a uniform distribution of these elements within the perovskite layer (Figure 1b) 

and a Cs:Pb atomic concentration ratio of 0.18 ± 0.03, which is consistent with the targeted 

composition of 0.19 inferred from the CsI:PbI2 co-evaporation ratio. It should be mentioned 

that some iodide diffused into the hole transport layer during the processing as already 

previously observed (marked by an arrowhead in Figure 1b.[35] The X-ray diffraction (XRD) 

pattern presented in the Supplementary Information section confirms the formation of a pure 

perovskite phase without the peak arising from unreacted PbI2 (Figure S2). 

The monolithic tandem solar cells with the nc-Si:H recombination junction and a 

Cs0.19MA0.81PbI3 perovskite top cell reached an efficiency of up to 22.7% on an area of 

0.25 cm2 and 21.7% on a larger scale of 1.43 cm2, as obtained from J-V measurements, and 

steady-state efficiencies of 22.0% and 21.2% during maximum power-point tracking for 

1000 s, respectively (Figure 2a,b). Moreover, the J-V curves exhibited negligible hysteresis. 

These tandem cells showed a high open-circuit voltage (Voc) of > 1750 mV, which 

demonstrates the capability of the nc-Si:H  junction to efficiently recombine electrons from 

the top cell with holes from the bottom cell. The fill factor values are comparable to the ones 

obtained with a TCO recombination layer reported earlier.[11] This suggests that the presence 

of the nc-Si:H stack does not introduce significant electrical losses.[33] In comparison, a rear-

side-textured single-junction SHJ solar cell reference for the bottom cell, comprising the nc-



  

8 

 

Si:H layer stack at the front, shows an efficiency of 16.45% with a Voc of 693 mV for an 

aperture area of 0.25 cm2 (Figure S3). 

 
Figure 2. a) J-V curves of perovskite/SHJ monolithic tandem cells (perovskite composition: 

Cs0.19MA0.81PbI3) with a) 0.25 cm2 and b) 1.43 cm2 aperture area. c) EQE spectra of the 

0.25 cm2 tandem cell. 

 

The external quantum efficiency (EQE) spectra of these tandem cells demonstrated a current 

mismatch of more than 1 mA/cm2 between the sub-cells (Figure 2c), with the tandem cell 

photocurrent being limited by the top cell. In an ideal monolithic tandem device with a c-Si 

bottom cell, the top cell bandgap should be ~1.75 eV to reach current matching.[36][37] Here, 

the Cs0.19MA0.81PbI3 perovskite  bandgap is 1.58 eV, well below that optimal value. One main 

limitation of the top cell current is linked to parasitic absorption in the spiro-OMeTAD layer, 

which can be avoided by adopting an inverted p-i-n perovskite configuration.[10] Considering 

a gain of 2 mA/cm2 in the top cell due to avoiding parasitic absorption in the spiro-OMeTAD 
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layer and using a perovskite absorber with a bandgap of 1.63 eV (Figure 6b), a tandem cell 

current density of 18.5 mA/cm2 could be reached. As a result, perovskite/SHJ monolithic 

tandems with efficiencies of 25% are within reach (Voc = 1758 mV, FF = 77%, Jsc 18.5 

mA/cm2, ƞ =25.04%). As recently demonstrated for the case of interdigitated back-contacted 

SHJ cells,[33] the nc-Si:H recombination layer polarity can be inverted to form an a-Si:H(i)/a-

Si:H(n)/nc-Si:H(n+)/nc-Si:H(p+) stack without losing its functionality, hence making this 

concept compatible with either polarity.  

To demonstrate the versatility of the nc-Si:H junction, tandem devices with a top cell based 

on a Cs0.19FA0.81Pb(I0.78Br0.22)3 perovskite material were fabricated by the sequential 

deposition protocol described above. XRD diffraction measurements confirmed the presence 

of the perovskite phase (Figure S2). This absorber has the advantage of being more moisture- 

and temperature-stable when compared to MA-based perovskite materials.[38][39] The chosen 

Cs0.19FA0.81Pb(I0.78Br0.22)3 composition has a bandgap of 1.63 eV, which can be readily tuned 

to higher values by increasing the Br content.[40] With this absorber and the nc-Si:H 

recombination layer, a monolithic tandem efficiency of 20.5% is obtained with an aperture 

area of 0.25 cm2 (Figure S4). 

Next, we compared the optical performance of the nc-Si:H junction to an ITO recombination 

layer. The bandgap of nc-Si:H is considerably smaller than that of ITO, leading to absorption 

in the blue part of the spectrum (Figure 3a). This absorption has, however, only a very 

limited effect on the tandem cell performance, as the top perovskite cell absorbs all the light 

up to wavelengths of ~550 nm. In the near-infrared region (> 800 nm), the silicon 

recombination junction absorbs less light than its ITO counterpart, thus more photons are 

available to the bottom cell. To assess the effect of the presence of a TCO between both sub-

cells, tandem cells with Cs0.19FA0.81Pb(I0.78Br0.22)3 perovskite top cell and nc-Si:H 

recombination junctions were fabricated, either with or without an additional 40-nm-thick 

ITO layer sputtered onto the nc-Si:H junction (ITO properties are given in Table S1).  
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The reflectance spectra of these tandem cells, presented in Figure 3b, show that the 

reflectance peak at wavelengths of 700-900 nm observed for the tandem without the TCO 

layer is almost completely suppressed (< 2.5%). In addition, without the intermediate TCO 

layer, the reflectance is also strongly reduced at wavelengths > 1000 nm. These results can be 

explained by the fact that nc-Si:H and c-Si have nearly identical refractive indices (n c-Si = 

3.6‒3.7 at 800 nm), as compared to the considerably lower value of ITO (n ITO = 1.6‒2 at 

800 nm, depending on its doping).[41][42] As a result of the better index matching, the nc-Si:H 

recombination junction mitigates reflection at the sub-cell interface and thus increases the 

light transmittance to the SHJ bottom cell. 

 
 

Figure 3. a) Absorptance of a 40-nm-thick ITO layer and the nc-Si:H recombination junction 

deposited on glass; b) Reflectance of monolithic C0.19FA0.81Pb(I0.78Br0.22)3/SHJ tandem cells 

with the nc-Si:H junction, either with or without an additional 40-nm-thick ITO layer 

deposited on it.  

 

EQE spectra shown in Figure 4 confirm these observations and demonstrate the impact of the 

TCO interlayer on the current distribution between the sub-cells. The EQE of the SHJ bottom 

cell is considerably higher at wavelengths of 750-950 nm without ITO layer, resulting in an 

increase in current by more than 1 mA/cm2. In contrast, the current generated in the 

perovskite top cell is virtually unaffected by the presence of the ITO layer. It is noteworthy 

that the shape of the bottom cell EQE spectrum strongly depends on the exact thickness of all 
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layers present in the tandem device, hence the exact current gain in the bottom cell varies.[11] 

Nevertheless, the current gain of > 1 cm2 was reproducible, also with other TCOs (Figure S5) 

These results confirm that using an nc-Si:H recombination junction can significantly improve 

the optical performance of monolithic tandems using front-side-polished silicon bottom cells.  

 

Figure 4. EQE spectra of C0.19FA0.81Pb(I0.78Br0.22)3/SHJ solar cells with a nc-Si:H 

recombination junction, either with or without an additional 40-nm-thick ITO layer deposited 

on it. 

 

In addition to the optical advantages, the nc-Si:H recombination junction features a highly 

anisotropic film conductivity, providing sufficient vertical conductivity while exhibiting low 

lateral conductivity.[33] In monolithic tandem cells, this low lateral conductivity is beneficial, 

as it reduces possible shunt paths through pinholes or defects present in the perovskite top 

cell.[24][43] J-V measurements at several light intensities of the perovskite/SHJ tandems with 

and without a TCO intermediate layer support this hypothesis (see Figure 5 and S6). At one 

sun, both cells show a high Voc. However, under reduced light intensity, the presence of the 

ITO layer with high lateral conductivity leads to strong losses in Voc, indicating an increased 
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contribution of shunts, whereas the tandem cell without ITO retains a high Voc even at low 

illumination.  

 
Figure 5. Voc of 0.25 cm2 C0.19FA0.81Pb(I0.78Br0.22)3/SHJ monolithic tandem cells with nc-Si:H 

recombination junction, measured at several illumination intensities. Results from cells with 

and without an additional 40-nm-thick ITO interlayer on top of the nc-Si:H junction are 

shown. 

 

The high shunt resistance induced by the nc-Si:H recombination junction is an essential 

ingredient to enable efficient large-area perovskite/SHJ monolithic tandems. To demonstrate 

the up-scalability of the tandem cells presented here, a Cs0.19FA0.81Pb(Br0.22I 0.78)3 perovskite 

top cell was deposited on a 5×5 cm2 SHJ bottom cell with nc-Si:H junction. With an aperture 

area of 12.96 cm2, an efficiency of 18% during maximum power-point tracking is obtained 

(Figure 6a).  

 
 



  

13 

 

Figure 6. 12.96 cm2 large Cs0.19FA0.81Pb(Br0.22I 0.78)3/SHJ monolithic tandem: a) J-V curve 

and b) corresponding EQE spectra. The inset to a) shows the steady-state power output after 

120 s maximum power point tracking and a photo of a finished device on a 5×5 cm2 substrate. 

 

The discrepancy in efficiency between the large-area devices (12.96 cm2) and the smaller 

ones is significant. However, closer inspection shows that most of the loss in efficiency stems 

from the lower fill factor. A large part of this loss is caused by the increased series resistance 

from the top electrode metallization, which consists of 130 nm-thick evaporated Ag fingers. 

The development of screen-printed Ag metallization as used for commercial silicon solar cells, 

which readily enables the deposition of sufficiently thick metal electrodes, is expected to 

greatly reduce this efficiency gap between small and large cells. The J-V curve of the larger 

monolithic tandem shows the presence of hysteresis, which was not observed on the 0.25 cm2 

aperture area devices (see Figure S4). The origin of this hysteresis for the larger cells is still 

not well understood and is currently under investigation.   

3. Conclusions 

We developed monolithic perovskite/SHJ tandem cells with an nc-Si:H recombination 

junction deposited by PECVD at low temperatures (< 200°C), reaching steady-state 

efficiencies of up to 22.0% and 21.2% for aperture areas of 0.25 cm2 and 1.43 cm2, 

respectively. The presented nc-Si:H junction is fully compatible with the well-established SHJ 

bottom cell fabrication process, since it can be deposited in the same PECVD reactor as the 

passivating amorphous layers. Parasitic absorption and reflection losses at the interface 

between the sub-cells were reduced, increasing the bottom cell current density by more than 

1 mA/cm2 in comparison to a tandem cell containing a TCO recombination layer, yet without 

compromising the electrical properties of the device. In addition, the low lateral conductivity 

of the nc-Si:H recombination junction mitigated shunt paths through the perovskite top cell, 

enabling the demonstration of a 12.96 cm2 monolithic perovskite/SHJ tandem cell with 18% 
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steady-state efficiency. Therefore, this work paves the way to high-efficiency large-area 

perovskite/silicon tandem solar cells.  

4. Experimental Section 

Monolithic tandem fabrication: 

SHJ bottom cells were fabricated using n-type-doped double-side mechanically polished 

silicon float-zone wafers with a resistivity of 1-5 Ω and a thickness of 280 µm. A dielectric 

etch mask was deposited on one side of the wafer by PEVCD. Single-side texturization was 

realized by wafer immersion in a KOH-based solution, followed by dielectric mask removal 

with a diluted HF solution. 

Intrinsic and doped hydrogenated amorphous silicon layers were deposited on both sides of 

the wafer in a PECVD reactor to passivate the silicon surface and to create carrier-selective 

contacts. The SHJ bottom cell was made in the front-emitter configuration, with the n-type 

contact at the back and the p-type at the front. The back contact consisted of a sputtered 

TCO/Ag stack. The p+/n+ nc-Si:H recombination junction was deposited in the same PECVD 

reactor at low temperatures (< 200°C) onto the p-type amorphous silicon layer at the front 

side of the SHJ bottom cell. Trimethylboron and phosphine gases were added to the 

silane/hydrogen mixture in order to form the p- and the n-doped layers.  

The perovskite top cell was deposited directly onto the nc-Si:H recombination junction. First, 

~8 nm of C60 (> 99.95%, NanoC) were thermally evaporated to form the electron transport 

layer in a Lesker Mini-Spectros system, with a substrate temperature of 30°C and a base 

pressure of < 1.5 × 10−6 Torr. Then, PbI2 (> 99.99%, Alfa Aesar) and CsI (> 99%, Abcr) were 

co-evaporated (165 nm for CsxMA1-xPbI3 and 180 nm for CsxFA1-x PbI(1-yBry)3.), where the 

CsI evaporation rate was fixed to 15% of the PbI2 rate, corresponding to an atomic Cs:Pb ratio 

of 0.19. The PbI2:CsI layer was transformed to the final perovskite phase by spin coating a 

solution of methylammonium iodide (0.346M, Dyesol) or a mixture of formamidinium 

bromide:iodide (2:1 molar ratio, 0.445M, Dyesol) in isopropanol at 3000 rpm for 30 s using 
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dynamic solution dispensing in an inert atmosphere, followed by an annealing step (CsyMA1-y 

PbI3: 120°C, 30 min in glovebox, CsyFA1-y PbI3-xBrx: 150°C, 30 min in ambient air). A spiro-

OMeTAD solution in chlorobenzene (72.3 mg/mL 2,2′,7,7′-tetrakis(N,N-di-4-

methoxyphenylamino)-9,9′-spirobifluorene (> 99.5%, Lumtec), 28.8 μL/ml 4-tert-

butylpyridine (> 96.0%, TCI), and 17.5 μL/ml stock solution of 520 mg/mL lithium 

bistrifluoromethylsulfonyl imide (> 97.0%, Sigma-Aldrich) in acetonitrile was then spin 

coated at 4000 rpm for 30 s. 

The transparent electrode consisted of a 20-nm-thick MoOx (> 99.98%, Sigma Aldrich) buffer 

layer deposited by thermal evaporation at a rate of 0.5 Å/s and 100 nm of sputtered indium 

zinc oxide (from a 90% In2O3 + 10% ZnO target) with a resistivity of ~ 55 Ω/□.[44] Au 

(130 nm) or Ag (130 nm, for 5×5 cm2 tandems) were thermally evaporated trough a shadow 

mask to form the metallic contact. For the large-area tandem cells, the metal fingers shaded 

about 3.8% of the total aperture area. Finally, an antireflective coating (~100 nm of MgF2 (> 

99.99% , Umicore)) was deposited onto the cells by thermal evaporation. 

Device characterization: 

We used a UV-VIS-NIR spectrophotometer (PerkinElmer Lambda 900) with an integrating 

sphere to acquire total reflectance, transmittance, and absorptance spectra. Current density-

voltage (J-V) measurements were performed using a two-lamp (halogen and xenon) class 

AAA WACOM sun simulator with an AM1.5G irradiance spectrum at 1000 W/m2. Shadow 

masks were used to define the illuminated area. The monolithic tandem cells were measured 

with a scan rate of 100 mV/s. Maximum power point tracking was realized through an in-

house-written LabVIEW code.[11] External quantum efficiency (EQE) spectra were obtained 

on a custom-made spectral response set-up with a lock-in amplifier, using chopped light at a 

frequency of 232 Hz. For tandem cells, blue and red light biases were used to saturate the 

complementary sub-cell. Furthermore, a voltage bias of 0.7 V and 1.1 V was applied to 

measure the sub-cells in short-circuit conditions (0.7 V for the perovskite and 1.1 V for the 
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silicon cell). The microstructure of the tandem cells was investigated using high-resolution 

transmission electron microscopy performed in an image and probe Cs-corrected FEI Titan 

Themis microscope operated at 200 kV. STEM BF and HAADF images were combined to 

EDX to assess the chemistry of the different layers. EDX fitting was performed using the 

Cliff-Lorimer method.[45] Images and chemical maps were acquired using a convergence 

semi-angle of 28 mrad and a beam current of either 400 pA (at lower magnification) or 

200 pA (at higher magnification). FFTs of high-resolution TEM micrographs and iFFTs of 

selected Si (111) and (022) reflections were computed with a mask diameter of 0.6 1/nm 

using an in-house-written Mathematica script. For each individual iFFT, the contrast, 

brightness and gamma values were adjusted manually to highlight the Si crystallites. TEM 

samples were prepared using the conventional focused ion beam (FIB) lift-off technique, 

which was performed in a Zeiss Nvision 40 FIB/scanning electron microscope workstation. A 

final thinning voltage of 2 kV was used to reduce gallium-induced implantation and 

amorphisation damage. The TEM samples were quickly transferred in air (< 2 min) from the 

vacuum of the FIB/SEM to the TEM to reduce any degradation of the perovskite.[35] XRD 

measurements were carried out in an Empyrean diffractometer (Panalytical) equipped with a 

PIXcel-1D detector. The diffraction patterns were measured using a Cu Ka radiation 

(wavelength of 1.54 Å). Raman spectroscopy was performed on a-Si:H(i)/a-Si:H(p)/nc-

Si:H(p+)/nc-Si:H(n+) stacks deposited on glass. To obtain the crystallinity, the data was fitted 

and deconvolved using Lorentzians. The crystallinity was defined as the ratio between the 

area below the curve of the crystalline peaks (at 510 cm-1 and 519 cm-1) over the sum of the 

crystalline and amorphous peaks. 
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A nanocrystalline silicon recombination junction is presented, which mitigates reflection 

losses in monolithic perovskite/silicon heterojunction tandem solar cells, resulting in 

efficiencies of up to 22.7% on 0.25 cm2 aperture area. Thanks to its low transversal 

conductance, this recombination junction enables tandem cell up-scaling, leading to steady-

state efficiencies of 18% on 12.96 cm2 aperture area. 
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Figure S1. Raman spectrum of a nanocrystalline silicon p-n recombination junction deposited 

on a glass substrate (glass/a-Si:H(i)/a-Si:H(p)/nc-Si:H(p+)/nc-Si:H(n+)). The crystallinity 

fraction of the full amorphous/nanocrystalline stack was extracted by deconvoluting the 

Raman shift by three Lorentzian curves centered at 480 cm-1 for the amorphous peak, at 

519 cm-1 for the crystalline peak, and a third curve at 510 cm-1. The crystallinity fraction is 

defined as the ratio between the area below the curve of the crystalline peaks (at 510 cm-1 and 

519 cm-1) over the total area below the crystalline and amorphous peaks. 

 

 

Figure S2. X-ray diffractograms of the perovskite absorber materials used in this study, as 

well as of a silicon wafer reference. The perovskite layers were deposited onto SHJ bottom 

cells, coated with the nc-Si:H recombination junction and the C60 electron transport layer to 

provide a substrate for perovskite growth identical to that in fully processed tandem cells.  In 

the Cs0.19FA0.81Pb(Br0.22I0.78)3 diffractogram, a low-intensity peak appears at 12.7° 2θ, which 

is due to the presence of unconverted PbI2. 
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Figure S3. J-V curve of a rear-side-textured SHJ solar cell at different illumination intensities 

with a 100-nm-thick transparent IZO front electrode and a thermally evaporated Ag contact. 

The aperture area is 0.25 cm2. 

 

 

 Thickness (nm) Carrier conc. 

(cm-3)  

Res. 

(Ωcm)  

mobility 

(cm2/Vs) 

Sheet res. 

(Ω/sq) 

Indium tin oxide 40 2.17·1020 5.88·10-4 48 146 

 

Table S1. Electrical properties of the indium tin oxide (ITO) recombination layer. 

 

 

 

 
Figure S4. a) J-V curve  of a Cs0.19FA0.81Pb(Br0.22I 0.78)3 perovskite/SHJ monolithic tandem 

with nc-Si:H recombination junction on a double-side-polished wafer, with an aperture area of 

0.25 cm2. b) Corresponding external quantum efficiency (EQE) spectra. 
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Figure 5. EQE spectra of SHJ bottom cells of 0.25 cm2 Cs0.19FA0.81Pb(Br0.22I0.78)3 

perovskite/SHJ monolithic tandems on double-side-polished wafers with  either a nc-Si:H, nc-

Si:H + 40 nm ITO, or 40 nm ZTO recombination junction.  

 

 

Figure S6. Normalized J-V curves measured at several light intensities (1, 0.5, 0.104 and 

0.016 suns) of Cs0.19FA0.81Pb(Br0.22I 0.78)3 perovskite/SHJ monolithic tandem cells with nc-

Si:H recombination junction, with and without an additional 40-nm-thick ITO layer deposited 

on the recombination junction to assess the influence of the presence of an intermediate layer 

with high lateral conductivity . The aperture area was 0.25 cm2.  

 


