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ABSTRACT 

High efficiency triple-junction solar cells are currently made of III-V semiconductors using 

expensive deposition methods. Perovskite/perovskite/silicon monolithic triple-junction solar cells 

could be a lower cost alternative as no epitaxial growth is required. We demonstrate here that 

such devices can be realized using textured crystalline silicon bottom cells for optimal light 

management. By changing the perovskite absorbers composition and recombination junctions to 

make them compatible with the subsequent fabrication steps, triple-junction devices with open-

circuit voltage up to 2.69 eV are realized using textured silicon wafers. To illustrate the 

applicability of the technology, we show how the band gaps and thicknesses of the top and 

middle cells can be modified to approach current-matching conditions. Current limitations of 
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these devices are discussed, as well as strategies to make them competitive with III-V triple-

junction cells. The concepts presented here are a first step towards high-efficiency, high-voltage 

and low-cost triple-junction photovoltaics.  

TOC GRAPHICS 

 

The photovoltaic market has massively grown and prices have consequently fallen over the last 

years.1 As the costs of a photovoltaic system are now largely dominated by its installation and 

power electronics, e.g. inverters, increasing the power output at the cell and module levels is 

necessary to further drive down the costs of solar electricity. The most important losses in 

today’s mainstream single-junction photovoltaic devices are linked to optical transparency and 

thermalization losses,2 i.e. the absorber is transparent to photons with energies lower than its 

band gap and photons with energies higher than the band gap lose their excess energy through 

thermalization. 

Multi-junction solar cells, where several absorbers with different band gaps are combined, offer 

the most straightforward solution to reduce these losses. With this strategy, the power-conversion 

efficiencies can be increased beyond the thermodynamic limit of single-junction solar cells3 
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through a more efficient use of the solar spectrum. Thanks to this high-efficiency potential, 

multi-junction solar cells have attracted a large interest in both academia and industry.4–8  

III-V semiconductors have been used with success in multi-junction solar cells, achieving high 

efficiencies up to 38.8% for a 5-junction cell and 37.9% for a triple-junction solar cell (at 1 sun 

illumination intensity, i.e. 1000 W/m2).9 However, the metal organic chemical vapor deposition 

and molecular beam epitaxy techniques necessary to obtain high quality single crystals of such 

semiconductors are expensive,10–12 prohibiting their application in large-scale terrestrial 

photovoltaic systems and hence restricting these technologies to space and high-concentration 

photovoltaic applications.  

To lower the costs of multi-junction solar cells, attempts have been made to combine III-V 

materials with silicon (Si) technologies to profit from the large availability, low cost and narrow 

band gap of ~1.1 eV of the latter, a band gap well suited for a bottom cell. III-V/Si tandems have 

achieved an efficiency up to 32.8% in a 4-terminal configuration7 and up to 33.3% in a wafer 

bonded triple-junction 2-terminal cell.6 However, the applicability of 4-terminal mechanical 

stacks and 2-terminal cells made with wafer bonding is limited due to the complexity concerning 

system-level integration and the low throughput production process.6 The direct growth of III-V 

materials on silicon would be preferred but is challenging to achieve due to the large lattice 

mismatch between these materials.13 Efficiencies for such epitaxially-grown cells are so far 

limited to ~20%.14  

Alternatively to this high efficiency but expensive technology, multi-junction solar cells have 

also been demonstrated with polycrystalline thin-film solar cells, such as thin-film silicon,5,15–17 

organic semiconductor,18,19 or perovskite-based solar cells. However, among those options, only 
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 4

perovskite solar cells exhibit both a high efficiency and the potential for low cost production. 

Thanks to their largely tunable band gap between 1.17 eV and >2 eV by compositional 

engineering,20,21 their low processing temperature, enabled by a large defect tolerance,22–24 they 

have already attracted a large interest for tandem applications. Experimentally demonstrated 

tandem architectures include perovskite/perovskite,25–28 perovskite/chalcogenides29,30 and 

perovskite/silicon4,31–35 cells. For triple-junctions, the combination of two perovskite sub cells 

and a silicon bottom cell is likely the most attractive option due to its high efficiency potential of 

38.8%, as predicted theoretically by Hörantner et al. using currently available materials 

properties.36 Overall, the direct monolithic growth of high quality multi-crystalline materials 

such as perovskites on Si is intrinsically less challenging compared to the epitaxial growth of 

monocrystalline III-V materials.  
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Here, we present a proof-of-concept 2-terminal perovskite/perovskite/silicon triple-junction solar 

cell, which combines two perovskite cells grown monolithically onto a double-side textured 

crystalline silicon wafer and achieves an open circuit voltage close to 2.7 V. We experimentally 

show how slight variations in the top- and middle-cell absorber band gaps and thicknesses can 

help to approach an optimal current distribution. Next steps to improve the efficiency are also 

discussed. 

Figure 1: Device structure of triple-junction solar cells. a) Schematic view of a perovskite/perovskite/silicon heterojunction 

triple-junction solar cell and corresponding SEM images of b) cleaved and c) FIB-prepared cross-sections, showing that all 

layers are conformal, both for the middle and top cells. The white regions are the IZO middle and top electrodes. Carbon was 

deposited on top of the cell to protect the layer stack during the FIB sample preparation. Further SEM images can be found in 

the Supplementary Information (Figure S1). 

Page 5 of 23

ACS Paragon Plus Environment

ACS Energy Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 6

The layer stack of the perovskite/perovskite/silicon triple-junction solar cells presented here is 

schematically shown in Figure 1a. Crystalline silicon wafers textured on both sides by alkaline 

etching, resulting in micron-sized pyramids, were used as bottom cells. This texture provides an 

optimized optical system by increasing light trapping and minimizing reflection effects, resulting 

in an increased performance compared to flat devices.37,38 Using such double-side textured 

wafers, a certified efficiency of 25.2% was recently demonstrated for monolithic 

perovskite/silicon tandem solar cells.39 Following this work on tandems, triple-junction cells 

were grown on double-side textured silicon heterojunction bottom cells with the n-type contact at 

the front. A nanocrystalline hydrogenated silicon (nc-Si:H) recombination junction was 

deposited by plasma-enhanced chemical vapour deposition (PECVD) at the front of the silicon 

heterojunction sub cell to form the interconnection with the middle cell. Previous studies 

demonstrated that this layer results in improved optical performance and electrical properties for 

the stack configuration presented here.39,40 
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For the perovskite middle cell, a thermally evaporated 2,2',7,7'-tetra(N,N-di-tolyl)amino-9,9-

spiro-bifluorene (spiro-TTB) layer was deposited directly on the p-type nc-Si:H layer to form the 

hole transport layer. The middle- and top-perovskite absorbers were grown using a sequential 

deposition method, as described in previous publications.39,41 In brief, CsBr and PbI2 were first 

co-evaporated to form a template layer. Then, either a formamidinium iodide solution for the 

middle cell or a formamidinium bromide solution for the top cell was spin coated onto the 

PbI2/CsBr template, followed by thermal annealing in air to crystallize the perovskite phase. The 

CsxFA1-xPb(I,Br)3 absorbers had optical band gaps (Eg) of ~1.53-1.55 eV and 1.77-1.8 eV for the 

middle and top cells, respectively. The electron contacts of both middle and top cells consisted of 

a thermally evaporated LiF/C60 stack,42 completed by a SnO2 buffer layer grown by atomic layer 

deposition (to reduce sputter damage) and a sputtered indium zinc oxide (IZO) or indium tin 
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Figure 2: J-V measurements of triple-junction solar cells with 

either IZO/NiO, ITO/NiO or IZO/spiro-TTB as recombination 

junction and hole transporting layer between the middle and top 

sub cells. The corresponding J-V parameters are shown in Figure 

S2. 
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 8

oxide (ITO) electrode. Sputtered NiO was used as the hole transport layer for the top cell, as 

spiro-TTB was found to dewet transparent conductive oxides (TCOs) during the crystallization 

of the perovskite absorber, a process leading to a loss of charge carrier selectivity.39 Indeed, the 

use of spiro-TTB as a hole transport layer in both the middle and top cells resulted in low 

voltages, around 1.7 V, similar to the values of a perovskite/silicon tandem cell (Figure 2). This 

suggests that, in these triple-junction cells, only the middle and bottom cells were contributing, 

in agreement with our previous findings on tandem cells.39 More details about the device 

fabrication process can be found in the Experimental Methods section in the Supporting 

Information. 

As shown in the cross-sectional scanning electron microscopy (SEM) images in Figure 1b and c, 

this approach enables the conformal deposition of all layers on the pyramidal surface texture of 

the silicon wafer. No signs of pin-holes or voids could be observed at this length-scale in the 

absorber layers, which were constant in thickness. The focused ion beam (FIB) cross-section 

shown in Figure 1c highlights the two IZO layers (white regions), which are used as the front 

electrode and the middle/top cell interconnection. The latter IZO layer does not only act as an 

effective recombination layer but also as a protective layer for the middle cell during the 

subsequent deposition of the top cell layers, as reported for perovskite/perovskite monolithic 

tandems.25  

Using this combination of nc-Si:H and TCO recombination junctions, triple-junction cells were 

fabricated using standard cesium formamidinium lead halide compositions, initially with a Eg of 

~1.77 eV for the top cell and of ~1.55 eV for the middle cell. These devices reached an open-

circuit voltage (Voc) close to 2.7 V, as shown in Figure 3a. Their efficiencies were limited 

however to around 12.7% during maximum power point tracking due to a low fill factor (FF). 
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 9

The current density was severely limited by the middle cell, as indicated by the external quantum 

efficiency (EQE) measurements shown in Figure 3c. To improve the current distribution, the top 

cell absorption edge was then slightly blue-shifted to ~1.8 eV by increasing the Cs and Br 

contents, while the middle cell absorption edge was slightly red-shifted to ~1.53 eV by reducing 

the amount of Cs and Br in the perovskite layers (Figure 3b). The top cell perovskite layer 

thickness was also reduced, further decreasing its absorption to increase the photocurrent in the 

middle cell. These modifications directly translated to a 1.9 mA/cm2 gain in short-circuit current 

density (Jsc), improving from 7.7 to 9.6 mA/cm2, as shown in Figure 3. This triple-junction cell 

had matched top- and middle-cell currents. However, these adaptations led to a lower FF, such 

that the maximum power point tracked efficiency only marginally improved to 13.2%.  

The Voc, demonstrated here, up to ~2.7 V, is below the expected sum of the individual sub cells. 

As the triple-junction cells were grown on textured wafers, it was not possible to co-deposit 

single-junction reference cells in the same configuration. We can however refer to our previous 

study on single-junction perovskite cells,41 where Voc values of ~1000 mV and ~1150 mV were 

demonstrated for perovskite absorbers with band gaps of ~1.53 eV and ~1.8 eV, respectively 

(cells with spiro-TTB and C60 as hole and electron charge transport layers, respectively). 

Assuming a contribution of ~650 mV from the silicon bottom cell, the triple cell should then 

show a Voc close to 2.8 V. The lower experimental values can be explained by non-optimized 

recombination layers and limited optoelectronic quality of the thin wide-band gap top cell. 

Indeed, the lower Voc, FF and reduced EQE in the top/middle current-matched cell are likely 

linked to the lower quality of the top cell. Its thickness was reduced to optimize the Jsc but 

thinning this layer is likely to have resulted in the formation of shunts, i.e. regions with a direct 

contact between the charge carrier selective layers, as the perovskite coverage may have been 
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 10

incomplete. A solution would be to further widen the band gap to >1.8 eV by replacing the 

evaporated PbI2 precursor with PbBr2 instead of reducing the thickness of the absorber. Overall, 

these optimizations should enable to achieve a Voc of ~3.1 V, assuming that reported single-

junction perovskite data43–45 can be successfully transferred to triple cells.  

As confirmed by the low reflectance (<3% between 400 nm and 1000 nm) shown in Figure 3c, 

the triple-junction cells exhibit good optical properties thanks to the high-aspect-ratio micron-

sized pyramids of the silicon wafer.39 The summed current density of all sub cells in the triple-

junction device shown in Figure 3a is 38.8 mA/cm2 without accounting for losses induced by the 

front-side metallization grid. This value indicates that parasitic absorption losses are relatively 

small (for comparison, record both-side-contacted Si cells achieve typically Jsc above 42.5 

mA/cm2 for 250 microns wafer).9 This is encouraging considering the number of layers stacked 

in such a complex device. The remaining optical losses should still be reduced further by slightly 

thinning down the charge transport layers and/or replacing them with more transparent 

materials.41 In addition, the summed current may be improved further by enhancing the 

optoelectronic quality of the perovskite absorber (e.g. the top cell of the device in Figure 3b) and 

hence charge carrier collection, and by improving the recombination junctions. In particular, the 

top/middle junction (now an IZO layer) could be replaced by an organic recombination junction, 

i.e. thin doped organic layers as demonstrated for perovskite/perovskite tandem cells.27,28 

The main optimization path should however focus on tuning the band gaps and thicknesses of the 

top and middle perovskite cells. Indeed, the Jsc of a multi-junction solar cell with sub cells 

connected in series is dictated by the sub cell with the lowest current. To maximize the current 

generated by a triple-junction cell, the spectrum should be evenly distributed among its three sub 

cells. As seen in Figure 3, the current distribution is still far from optimal, as the bottom cell 
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 11

produces a current density of about 18 mA/cm2, twice as much as the perovskite sub cells. The 

absorption edge of the perovskite middle cell should be red-shifted to redistribute part of this 

excess current to the top and middle cells. 

 

Figure 3: J-V characteristics of triple-junction cells, with maximum power point tracking measurement as insets: a) with a top 

cell deposited with an evaporation rate of CsBr that is 13% of the one of PbI2 (thickness of the CsBr/PbI2 template of 250 nm, 

equivalent thickness on a flat glass substrate) and a middle cell with a 10% evaporation rate of CsBr and a template thickness 

of 400 nm; b) with a top cell of CsBr19%-180 nm and a middle cell of CsBr5%-450 nm. The corresponding J-V parameters are 

summarized in the table. The devices aperture area is 1.42 cm2; c) EQE measurements of the cells shown in a) and b), showing 

how differences in band gaps in the top and middle cells and in thicknesses influence the current distribution, leading to a 

top/middle cell current-matched situation in b). 
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 12

Transfer matrix optical simulations41 were performed on all-flat structures (as a simplified 

model) to estimate ideal band gap and thickness ranges for our material stack configuration. The 

results are shown in Figure S3 and the method is explained in the Experimental Methods section. 

The simulations show that, considering a 1.8 eV top cell, the middle cell band gap should be 

lowered to ~1.4 eV. Using a flat silicon bottom cell, the triple cell can then be current-matched at 

~12.2 mA/cm2. This optimum corresponds also well to the ideal middle cell band gap inferred by 

the simulations from Hörantner et al using a different materials stack.36 Note that when 

switching back to a double-side textured substrate, the large reflection losses observed in the 

simulations of flat devices will decrease, which should enable a Jsc >13 mA/cm2 (the summed 

38.8 mA/cm2 shown in Figure 3c redistributed among the three sub cells, combined with 

expected improvements in carrier collection in the top and middle sub cells). The bottom cell 

will also likely gain proportionally more current than the two perovskite sub cells (i.e. infrared 

current),31 which would push the requirement for the middle cell optimal band gap to even lower 

values. It should be noted that the current distribution should be tailored according to the specific 

application, e.g. terrestrial or spatial (see Figure S4). Furthermore, it should be mentioned that a 

perfect current-matched situation might not always lead to the highest device performance, as the 

FF is largely dictated by the current-limiting subcell.46 Assuming that currently the Si sub cell 

should still yield the highest FF, a promising triple cell design should then aim for a slightly 

bottom cell-limited situation. 

It is therefore clear that an important research effort is still required to yield a perovskite-based 

triple-junction cell with optimal band gaps and high performance. Significant progress was 

recently made on the development of wide band gap perovskite materials (>1.8 eV) with high Voc 

(e.g. 1.35 V for a Eg of 1.85 eV).47 Such values were achieved thanks to the use of additives to 
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standard compositions, notably large organic cations, as reviewed in Ref. 48 to mitigate/suppress 

the photo-induced phase segregation occurring in mixed halides compounds.49 For the middle 

cell, fabricating high quality perovskite absorbers with band gaps <1.5 eV is still challenging. 

Several reports already demonstrated promising efficiencies of up to 17% (Voc ~0.9V) with an 

absorption edge at 1.35 eV by substituting partially Pb with Sn.21,50,51 These Pb-Sn perovskite 

properties are however usually synthesized with solution-based methods and exhibit a lower 

device performance when switching to the thermal evaporation routes that are required for 

textured surfaces.52,53 If these low and high band gap perovskite materials demonstrated at the 

single junction level can be transposed to textured triple-junction cells, the 30% efficiency 

barrier could be surpassed with a current density of 13 mA/cm2 (fully textured architecture), a 

Voc of 3 V and a FF of 80%. 

In summary, we demonstrated proof-of-concept triple-junction solar cells by monolithically 

growing two perovskite cells on double-side textured silicon wafers. The deposition methods, 

notably the evaporation/spin coating sequential process used to deposit the perovskite absorbers, 

enable the conformal growth of all the layer stack directly on the micron-sized pyramids of the Si 

bottom cell. The triple-junction devices fabricated here exhibit a Voc of ~2.7 V. The equivalent 

cumulative current of 38.8 mA/cm2 retrieved by summing the EQE current of the sub cells 

benefits from the presence of the pyramidal Si texture and is an evidence of the low parasitic 

absorption losses. We identified the next important development steps such as improving the 

current distribution by lowering the middle band gap to ~1.4 eV, optimizing the top/middle 

recombination junction and enhancing the Voc of the wide-band gap front cell.47 These 

preliminary results should open the research path towards high-efficiency, high-voltage and low-

cost photovoltaic devices. 
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SUPPORTING INFORMATION 

The Supporting Information is available free of charge on the ACS Publications website at DOI: 

XXXX.  

Experimental methods for triple-junction cell fabrication; details on the device characterization; 

additional SEM cross-sectional images of flat and textured triple-junction cells; optical 

simulation data; spectral dependence of the photo-generated currents.  
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