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accounts for only ≈3% of global electricity 
generation.[1] However, PV is experi-
encing an accelerated growth globally with 
>130 GW installed in 2020, an acceleration 
that should continue in the future to pro-
vide 20–30% of the global electricity on the 
2050 horizon.[2] The key to materializing 
this ambitious goal is to reduce the cost 
of PV-generated electricity to make solar 
energy significantly cheaper than that pro-
duced by fossil fuels, and to promote the 
implementation of storage technologies.[3] 
Currently, the major cost component of 
a PV system stems from the balance-of-
systems (BOS).[4] The BOS refers to all the 
components of a PV system other than the 
solar module, including wiring, inverters, 
land, installation, labor, etc. With cell costs 
typically accounting for less than 20% of 
the total module cost (and module costs 
typically account for around 40% at the 
system level),[4,5] increasing power conver-

sion efficiency at the cell and module level is the most efficient 
way to reduce the levelized cost of electricity (LCOE), provided 
this efficiency gain comes at affordable manufacturing costs.[6] 
Increasing the solar module efficiency is even more important 
for residential rooftops, facades, or other applications where 

This review focuses on monolithic 2-terminal perovskite-silicon tandem solar 
cells and discusses key scientific and technological challenges to address in 
view of an industrial implementation of this technology. The authors start 
by examining the different crystalline silicon (c-Si) technologies suitable for 
pairing with perovskites, followed by reviewing recent developments in the 
field of monolithic 2-terminal perovskite-silicon tandems. Factors limiting 
the power conversion efficiency of these tandem devices are then evaluated, 
before discussing pathways to achieve an efficiency of >32%, a value that 
small-scale devices will likely need to achieve to make tandems competitive. 
Aspects related to the upscaling of these device active areas to industry-
relevant ones are reviewed, followed by a short discussion on module 
integration aspects. The review then focuses on stability issues, likely the 
most challenging task that will eventually determine the economic viability of 
this technology. The final part of this review discusses alternative monolithic 
perovskite-silicon tandem designs. Finally, key areas of research that should 
be addressed to bring this technology from the lab to the fab are highlighted.

1. Introduction

Photovoltaics (PV), which directly converts solar energy into 
electricity, offers a clean and sustainable solution to meet 
ever-increasing global energy demands. Today, solar electricity 
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space is limited or where the balance of systems costs per watt 
are higher,[7] opening up promising markets for novel high-end 
PV technologies.

Crystalline silicon (c-Si) PV technologies have been domi-
nating the PV market for decades now (current market share of 
≈95%) owing to their high module efficiencies, abundance, and 
non-toxicity of the constituent elements, as well as, long-term 
reliability.[8,9] In recent years, the power conversion efficiency 

of industrial c-Si solar cells has continued to increase thanks 
to the advent of device designs based on the passivated emitter 
and rear cells (PERC).[10–12] PERC makes now for the major part 
of the c-Si market, substituting to cells based on the aluminum 
back-surface field (Al-BSF) technology, as illustrated in Figure 1a.  
The cell efficiency can be increased further by using high-
temperature passivating contacts[13–16] (e.g., tunnel oxide pas-
sivated contact, TOPCon, or polysilicon on oxide, POLO) or a 
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Figure 1. Monolithic perovskite-silicon tandem solar cells. a) ITRPV market share predictions of the different c-Si-based PV technologies (April 2021) 
alongside schematic drawings of the different cell architectures.[4] b) Efficiency evolution of monolithic perovskite-silicon tandem solar cells. Yellow: 
Al back surface field (Al-BSF); blue: passivated emitter and rear contact (PERC); green: passivating contact technology using doped polysilicon; red: 
silicon heterojunction (SHJ); open symbols: in-house measurements; solid symbols: independently certified values.
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silicon heterojunction cell (SHJ) design.[17] Additional efficiency 
gains have been achieved by placing all the contacts at the rear 
of these cells in an interdigitated back contacted (IBC) design 
to avoid shadow losses.[18] In March 2017, Kaneka Corporation 
reported a certified record efficiency of 26.7% for a single-junc-
tion SHJ solar cell in the IBC configuration.[19] However, effi-
ciency gains by optimizing the c-Si cell design will not continue 
for much longer, at least at the R&D level, as the practical effi-
ciency limit of the technology stands just above 27% taken into 
account extrinsic recombination loss, optical loss, and resistive 
loss.[19] c-Si solar cells are limited by Auger recombination to 
a theoretical efficiency limit of 29.56%,[20,21] which sets a clear 
stop for the efficiency learning curve of c-Si PV.

Designing cells that achieve an efficiency beyond 30% will 
require a change to the line of action. The most promising 
approach to overcome this efficiency barrier under one sun con-
ditions involves stacking a wider bandgap absorber on top of 
c-Si to make a tandem solar cell (Figure 1a). The wide bandgap 
top cell will absorb the high-energy photons with reduced ther-
malization losses, with the narrow bandgap c-Si bottom cell 
absorbing the low-energy photons of the solar spectrum.[22] The 
tandem solar cells can be constructed in either 2-terminal con-
figuration, where wide-bandgap subcell is monolithically grown 
on top of narrow bandgap Si subcell, and 4-terminal configura-
tion, where the two subcells are fabricated independently and 
mechanically stacked together. Although 4-terminal tandems 
are easy to prototype, they suffer from severe parasitic optical 
losses due to the use of 3 layers of transparent conducting oxide 
(TCO) and higher costs due to the use of two independent cir-
cuits. While 2-terminal tandems consist of two series-connected 
subcells, therefore one circuit and fewer TCO layers are needed, 
and the open-circuit voltage (VOC) of the tandems will be the 
sum of VOC of each subcell and the short circuit current of the 
tandems will be limited by the lowest value of the subcell (so-
called “current matching”). More detailed comparisons of 4-ter-
minal and 2-terminal tandems could be found elsewhere.[23] 
The theoretical efficiency limit for a Si-based tandem cell is 
≈45%, a value much higher than the c-Si single-junction limit 
detailed above.[24] At the experimental level, stacking a GaAs top 
cell on c-Si to form a 4-terminal tandem has resulted in efficien-
cies of 32.8%, whereas triple junctions featuring two III–V cells 
on Si reached 35.9% and 33.3% in a 4-terminal and 2-terminal 
configuration, respectively.[25,26] However, the scarcity and the 
high cost of the III-V top cell materials make such cell designs 
unlikely to target large volumes.[27,28] Still, these values provide 
an estimate of the efficiencies that alternative multi-junction 
designs featuring cheaper constituents should achieve.

With a broadly tunable bandgap[29] and high initial efficiency 
at the single-junction level (currently 25.5% for a cell area of 
0.095 cm2),[30] metal halide perovskites are ideal alternatives to 
III–V materials for a tandem integration with c-Si. Adopting 
perovskite crystal structure with a general chemical formula of 
ABX3, metal halide perovskites typically contain widely avail-
able cations and anions: methylammonium (CH3NH3, MA), 
formamidinium (CH(NH2)2, FA), and/or cesium (Cs) on the A 
site, Pb and/or Sn on the B site, and Cl, Br, and/or I on the 
X site.[23] Thanks to advantageous defect tolerance,[31,32] high-
quality perovskite absorbers can be grown at low temperatures 
(usually <150 °C), enabling their deposition on high-efficiency 

c-Si cells to form monolithic 2-terminal tandems. This means 
that c-Si process lines could be refurbished to include the 
extra process steps to deposit the perovskite top cells, naturally 
extending the c-Si learning curve. It is worth noting that pro-
cess incompatibilities complicate a similar extension of c-Si 
with a III–V top cell: III–V-on-c-Si tandems are often limited to 
4-terminal designs[25] or require wafer bonding[26] as sub-cells 
must be processed independently to achieve high performance. 
Though 4-terminal designs have certain advantages (inde-
pendent sub-cell processing widening the choice of materials 
and processes, absence of sub-cell current mismatch losses), 
they also involve additional system costs (wires, inverters) and 
require two extra transparent electrodes that may compromise 
optical performance. Based on these considerations, monolithic 
2-terminal tandems are regarded as more promising from an 
industrial perspective and will hence be the focus of this review.

Since they were first reported in 2015, 2-terminal monolithic 
perovskite-silicon tandem solar cells have quickly progressed, as 
shown in Figure 1b and Table S1, Supporting Information.[33–41] 
For more details about the material chemistry of perovskite in 
tandems, we refer the reader to the extensive review by Eperon 
et al.[36] and Anaya et al.[34] For the detailed guidelines for future 
developments and commercialization of tandem, we refer the 
reader to the review by Werner et al.[35] Regarding the poten-
tial of perovskite tandem solar cells, we refer the reader to the 
review by Leijtens et al.[33] Hossain et al.[39] derived guideline 
for the optimization of perovskite solar cells and discussed 
the influence of photon management. Later in 2020, Shen  
et al.[37] suggest the path toward >30% efficiency by combining 
optical modeling and electrical modeling on the cells. Jost  
et al.[38] summarized the advanced structural, electrical, optical, 
radiative, and electronic characterization methods and simula-
tions on tandems. Very recently, Chen et al. reviewed the effi-
ciency evaluation of perovskite/silicon tandems, point out the 
solutions for improving the efficiency and reducing the costs. 
Notably, in June 2018, Oxford PV announced a certified effi-
ciency of 27.3% (≈1 cm2) for a perovskite-silicon tandem device, 
surpassing for the first time the c-Si efficiency record.[42] Certi-
fied efficiencies are now as high as 29.2% (HZB)[43] and 29.5% 
(Oxford PV).[44] During the revision of the manuscript, the 
efficiency of perovskite-silicon monolithic tandem was further 
raised to 29.8% (HZB).[44] The milestone of 30% is now well in 
sight and perovskite-silicon tandems are starting to fulfill their 
efficiency potential.

Despite their promises, there are still many pressing chal-
lenges to overcome before perovskite-silicon tandems can 
become commercial products. To ease the perovskite integra-
tion into c-Si process lines, the perovskite top cell most likely 
be made as compatible as possible with existing c-Si bottom 
cell technologies. Ideally, the perovskite should be deposited 
directly on the micron-sized pyramidal texture of c-Si cells, a 
texture that reduces reflection losses and promotes light-trap-
ping. However, depositing a high-quality perovskite absorber on 
standard c-Si pyramids has proven challenging as these features 
are typically one order of magnitude larger than the perovskite 
thickness. In fact, most of the reported monolithic perovskite-
silicon tandems circumvent this issue by employing wafers 
that are mechanically or chemically polished on their front side 
to enable standard solution processing of the perovskite.[45,46] 
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While enabling high performance, this design concession leads 
to optical losses unless additional elements are introduced in 
the cell (e.g., an antireflective foil). Another issue is that the 
aforementioned record devices and the vast majority of the per-
ovskite-silicon tandems reported to date have lab-scale dimen-
sions (≈1 cm2), and most devices are produced by spin coating 
the perovskite absorber, a method that is unlikely to yield layers 
of the required quality on 6-inch c-Si wafers with the required 
throughput. Therefore, industrial manufacturing methods that 
can yield high-efficiency top cells on 6-inch c-Si wafers must be 
developed. In addition, module assembly techniques will also 
need to be adapted to ensure that not only cells but also mod-
ules achieve efficiency targets. And maybe most importantly, as 
long-term stability will finally dictate the economic viability of 
perovskite-silicon tandem cells,[47] perovskite-silicon tandems 
will likely need to reach operational stability comparable to that 
of c-Si single-junction cells (>25 years). This review discusses 
these challenges as well as the most promising strategies to 
produce perovskite-silicon monolithic tandem solar cells and 
modules with combined high efficiency and long-term stability.

2. Monolithic Perovskite-Silicon Tandems: 
Complementary and Compatible Building Blocks
This part discusses how the different building blocks of 2-ter-
minal perovskite-silicon tandems, namely the c-Si bottom cell, 
the recombination junction, and the perovskite top cell, have 
been combined to achieve maximum performance and compat-
ibility with existing c-Si process flows.

2.1. Silicon Cells for Tandems

According to the ITRPV’s market share predictions 
(Figure  1a),[4] a certain number of c-Si cell technologies could 
suitably partner perovskites in c-Si-based tandems. The now 
outdated Al-BSF technology is an unlikely candidate given that 
it is currently being phased out and replaced by PERCs. The 
latter c-Si technology is estimated to rise to a market share of 
>70% in 2030 (N.B. the ITRPV has included TOPCon, POLO, 
or high temperature passivating contacted cells within the 
PERC family). Another excellent candidate is the SHJ tech-
nology, which is estimated to take a market share of about 15% 
in 2030. All three technologies (PERC, TOPCon, and SHJ) are 
suitable candidates for monolithic perovskite-silicon tandem 
solar cells,[48] as discussed below. Furthermore, IBCs, which 
are predicted to take a market share of ≈5% in 2030, could also 
be used in a 3-terminal design, as discussed at the end of this 
review.

PERC’s main advantages for tandems are their market domi-
nance and higher temperature tolerance, making them com-
patible with perovskite deposition processes requiring high 
temperatures, for example, to sinter a TiO2 or SnO2 electron 
transport layer (ETL).[49,50] However, some adaptations to the 
PERC design are needed to accommodate a perovskite top cell. 
Indeed, PERCs consist of a dielectric layer on their front sur-
face (typically SiNx, sometimes combined with AlOx). While 
providing excellent surface passivation as well as antireflection 

properties, its insulating nature complicates the sub-cell inter-
connection in a monolithic tandem configuration. One option 
is to replace this dielectric layer stack with a transparent con-
ductive oxide (TCO) but this has been shown to lead to sub-
stantial losses in open-circuit voltage (VOC) in tandems.[51,52] 
To mitigate surface recombination and improve VOC, one pos-
sibility is to create local openings in the SiNx(/AlOx) stack, for 
example, using photolithography, followed by the deposition of 
a conductive pathway, an approach that enabled the demonstra-
tion of 22.5%-efficient tandems.[50] A simpler approach involves 
contacting the p+ emitter of an n-type cell directly with the 
TiOx ETL of the perovskite top cell, yielding tandems reaching 
an efficiency of 24.1%.[53] For n+ emitters, an alternative relies 
on the replacement of the standard diffused junction and the 
dielectric SiNx with a high temperature passivating SiOx/n+ 
polysilicon contact.[54] The stack can be capped with a p+ poly-
Si layer to form a tunnel junction to connect the two sub-cells. 
High-temperature passivating contacts may also be used on 
both sides of the c-Si wafer, yielding 25.1%-efficient monolithic 
tandems when employing a p-type c-Si wafer.[55]

SHJs are gaining increasing attention due to their high 
efficiency and simpler fabrication process.[56,57] As illustrated 
in Figure 2a, SHJ solar cells consist of a c-Si wafer (typically 
n-type) that is passivated by intrinsic and doped hydrogenated 
amorphous silicon (a-Si:H) layers. The doped a-Si:H layers 
are then capped by a TCO on both sides, before finishing 
the device with an Ag metal grid on the front side and an Ag 
reflector on the rear side. Compared to PERCs and cell designs 
based on high-temperature passivating contacts, SHJs exhibit 
a higher open-circuit voltage (up to 750 mV),[58] excellent near-
infrared response,[59] a lower temperature coefficient,[56] but 
also lower photocurrent due to parasitic absorption of blue 
light in the front a-Si:H/TCO stack.[60] In a tandem device, the 
latter losses can be mitigated as blue light is absorbed in the 
front perovskite sub-cell. Additionally, the top TCO layer can be 
adapted to form the recombination junction as discussed below. 
Finally, SHJs can be produced in various configurations, with 
either the electron or the hole selective contact being depos-
ited at the front of the cell. Overall, these advantages and this 
flexibility have made SHJs the most widely employed bottom 
cell technology in tandems with perovskites. All reported tan-
dems exhibiting an efficiency >25% employ an (n-type) SHJ 
bottom cell,[61–70] with the notable exception of ref. [55], which 
details a tandem based on a p-type wafer sandwiched with high-
temperature passivating contacts. Still, one drawback of SHJs 
is their inability to withstand processing temperatures >250 °C. 
Hydrogen effuses out of a-Si:H layers in these conditions and 
passivation is lost, hence requiring the development of low-
temperature perovskite deposition processes.

2.2. Sub-cell Interconnection

As in monolithic tandem devices, both top cells and bottom 
cells have the same architecture, for example, both p-i-n struc-
ture, if the two cells are simply stacked, a p-i-n-p-i-n structure 
will form, a counter n-p junction in between will form an 
energy barrier to carrier transporting.[71,72] Thus a barrier-free 
connection between the top and bottom sub-cells, in this case 

Adv. Mater. 2022, 34, 2106540
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between the perovskite and c-Si, is required. Two main types of 
barrier-free interconnection layers have been employed, namely 
(1) tunnel junctions and (2) recombination layers. Tunnel junc-
tions have been developed for III-V and silicon multi-junction 
solar cells.[73,74] They are composed of a pair of highly doped p+ 
and n+ semiconducting layers, for example, a nanocrystalline 
hydrogenated silicon tunnel junction (nc-Si:H(n+)/ nc-Si:H(p+)) 
was adopted by Sahli et al.,[75] which form a very narrow deple-
tion region at the contact area and thus enable interband tun-
neling (and recombination) of charge carriers at their interface. 
On the other hand, recombination layers are typically composed 
of an electron-conducting TCO[43,66,68] that makes an ohmic 
contact with the adjacent hole and electron-selective layers, with 
photogenerated carriers recombining at the TCO/hole-selective 
layer interface.

2.3. Adapting the Perovskite Top Cell to the c-Si Cell

The first monolithic perovskite-silicon tandem cell was reported 
by Mailoa et al.[76] in March 2015. It consisted of a high temper-
ature-processed (~500 °C) mesoscopic perovskite top cell and 
a front side-polished Si homojunction bottom cell connected 

by a Si-based tunnel junction. A stabilized efficiency of 13.7% 
was achieved with a 1 cm2 tandem cell. The VOC reached 1.65 V, 
while the JSC was limited to 11.5 mA/cm2. Later, in October 2015, 
Albrecht et al.[77] developed a low temperature-processed (< 200 °C)  
planar perovskite top cell, enabling the use of a SHJ bottom 
cell to exploit its high VOC and excellent infrared response. 
Using ITO as a recombination layer, an 18%-efficient mono-
lithic tandem cell with a VOC of 1.78 V and JSC of 14 mA cm-2  
was produced. Soon after, Werner et al.[78] employed a similar 
planar perovskite-SHJ tandem device structure and further 
raised the tandem efficiency to 21.2%. The efficiency gain 
resulted from an improved JSC of 15.9 mA cm-2 thanks to the 
use of an anti-reflection foil on the front of the device and a 
pyramidal texture on the rear side of the wafer. All these mono-
lithic tandems featured an n-i-p perovskite top cell, where inci-
dent light first passed through the hole transport layer (HTL) 
before reaching the perovskite absorber. One issue was the par-
asitic absorption of the high-energy photons in the thick Spiro-
OMeTAD HTL, which strongly limited the JSC and hence device 
performance.[79]

Due to a lack of transparent HTL alternatives that could be 
deposited on top of the perovskite, these optical losses stimu-
lated the development of semi-transparent perovskite solar cells  

Adv. Mater. 2022, 34, 2106540

Figure 2. Monolithic perovskite-SHJ tandems. a) Schematic illustration of a SHJ cell in rear emitter configuration. b) Device structure and cross-section 
scanning electron microscopy (SEM) images of a tandem cell featuring a front side-polished c) and rear side-textured c-Si wafer d) with and e) without 
silicon nanoparticles. f) The device structure of a fully textured monolithic perovskite-SHJ tandem cell. SEM images of the perovskite cell deposited on 
textured c-Si, g) top-view, h) tilted-view, and i) cross-section. j) The device structure of a solution-processed perovskite on a textured c-Si wafer. SEM  
k) top-view and l) cross-section images of solution-processed perovskite covering the texture of c-Si (average pyramid size of 2 µm). a,b,e,i–k) Repro-
duced with permission.[66] Copyright 2020, The American Association for the Advancement of Science. c,d) Reproduced with permission.[80] Copyright 
2017, Springer Nature. f–h) Reproduced with permission.[75] Copyright 2018, Springer Nature.
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deposited in the p-i-n configuration as these could feature a 
thinner ETL at the front to reduce parasitic absorption.[81,82] In 
2017, Bush et al.[80] produced p-i-n cells by employing an atomic 
layer deposited (ALD) stack of SnO2/zinc tin oxide on top of 
the ETL C60 to protect the perovskite from TCO sputtering 
damage. Combined with a SHJ bottom cell, they demonstrated 
a 23.6%-efficient monolithic perovskite-SHJ tandem cell with 
an active area of 1 cm2 (NREL certified).[80] Importantly, the JSC 
of the tandem cell was significantly improved to 18.7 mA cm-2 
(without the use of an anti-reflection foil) thanks to the lower 
parasitic absorption in the top contact compared to n-i-p 
devices. This milestone triggered the widespread development 
of p-i-n perovskite top cells.[55,61,63–68,75,83–85]

The first set of tandem devices featured a front side-polished 
c-Si wafer to enable solution processing of the perovskite top 
cell and a textured rear side for enhanced light trapping of 
low-energy photons, as shown in Figure  2b–e. However, the 
absence of texture on the front side led to reflection losses and 
also affected light trapping (in addition to requiring an adapta-
tion of the c-Si cell design). Sahli et al.[75] were the first to suc-
cessfully report a functional perovskite top cell on a SHJ cell 
textured on both sides. This feat was achieved by replacing the 
conventional solution-based perovskite deposition with a hybrid 
thermal evaporation/spin-coating process (Figure 2f–i). A tem-
plate layer was first conformally deposited on the ≈5 µm-high 
pyramidal features by co-evaporating PbI2 and CsBr, followed 
by spin-coating a solution of FAI and FABr and subsequent 
annealing to form the perovskite layer. Using a nanocrystal-
line silicon tunnel junction, they demonstrated the first fully 
textured monolithic perovskite-SHJ tandem cell with a certi-
fied efficiency of 25.2% (1.42 cm2 (designated area), certified by 
Fraunhofer ISE) and a high JSC of 19.5 mA cm-2. The reflection 
loss in the double-side textured tandem design was 1.64  mA 
cm-2, the lowest value reported to date. Ross et al.[86] first used 
the co-evaporation method to fabricate perovskite/textured sil-
icon tandem solar cells, where all the layers were made with 
scalable vacuum processes except a SAM layer as HTL.

Recently, alternative approaches to deposit perovskite 
absorbers on top of c-Si pyramids via solution processing have 
been demonstrated independently by Chen et al.[65] and Hou 
et al.[66] The main idea is to reduce the size of the c-Si texture 
and use micrometer-thick perovskite layers, deposited either 
by blade coating or spin coating, to completely cover the pyra-
mids, as illustrated in Figure  2j–l. While optically not as per-
formant as conformally coated textured designs, this approach 
still lowers reflection losses at the perovskite/c-Si interface 
compared to flat designs and improves the trapping of infrared 
light. The perovskite thickness at c-Si pyramid valleys is usu-
ally over a micrometer, hence requiring a high-quality absorber 
to ensure a sufficient charge carrier diffusion length to avoid 
collection losses. Hou et al.[66] introduced a self-limiting pas-
sivation agent on the perovskite top surface to improve mate-
rial quality and unveiled a broadening of the depletion width 
at the pyramid base. Their cells achieved a certified efficiency 
of 25.7%. Similarly, Chen et al.[65] produced a tandem cell with 
a lab efficiency of 26% by blade-coating a perovskite layer on a 
textured SHJ. Also, Aydin et al.[87] fabricated 25% perovskite/
textured silicon tandem solar cells by the spin-coating method, 
and they suggest that the optimal perovskite bandgap energy 

at standard test conditions is <1.68 eV for field performance at 
operational temperatures greater than 55 °C due to the opposite 
trend of the temperature dependence of both the silicon and 
perovskite bandgaps. Isikgor et al.[88] reported 27.4% perovskite/
textured silicon tandem solar cells by the spin-coating method 
and a concurrent cationic and anionic perovskite defect passiva-
tion strategy.

Overall, these breakthroughs demonstrate that c-Si cells, 
especially SHJs, do not require any major modification to 
their design, not even to their front side texture, to accom-
modate a high-efficiency perovskite top cell. This direct com-
patibility between the technologies is an important aspect in 
view of the possible industrialization of tandems. However, it 
is worth noting that cell designs that feature a polished front 
side, despite being prone to additional optical losses, currently 
achieve higher performance at this stage thanks to higher VOC 
and FF.[44,67] These optical losses in flat (or flattened) designs 
can be mitigated to some extend using a recombination junc-
tion stack with a finely tuned refractive index to manage 
infrared light[64] and a light management foil on the front side of 
the tandem.[62,63,89] However, these mitigation strategies come 
at the expense of device simplicity and direct compatibility with 
c-Si: industrial monocrystalline c-Si cells all feature a texture on 
their front side. Furthermore, these mitigation strategies do not 
bring the photocurrent of flat devices to the level of conformally 
coated textured ones. The next steps to fully materialize the effi-
ciency potential of monolithic 2-terminal perovskite-silicon tan-
dems will likely involve combining the high FF and VOC of flat 
devices with the high JSC of textured ones, as discussed below.

3. Toward >32%-Efficient Monolithic Tandems?

Perovskite-Si tandems are likely to lower LCOE compared to 
single-junction solar cells efficiently due to the higher effi-
ciency potential. From the calculation by Messmer et  al., 
>30%-efficient perovskite-Si tandems promise 11% lower of 
LCOE compared to the conventional PERC single-junction Si 
solar cells.[48] Meanwhile, the state-of-art GaAs-Si tandems have 
reached a certified efficiency of 32.8%,[90] which sets a prac-
tical target for perovskite-Si to catch up with. In this section, 
we review the literature and discuss some avenues that may 
achieve >32%-efficient monolithic perovskite-c-Si tandem solar 
cells.

3.1. Optical Design

Figure 3a compares the external quantum efficiency (EQE) 
spectra of several representative certified monolithic perovs-
kite-SHJ tandems: the front side polished tandem of Xu et al. 
(reaching 25.8% with an anti-reflection foil),[67] the front side 
polished tandem of Al-Ashouri et al. (reaching 29.15% with an 
LiF anti-reflection coating),[44] the textured bottom cell coated 
by a solution-processed perovskite layer of Hou et al. (reaching 
25.7% without any antireflective foil),[67] the conformally coated 
textured cell reported by Sahli et al. (25.2%),[75] and 29.5% 
cells of Oxford PV,[91] and a two-sides contacted SHJ solar cell 
from Kaneka for reference (25.1%).[17] The cumulative current 
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density integrated from EQE achieved by Sahli et al. reaches  
40.4  mA cm-2 (excluding shadow losses induced by the front 
metal grid), a value approaching the JSC of the cell of Kaneka 
(40.8 mA cm-2, including shadow losses by the metal grid). As 
shown in Figure 3a, other tandem cell designs (flat with tuned 
recombination junction and/or textured antireflective foil on the 
front, textured with a non-conformal top cell, with or without an 
antireflective foil) all exhibit a lower EQE.

The higher EQE of conformally coated textured designs 
stems in part from lower reflection losses at the front side 
thanks to the enhanced probability of capturing light reflected at 
the sides of pyramid (transforming, e.g., a 10% reflection into a 
1% one after a second bounce). It is worth noting that lowering 
the pyramid height from the standard ≈5 µm to about 1–2 µm 
to make this texture compatible with solution processing does 
not significantly increase reflectance at the wafer front surface 

Adv. Mater. 2022, 34, 2106540

Figure 3. Optical and electrical performance of monolithic perovskite-silicon tandem solar cells. a) External quantum efficiency (EQE) of several rep-
resentatives certified monolithic perovskite-silicon tandem devices. b) Measured weighted reflectance as a function of the pyramid size of c-Si (here 
the size of the pyramid base). SEM images of different textures are shown as insets (scale bar of 2 µm). c) FF as a function of VOC for monolithic 
perovskite-silicon tandems reported so far. Yellow: Al back surface field (Al-BSF); blue: PERC; green: passivating contact; red: SHJ; open symbols: in-
house measurements; solid symbols: independently certified values. b) Reproduced with permission.[66] Copyright 2020, The American Association for 
the Advancement of Science.
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(Figure  3b). However, the flat surface of a solution-processed 
perovskite top cell deposited on textured c-Si will lead to some 
reflection losses as double bounce effects are absent at the 
front side. In any case, designs employing c-Si wafers textured 
on both sides, conformally coated or not, improve light trap-
ping of infrared light compared to front side-polished tandems 
(Figure 3a).

Reflection at the interconnection junction should also be 
taken into account in the tandem design. The most widely 
employed recombination junctions are based on TCOs.[61–63,77–79]  
Due to a refractive index mismatch with c-Si, the TCO causes 
enhanced reflection at the sub-cell interface of light that should 
be absorbed in the c-Si. Replacing the TCO with nanocrystalline 
hydrogenated silicon (nc-Si: H) tunnel-junction reduces these 
reflection losses (as nc-Si: H has a refractive nearly identical 
to that of c-Si) and also parasitic absorption losses (as TCOs 
exhibit free carrier absorption at long wavelengths). Overall, 
1  mA cm-2 is gained in the bottom cell by replacing the con-
ventional TCO with an nc-Si:H recombination junction.[91,92] In 
addition to improving optical properties, this nc-Si: H tunnel-
junction exhibits a lower conductance compared TCOs, which 
mitigates the impact of shunts that may be present in the top 
cell. An alternative option demonstrated by Mazzarella et al.[64] 
is to use a SiOx multi-layer stack with finely tuned refractive 
indices to enhance light coupling into the c-Si cell.

Overall, when employing a conformally coated textured 
design, the margin for decreasing reflection losses and pro-
mote light trapping further is small compared to best-in-class 
SHJ cells. Further optical gains are more likely to result from 
lowering parasitic absorption, which primarily emerges from 
the front side charge carrier-selective layer, the buffer layer, 
and TCO. A careful choice of materials and thickness of the 
front contact and electrode stack will be essential to mitigate 
losses.[67] Noticeably, the 29.5% tandem cell of Oxford PV 
exhibits a low parasitic absorption of blue light compared to 
other cell designs. Regarding reported cell stacks, the C60 layer 
used as the electron contact at the front of p-i-n tandems is a 
noticeable source of parasitic absorption losses. There is how-
ever no alternative to this material in terms of performance at 
this stage of research. Parasitic absorption in the TCO can be 
mitigated by replacing ITO or indium zinc oxide layers con-
ventionally used nowadays with higher mobility wider bandgap 
materials such as hydrogenated indium oxide or indium zir-
conium oxide.[93,95] Finally, screen-printing the Ag front grid 
instead of thermally evaporating it through a shadow mask 
(as done in most devices) will yield metal lines with a more 
favorable aspect ratio, hence lowering shadow losses.[83] Using 
SHJ single-junctions as a reference, by combining a c-Si wafer 
textured on both sides, a carefully optimized perovskite, and 
front electrode stack should enable tandems to achieve a JSC 
of up to ≈20.5 mA cm-2 (including the shadow losses induced 
by the metal grid),[39,96,97] a value about 1 mA cm-2 higher than 
today’s state-of-the-art.

3.2. VOC and Fill Factor

Compared to the current density, there is currently more room 
to improve the VOC and FF of tandem solar cells, especially 

for textured tandems, to surpass the 30% milestone. Figure  3c 
plots the FF versus VOC of perovskite-silicon tandem solar 
cells reported so far. The FF of tandem devices employing a 
homojunction c-Si bottom cell is generally higher than when 
employing a SHJ bottom cell, while the opposite holds for VOC. 
The VOC of a tandem cell is the sum of each sub-cell VOC at 
their corresponding illumination intensity and high VOC bottom 
cells should be favored performance-wise (SHJs or cells based 
on high-temperature passivating contacts, which reach a VOC 
of >720  mV under 1 sun conditions[98]). On the other hand, 
the correlation between the FF of the tandem cell and that of 
each sub-cell is not straightforward.[99] The loss of JSC in a cur-
rent mismatched tandem might lead to an improvement of FF 
of tandem cells. Based on the electrical simulations, Kohnen 
et al.[100] found that there is a dependency of the FF on the dif-
ferent current mismatching conditions and emphasized the need 
of applying power matching instead of the tranditional current  
matching.

As shown in Figure 3c, most of the perovskite-SHJ tandems 
have a VOC below 1.85 V, with SHJs typically providing around 
700 mV of VOC (when high energy photons were absorbed by 
perovskite top cell and the light intensity for bottom silicon sub-
cell was reduced roughly by half). The VOC drops to 1.82 V or 
less for tandems that feature a c-Si wafer textured on both sides 
(1.79 V for conformally coated c-Si cells), highlighting the addi-
tional difficulty of covering the c-Si texture with a high-quality 
top cell. In that regard, the interconnection junction contacting 
the top and bottom cells may limit the impact of a lower quality 
top cell. The nc-Si:H recombination junction reported by Sahli 
et  al.[75] exhibits a lower conductivity compared to TCOs, a 
lower conductivity that mitigates the impact of shunts that may 
be present in the top cell. This shunt quenching behavior is 
also beneficial when upscaling the device area (as a larger top 
cell is more likely to include local defects), as discussed below.

It is worth mentioning that most tandems reported at the 
early stage feature a top cell absorber with a bandgap (Eg) of 
1.55 to 1.63  eV, materials primarily developed as perovskite 
single-junction solar cells. Indeed, mitigating voltage losses 
of perovskite materials featuring bandgaps theoretically more 
suitable for tandem applications (≈1.7 eV) remains a grand chal-
lenging task. For optimal performance with the 1.12  eV c-Si 
bottom cell, the bandgap of the perovskite top cell should be 
in the range from 1.65 to 1.73  eV when the operational tem-
perature varies from 100 to 20 °C.[87] For <200 µm commercial 
Czochralski (CZ) silicon, the bandgap of the perovskite top 
cell should be widened to >1.7  eV,[85] which can be achieved 
by alloying iodide with bromide on the X site.[101,102] However, 
these wide-bandgap perovskites usually suffer from photoin-
duced halide phase segregation,[103] high trap density,[104] and 
likely ill-adapted charge selective contacts/interfaces,[104] leading 
to higher bandgap-to-VOC losses (WOC  = Eg/q  - VOC, where q 
is the elementary charge) compared to lower bandgap mate-
rials.[105,106] The most promising strategies to mitigate these 
issues and boost properties further involve passivating bulk 
and interfacial defects.[107–109] The different approaches to do 
so include, amongst others, the addition of a small fraction of 
other elements to state-of-the-art CsFAMAPb(I, Br)3 perovskite 
compositions to improve their photostability and material 
quality. In that regard, Xu et al.[67] found that incorporating Cl 
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stabilized 1.67 eV perovskites under illumination and improved 
photocarrier lifetime and carrier mobility by a factor of 2. By 
integrating such a triple-halide (Cl, Br, I) wide-bandgap perov-
skite with a SHJ bottom cell, a tandem efficiency of 27% was 
achieved thanks to a high VOC of 1.89 V (WOC of the top cell of 
0.45 V).

Alternative options to lower the WOC of the top cell include 
the use of donor-acceptor molecules as (part of) the charge car-
rier-selective contacts to passivate the absorber surfaces. Such 
an approach enabled reaching a Woc of 0.45  V for a bandgap 
of 1.63  eV using a self-assembled monolayer (SAM) based on 
the carbazole moiety as the HTL,[110] or a WOC of 0.43 V for a 
bandgap of 1.61 eV when using a fluorinated SAM on the ETL 
side.[111] Alternatively, the deposition of a high bandgap Rud-
dlesden-Popper perovskite on the perovskite surface leads to a 
WOC as low as 0.41 V for a bandgap of 1.72 eV.[112,113] Partial sub-
stitution of A-site cations of CsxFA1-xPbIyBr1-y perovskites with 
the large dimethylammonium cation is an alternative strategy 
to slightly increase bandgap without introducing further phase 
segregation.[114,115] It has also been shown that perovskite lat-
tice strain is directly linked to greater defect concentrations 
and non-radiative recombination, an effect that should be mini-
mized by a suitable choice of processing parameters.[116,117]

We believe that double side texture design (include both 
industrial standard large pyramids and small pyramids) is the 
ultimate architecture to exploit the full efficiency potential of 
perovskite-silicon tandem solar cells. Currently, the main limita-
tion in textured perovskite-silicon tandem solar cells is the low 
VOC as compared to perovskite-silicon tandems grown on front 
polished wafers. This suggests significant non-radiative recom-
bination loss in perovskite grown on the textured substrate. 
Another observation is that reducing the pyramid size generally 
yields better VOC. This difference is most probably due to the 
difficulty of conformally coating the transport layer at the peak 
and valley of the pyramids. To further improve the quality of 
perovskite grown on a textured silicon substrate, future research 
should focus on 1) optimizing the optimal pyramid sizes, 2) 
developing a conformal coating of charge transport layers, 3) 
developing a conformal coating of surface passivation strategies.

Based on their optoelectronic properties, notably their 
sharp absorption edge,[118,119] perovskite solar cells should also 
achieve a WOC < 0.4 V.[120,121] As a reference, best-in-class GaAs 
solar cells reach a WOC of 0.29 V (for a bandgap of 1.42 V).[122] 
Assuming a realistic top cell VOC of >1.26  V for a perovskite 
bandgap of 1.65–1.7  eV, the VOC of tandem cells could be 
increased to >1.98 V provided that the SHJ bottom cell contrib-
utes 720 mV. It worth mention that VOC of 1.94 V has already 
been demonstrated recently in a 29.2% monolithic perovs-
kite-silicon tandem solar cell.[43] With a FF of 80%, a JSC of  
20.5  mA cm-2, and a VOC of 1.98  V, perovskite-SHJ tan-
dems could realistically reach an efficiency of 32.5%, a value 
approaching that of record III–V on c-Si tandems.

4. Manufacturing of Large Area Tandem Cells  
and Modules
A critical factor that has enabled the rapid development of 
perovskite solar cells is their simple processability. Today, 

most perovskites are processed using the anti-solvent dripping 
spin coating method.[45,46] However, spin-coating is not ideal 
for high-throughput industrial manufacturing on 6-inch c-Si 
wafers, the standard wafer size used now by the c-Si industry. 
This chapter reviews alternative deposition protocols that are 
compatible with large-scale manufacturing.
Figure 4 compares efficiencies and cell sizes of monolithic 

perovskite-silicon tandem solar cells published in peer-reviewed 
journals and announced in press releases or at conferences 
until July 2021. A selection of perovskite, two-sides contacted 
SHJ, and IBC-SHJ single-junction solar cells are also included 
for comparison. Unlike c-Si cells, the efficiency of perovskite 
solar cells drops significantly when the cells’ area are increased 
at this stage of research.[123,124] Small area (≈0.1 cm2) perovskite 
solar cells prepared by spin-coating reach a certified efficiency 
of 25.7%.[44] This efficiency drops down to 20.1% and 17.9% 
when scaling up to 63.98 and 802 cm2, respectively.[125]

With respect to perovskite-silicon tandems, Sahli et al.[92] reported 
in 2018 a 12.96 cm2 perovskite-SHJ tandem cell, which reached an 
efficiency of 18% and employed an absorber processed by thermal 
evaporation/spin coating. Later, Zheng et al.[126] reported a 21.8% 
efficient perovskite-silicon homojunction cell with a perovskite 
spin-coated over an active area of 16 cm2. In 2019, Kamino et al.[83] 
reported a stabilized efficiency of 22.6% (which was later increased 
to 24.4%) with a full 4-inch perovskite-SHJ tandem cell (active area 
of 57.4 cm2) thanks to the use of a low-temperature screen-printed 
Ag metallization.[82] In 2021, several work on large arear tandems, 
where the perovskite absorbers were deposited by industrial scal-
able methods, were communicated at conferences/workshops. 
For example, HZB reported a 21.7% textured perovskite-silicon 
monolithic tandem cell with 60 cm2 area where the perovskite is 
deposited by thermal co-evaporation (2021 tandemPV workshop). 
At 2021 MRS Fall Meeting, CSEM presented a 22.3%-efficient 
perovskite-silicon tandem (101.2cm2) using blade coated perovskite 
absorber. Notably, an important upscaling milestone was achieved 
when Oxford PV announced a prototype 60 cell perovskite-silicon 
tandem module (PEROVSKITE-SI®: 435 Watt maximum power 
output, 23.5% module efficiency, and 25 years performance war-
ranty) employing M6 size (a length of 166mm and a maximum 
diagonal length of 223mm) bottom cells at 2021 Industrialization of 
Perovskite Thin Film PV Technology workshop. While the tandem 
cell design, process flow, and efficiency were undisclosed, these 
results highlight the up-scalability of the technology to industry-rel-
evant cell sizes. Below, we discuss a selection of perovskite deposi-
tion processes that may be employed to produce perovskite-silicon 
tandem cells featuring a 6-inch c-Si wafer.

4.1. Scalable Deposition Methods

The most common scalable methods for perovskite deposi-
tion can be categorized into 1) vapor-based techniques such 
as, thermal evaporation (physical vapor deposition) and chem-
ical vapor deposition (CVD), and 2) solution-based routes, 
namely, blade-coating, slot-die coating, inkjet printing, spray-
coating, etc., as reviewed by Li et al.[123] In Figure 5a, we high-
light the cell efficiency as a function of the active area for a 
selection of perovskite single-junctions processed with these 
methods.
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4.1.1. Solution-Based Methods

Methods such as blade, inkjet, or slot die coating have recently 
emerged as a scalable high-throughput method for high-effi-
ciency perovskite solar cells and modules. Figure 5b illustrates 
the blade-coating of a perovskite film, where a blade swipes 
the perovskite ink over the substrate. Usually, a nitrogen flow 
on the perovskite layer is used to accelerate the drying process 
(this is often referred to as gas quenching which is a desirable 
method that does not consume antisolvents and is compatible 
with large-area deposition methods[129–132]). The thickness of 
the perovskite layer can be tuned through the concentration of 
the perovskite precursor, the distance between the blade and 
the substrate, and the blade-coating speed. Since Deng et al.[133] 
reported the first blade-coated PSC with an efficiency of 15% 
in 2015, various strategies have been developed to improve the 
film uniformity over large areas, as well as, the devices’ per-
formance, for example, the engineering of compositions,[134] 
surfactants,[135] dopants,[136] additives,[137] and solvents.[138] The 
efficiency of small area (0.07 cm2) blade-coated device has now 
reached 23.6% in a p-i-n configuration,[139] a value on par with 
record spin-coated p-i-n cells (24.3%, 0.096 cm2).[127] Regarding 
upscaling, a certified module efficiency of 19.2% with an aperture  

area of 50 cm2 and 18.2% with an aperture area of 30 cm2 was 
achieved.[138,140] Importantly, the perovskite film was blade-
coated at a speed of 99 mm s-1 at room temperature,[138] making 
the method attractive for high-throughput industrial manufac-
turing. In early 2020, this method was extended to tandems on 
c-Si. The HTL and the perovskite absorber were blade-coated 
directly on a SHJ cell featuring sub-micrometer pyramids on its 
front side, yielding a 26%-efficient tandem.[61]

Learnings from blade coating can be transferred to other 
scalable solution-based methods,[123,141,142] including slot-die-
coating,[143,144] spray-coating,[145] inkjet printing,[146] etc., which 
have already achieved promising results at the single-junction 
level. While not necessarily yielding conformal perovskite coat-
ings on c-Si pyramids, these deposition processes are still com-
patible with textured c-Si cells provided pyramidal features are 
downsized to about 1.5  µm or less.

4.1.2. Thermal Evaporation

Thermal evaporation is widely employed industrially to produce 
organic light-emitting diodes and thin-film solar cells (Cu(In, 
Ga)Se2, CdTe, organic solar cells) and hence appears as an 
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Figure 4. Up-scaling of monolithic perovskite-silicon tandem solar cells in comparison to single-junction technologies. Efficiencies of monolithic 
perovskite-silicon tandems, perovskite single-junction, and c-Si single-junction solar cells are plotted as a function of cell area. More details about 
the cells can be found in Table S1, Supporting Information. Diamond: perovskite single junction.[44,127,128] Upright and inverted triangle: certified 
double-side contact and interdigitated back contact (IBC) SHJ single junction.[17,19,91] Circle : perovskite/silicon tandem solar cell with different types 
of silicon bottom cell; yellow: Al back surface field (Al-BSF); blue: passivated emitter and rear contact (PERC); green: passivating contact technology 
using doped polysilicon; red: silicon heterojunction (SHJ); open symbols: in-house measurements; solid symbols: independently certified values.
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attractive method for perovskite deposition (Figure 5c). A com-
prehensive review of vapor phase deposited perovskite solar 
cells can be found elsewhere.[147–149] For tandems, the method 
yields conformal coatings on textured c-Si, enables precise con-
trol of layer thicknesses, involves low deposition temperatures, 
and is solvent-free. In addition to easing safety aspects, the 
absence of solvents widens the choice of charge carrier-selective 
layers deposited below the perovskite. The implementation of a 
thermally evaporated perovskite in a solar cell was first reported 
in 2013 by Liu et al.[150] They showed that uniform and compact 
MAPbI3-xClx films could be obtained by co-evaporating MACl 
and PbI2, enabling the demonstration of the first planar perov-
skite solar cells with an efficiency of 15.4%. Notable progress 
was made in 2016 by Momblona et al.[151] who demonstrated a 
fully evaporated planar perovskite solar cell with an efficiency 
above 20%. It is worth mentioning that the charge carrier-
selective layers, the MAPbI3 absorber, and the metal electrode 
were all sequentially evaporated, demonstrating, for the first 
time, an all vacuum-based process.[151] Importantly for tandems, 
they further showed that it is possible to tune the perovskite 
composition and hence its bandgap by co-evaporating from 

three[152] and even four[153] sources at the same time. Despite 
the demonstration of high efficiencies (>20%) on small area 
cells (≈0.16 cm2) several years ago, larger cells (4 cm2) and mini-
modules (21 cm2) based on co-evaporated perovskite solar cells 
were reported only recently.[154] Concerning tandems, several 
attempts have been made to deposit co-evaporated perovskite 
absorbers on textured c-Si substrates,[86,155–157] an efficiency of 
24.6% was achieved recently.[86]

One issue with thermal evaporation is that, while inorganic 
cesium halide and lead halide salts evaporate in a ballistic way 
and their evaporation rate can be controlled by quartz crystal 
microbalances (QCMs), the evaporation of organic halide salts is 
more difficult to control due to their high vapor pressure under 
vacuum, low sticking coefficient on QCMs or chamber walls 
and varying sticking coefficient on different substrates.[158,159] 
To circumvent this issue, Mitzi and co-workers[160] developed 
a single-source flash evaporation technique to deposit a wide 
range of layered halide perovskites. A pre-synthesized perov-
skite material, for example, by a solution-based route, is placed 
on a metal heater in a vacuum and rapidly evaporated. In 2015, 
Bolink and co-workers[161] produced a 12.2%-efficient perovskite 
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Figure 5. Scalable deposition methods for perovskites. a) Efficiency of single-junction perovskite solar cells and mini-modules prepared by industri-
ally scalable methods. Perovskite solar cells prepared by spin coating are presented for comparison. Schematic drawings of a selection of industrially 
scalable perovskite deposition routes, such as, b) blade coating, c) co-evaporation, d) hybrid process. Spin-coated perovskite solar cells are included 
for comparison.
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solar cell featuring a flash evaporated MAPbI3 absorber. Fur-
thermore, large-area, uniform, and compact MAPbI3 perovskite 
films with high crystallinity were demonstrated on 100 cm2  
area substrates with such a process route.[162] Considering 
the extremely short deposition time, single-source thermal 
evaporation is attractive from an industrial perspective as the 
composition of the perovskite may be easier to tune compared 
to multi-source co-evaporation.

4.1.3. Hybrid Routes

Blade-coating and other solution processing techniques usu-
ally involve toxic solvents,[163] such as, dimethylformamide, 
N-methyl-2-pyrrolidone, etc., while thermal evaporation often 
involves long deposition times and is complex to control when 
co-evaporating from multiple sources at the same time (e.g., 
to reach the desired bandgap for a tandem integration). These 
issues could be mitigated by separating the deposition of the 
inorganic precursors from that of the organic ones, tailoring 
each deposition step according to the requirements of each pre-
cursor. One demonstrated approach consists in depositing by 
thermal evaporation of an inorganic precursor layer composed 
of lead (PbI2, PbBr2, PbICl2) and possibly cesium (CsI, CsBr, 
CsCl) halides, followed by its conversion to a perovskite phase 
by exposing it to an organohalide vapor or solution, as shown 
in Figure  5d. The perovskite composition can be tailored by 
manipulating the composition of the inorganic precursor layer 
and the organohalides. Notably, the hybrid thermal evaporation/
spin-coating method[164,165] has been widely employed to produce 
efficient planar perovskite solar cells,[78,79,82,102,166] as well as, con-
formally coated textured tandems.[55,75] In view of upscaling the 
active area of the device, spin-coating can be upgraded to blade/
slot-die coating (with the advantage over 1-step blade coating that 
organohalides do not require any toxic solvent as they dissolve in 
isopropanol or ethanol) or to a vapor-based method, for example, 
CVD. Concerning the latter, a hybrid PVD-CVD (thermal evapo-
ration of PbI2 and CsBr first, then conversion with FAI vapor) 
process flow has been used to fabricate 10 ×  10 cm2 perovskite 
mini-modules, reaching an efficiency of around 10%.[168] Very 
recently, Siegrist et  al. reported the deposition of uniform 
perovskite layers deposited over 5 cm × 5 cm substrate area by 
combining thermal evaporation and blade coating. In conjunc-
tion with blade-coated charge transport layers, the champion 
perovskite solar cell that processed in ambient air using green 
solvents achieved power conversion efficiency up to 18.6%.[168]

Here we list several key parameters that should be considered 
when choosing which method to use for upscaling as shown 
in Table S3, Supporting Information. These parameters will all 
contribute to the cost of fabricating perovskite-silicon tandem 
solar cells, taking into account the efficiency, processing speed, 
and handling of toxic solvents, etc. In short, the solution-based 
method currently demonstrated the most efficient perovskite 
modules and could directly transfer most of the knowledge 
developed in the spin-coated method. However, the use of toxic 
solvent might increase the cost for protection and toxic solvent 
disposing of, etc. While the vacuum-based method does not 
involve any solvent and is suitable for conformal coating on a 
textured surface, it is challenging to tune the composition and 

implement passivation materials and additives that are essential 
for highly efficient and stable perovskite solar cells. As a com-
promise, the hybrid vacuum/solution method combines the 
conformal coating and the large chemical space for tuning com-
position. However, the main drawbacks are the incompatible 
processing schemes and the high Capital Expenditure. For more 
details about the different deposition approaches for perovskite, 
we refer the reader to the extensive review of the pros and cons 
of solution and vacuum-based methods by Vaynzof.[148]

4.2. Front-Side Metallization

A complication when up-scaling the active area to industry-rele-
vant sizes comes from the need to modify the fabrication route 
of the front metal grid. Small-scale perovskite devices employ a 
thermally evaporated metal front grid through a mask, which 
leads to inefficient use of Ag (increasing costs) as well as, a low 
line conductance as the layer thickness remains thin (≈100 nm). 
As for c-Si single-junction cells, screen-printing appears as the 
deposition method of choice to metalize the front side of tan-
dems as it leads to low line resistance without introducing sig-
nificant shadow losses thanks to favorable finger aspect ratios 
(with fingers height reaching tens of µm). The thermal budget 
of metal halide perovskite top cells is limited to about 150 °C, 
a value lower than the temperature used to cure Ag pastes 
employed to metalize SHJ cells (about 200  °C). By optimizing 
the Ag paste composition, a sufficient bulk conductivity can 
be achieved after annealing <150  °C.[169] Thanks to these opti-
mized Ag pastes, Kamino et al. demonstrated tandem devices 
that were screen-printed with a two-bus bar metallization 
design, achieving a steady-state efficiency of 22.6% (increased 
to 24.3%, as announced at the EU PVSEC 2019 conference) over 
an aperture area of 57.4 cm2.[3,83] A drop in FF was observed 
when switching from evaporated Ag to screen-printed Ag, a 
loss that stems from an increase in contact resistance between 
the ITO and the screen-printed Ag paste. It is worth noting that 
this ITO/Ag paste contact resistivity may increase by up to 7 
orders of magnitudes when lowering the curing temperature 
from 210 to 130  °C. Lowering contact resistance when screen-
printing at low temperature will be essential to further improve 
the performance of large-area tandem devices. As an alternative 
to Ag screen-printing, Cu plating was recently demonstrated on 
perovskite single-junctions,[170] a method of high interest for the 
metallization of tandems, notably to reduce Ag consumption. A 
more detailed review on electrode metallization for scaled per-
ovskite-silicon tandem solar cells could be found elsewhere.[171]

4.3. Module Integration

Literature concerning the integration of perovskite silicon tan-
dems into modules remains scarce and has been discussing 
the impact of module design on hot spot temperature or 4-ter-
minal designs.[172,173] At this stage, several aspects concerning 
cell sorting/binning, their interconnection, and encapsulation 
will need to be tackled to produce high-efficiency perovskite-
silicon modules at high throughput. After processing, tandem 
cells will need to be sorted into groups exhibiting a similar  
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performance/photocurrent to avoid cell-to-cell current mis-
match losses. In c-Si process lines, cell binning is typically 
achieved inline by flash testing each cell over 1 second or less, a 
measurement time that needs to remain short to maintain the 
high production throughput of 4000–10 000 cells h-1.[4] A sim-
ilar strategy applied to perovskite-silicon tandems is unlikely to 
yield precise measurements due to hysteresis and other dynam-
ical effects (at least with the current set of materials).[174] The 
ion migration in perovskite solar cell is responsible for the cur-
rent-voltage hysteresis and the slow J–V responses in perovskite 
solar cells. Although the maximum power point (MPP) tracking 
over some minutes is often applied in the laboratory to retrieve 
the steady-state performance of perovskite-based devices, there 
is no fast in-line diagnostic metrology for the quality control in 
in-line production.[175,176] The ionic nature of perovskite solar 
cells will probably require the development of dedicated indus-
trial metrology protocols. Another critical aspect is the mechan-
ical stability of the layer stack during the encapsulation process. 
Indeed, perovskite solar cells are particularly prone to delami-
nation/fracture even under low mechanical loads.[177,178] In par-
ticular, failure often occurs first at the interface with the organic 
charge transport layers, layers that are common to most high-
efficiency designs. This intrinsic instability of the technology 
to mechanical loads will require the development of novel pro-
cesses for more robust module encapsulation. Concerning the 
encapsulation process itself, various protocols compatible with 
the thermal budget of perovskite solar cells (≈150 °C) have been 
reported, effectively suppressing extrinsic degradation path-
ways.[179–181] Overall, in spite of these challenges, industrializa-
tion efforts are on the way. Oxford PV MW pilot line is expected 
to deliver its first 6-inch perovskite-silicon tandem cells by 2022, 
with modules supposedly following soon after.[182]

5. Long-Term Stability

Perovskite-silicon tandems will certainly need to achieve opera-
tional stability comparable to that of c-Si cells to be commercially 
viable, i.e., they should still deliver 80% of their initial power 
output after 25 years in the field. Accelerated aging tests are 
often used to test the stability of various PV technologies. For 
c-Si PV, the International Electrotechnical Commission (IEC) 
has set a series of standard qualification tests (IEC 61215), which 
include mechanical, thermal, and environmental tests and often 
a specific limit of degradation allowed after each test.[183] While 
some perovskite-based single-junction devices now pass some 
of these tests, that is, tests involving damp heat (encapsulated, 
1000 h at 85  °C in 85% relative humidity),[80] thermal cycling 
(encapsulated, 200 cycles from -40 to 85 °C),[184] humidity freeze 
(50  thermal cycles, then 10 cycles -40 to 85 °C in 85% relative 
humidity),[185] a 25 year lifetime is not guaranteed due to the 
specific degradation modes of perovskites. Adaptations to these 
established IEC standards are certainly required for perovskite-
based devices to account for the peculiar ionic properties of perov-
skites. In that regard, a consensus has recently been reached to 
employ test protocols based on the International Summit on 
Organic Photovoltaic Stability (ISOS) procedures.[186] The para-
graphs below will discuss a small selection of intrinsic stability 
issues that perovskite-based tandems are facing (Figure 6a), 

 as well as some mitigation strategies (Figure 6b). Extrinsic deg-
radation pathways will not be covered here in great detail as 
these should be effectively suppressed by the encapsulation. The 
latest progress on general perovskite solar cell stability, current 
understanding of degradation mechanisms, field-testing, and 
strategies to address them can be found elsewhere.[187–191]

5.1. Current Stability Status of Perovskite-Silicon Tandems

So far, only a few studies have investigated the stability of mon-
olithic perovskite-silicon tandem solar cells over the long term. 
Encapsulated tandem devices typically retain ≈90% of their ini-
tial efficiency after 250 h of operation at MPP under continuous 
one sun illumination.[61,65,75] Hou et al.[66] demonstrated encap-
sulated devices that maintained their original performance after 
400 h at 85 °C in the dark and after 400 h of operation at MPP at 
40 °C, in both cases in ≈40–50% relative humidity. Al-Ashouri 
et al.[43] showed that unencapsulated devices maintained 95% of 
their initial efficiency after 300 h long-term MPP track using a 
dichromatic LED illumination in the ambient air at a controlled 
temperature of 25 °C and relative humidity of 30 to 40%. De 
Bastiani et al. investigated the outdoor stability of perovskite/
silicon tandems over six months. While a degradation linked 
to the perovskite absorber was found to be reversible at night, 
the metal electrode irreversibly reacted with iodine, leading to a 
loss in FF from about 80% to 50%.[192] Although these prelimi-
nary results are encouraging, significant efforts are required to 
bring the stability of tandem solar cells to a level that is com-
parable to c-Si bottom cells, which typically demonstrate 80% 
or more of their initial performance after 25 years in the field 
(corresponding to ≈50,000 h of sunlight).

5.2. Perovskite Absorber Decomposition upon Various Stress 
Factors (Heat, Light, Moisture, Bias, etc.)

One issue of particular importance is that perovskite absorbers 
can decompose when exposed to some of their constituent ele-
ments.[193] Indeed, Wang et al. found that perovskite films (MAPbI3, 
FAPbI3, FA0.8CsPbI3) can severely degrade when exposed to an I2 
vapor, leading to a further release of I2 sustaining an autocata-
lytic degradation pathway.[194] I2 was found to be generated in 
perovskite solar cells under operational conditions at 80 °C,[195]  
initiating degradation within perovskite grains (Figure 6a). 
Residual PbI2, which is often added on purpose as it is benefi-
cial efficiency-wise, was found to decompose into I2 and metallic 
Pb upon illumination and may have acted as the initial source of 
I2.[195] As I2 volatilization may be difficult to completely suppress, 
mitigation strategies should be developed. Wang et al. introduced 
a pair of europium ions of Eu3+-Eu2+, which can selectively oxi-
dize metallic Pb and reduce I0 defects, improving long-term oper-
ational stability.[196] Recently, Lin et al. found that ionic liquids, 
such as a piperidinium salt additive could retard both segrega-
tions into impurity phases and pinhole formation upon aging.[197]

Moisture ingress may also lead to a decomposition of the 
perovskite absorber. While encapsulation should avoid such 
extrinsic degradation,[185] thin buffer layers may add an extra 
level of protection (Figure 6b). Yang et al.[198] deposited a dense 
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layer of lead oxysalt on the perovskite surface, which provided 
enhanced water resistance. The layer was found to bind with 
undercoordinated lead defects lowering the number of defect 
nucleation sites on the surface. Their encapsulated devices 
maintained about 97% of the initial efficiency after 1200 h 
MPP operation at a realistic operation temperature of 65 °C. 
Alternatively, Raiford et al. demonstrated that enhancing the 
nucleation of the SnO2 buffer deposited by ALD through the 
functionalization of the C60 surface via polyethylenimine ethox-
ylated, leading to improved moisture and thermal stability.[199] 
Also, the deposition of a water-repelling fluorinated SAM at 
the perovskite/C60 interface resulted in devices that remained 
stable during 250 h at 85 °C in N2 at MPP.[111]

5.3. Ion Migration

The ionic nature of perovskite solar cells and low activation 
energy for ion migration pose severe stability concerns.[205,206] 

Detrimental chemical reactions associated with ion migra-
tion and ion accumulation/reaction in/with neighboring 
charge carrier-selective layers have been frequently reported 
(Figure 6a).[207,208] While inherent to this class of materials, ion 
migration should be mitigated and contained to the perovskite 
absorber to avoid accelerated degradation. In that regard, ion 
migration can be attenuated by either reducing the mobile 
ion density,[209,210] and/or the number of ion migration chan-
nels,[205,211,212] as well as, increasing the ion migration barrier.[213] 
With respect to high bandgap materials, phase segregation upon 
illumination highlights the high mobile ion density. Abdi-Jalebi 
et  al. showed that ion migration and phase segregation could 
be substantially mitigated by decorating the perovskite surface 
and grain boundaries with potassium halides that are not incor-
porated into the perovskite lattice.[210] Using a triple halide (Cl, 
Br, I) perovskite composition, Xu et al.[67] substantially improved 
the photostability of the perovskite with   bandgap = 1.67  eV. 
Alternatively, introducing phenethylammonium-based 2D addi-
tives along with mixed anions thiocyanates (SCN), Kim et  al. 
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Figure 6. Summary of a selection of degradation mechanisms of perovskite solar cells and mitigation strategies. a) Degradation mechanisms of perov-
skite solar cells: Front electrode degradation, for example, the oxidation or migration of the metal contact from the front electrode;[193] charge transport 
layer degradation, for example, iodide migration into C60 during partial shading;[200] perovskite absorber degradation, for example, its decomposition 
upon long-term stability testing at temperatures on the order of 80 °C due to I2 vapor release.[195] b) Common mitigation strategies for the degrada-
tion process: Surface modifications for improved stability (oxysalt[198] or perfluorinated[111] compounds at the perovskite/C60 interface), or nucleation 
layers that promote the growth of denser barrier layers (buffer or TCO);[199,201] bulk additives (ionic liquids[202]) to retard the absorber degradation.  
a) Left bottom image: Reproduced with permission.[195] Copyright 2019, Royal Society of Chemistry, left middle image: Reproduced with permission.[200] 
Copyright 2019, Royal Society of Chemistry, left top image: Reproduced with permission.[75] Copyright 2018, Springer Nature, left top (inset): Reproduced 
with permission.[203] Copyright 2016, American Chemical Society. b) Top left: Reproduced with permission.[198] Copyright 2019, The American Associa-
tion for the Advancement of Science, middle: Reproduced with permission.[111] Copyright 2020, American Chemical Society, top right: Reproduced with 
permission.[201] Copyright 2020, American Chemical Society, and bottom left: Reproduced with permission.[189] Copyright 2019, Wiley-VCH Verlag GmbH 
& Co. KGaA, Weinheim, bottom right: Reproduced with permission.[204] Copyright 2019, Springer Nature.
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demonstrated 1.7 eV perovskites with excellent photostability.[68] 
The addition of a small amount of ionic liquids[202] within the 
perovskite absorber has been shown to reduce the number of 
defects and mobile ionic species (Figure 6b), leading to devices 
exhibiting little degradation upon light illumination at 70–75 °C 
for over 1000 h when encapsulated.[204] The use of surface-
anchoring alkylamine ligands was also shown to reduce the 
density of traps and ion migration, leading to 22.3%-efficient 
p-i-n single-junction cells stable for 1000 h at MPP at 40  °C 
under UV-filtered light.[128] Using surface treatment with mole-
cules containing both electron-rich and electron-poor moieties, 
such as phenformin hydrochloride (PhenHCl), Isikgor et al 
showed 1.68 eV devices without any VOC losses after more than 
3000 h of thermal stress at 85 °C in a nitrogen atmosphere.[88]

5.4. Metal Electrode Degradation

Commercially available c-Si solar cells use Ag as the front grid. 
Ag can react with the iodine of the perovskite, leading to per-
formance degradation.[214] Ag oxidation was observed at both 
the front and rear sides of the textured monolithic perovskite-
SHJ tandem solar cell after 250 h of stability testing (glass/
glass with edge sealant but no encapsulant, Figure 6a) and after 
6 months in the field.[75,192] The Ag oxidation on the rear side 
of the tandem cell suggests that some iodide transport may 
have occurred in the form of volatile species during operation. 
Alternatively, metals may also diffuse into the absorber during 
operation and degrade it (Figure  6a).[203,215,216] Avoiding the 
rapid oxidation of the metallization as well as the migration of 
metal into the absorber will certainly require the development 
of dense diffusion barriers (Cr2O3,[217] SnO2

[199]). In that regard, 
planarizing the perovskite surface prior to the deposition of the 
TCO layer was shown to inhibit the permeability of the latter to 
metal migration (Figure 6b).[201]

5.5. Other Field Operation Effects

Partial shading induced by a neighboring tree or building or 
during cleaning may lead to permanent degradation of PV 
modules. As cells are connected in series, when the operating 
current exceeds the Jsc of a shaded cell or faulty cell, such cell 
will be forced into reverse bias condition. As it can cause local 
overheating, the hot spots will occur in the solar cells, which 
could lead to the formation of hot spots in the shaded cell if 
faulty (leading, e.g., to local temperatures >100  °C in c-Si 
modules).[218,219] Several studies investigated the reverse bias 
stability of perovskite single-junction solar cells.[200,220–222]  
The application of a reverse bias voltage resulted in both revers-
ible and irreversible performance changes, with metallized 
single-junctions being particularly prone to the latter (unlike 
cells, e.g., featuring a carbon electrode[223]). Reversible changes 
were triggered notably by ionic migration, for example, in the 
form of iodide into the C60 charge carrier-selective contact 
(Figure 6a), while irreversible ones were induced by the forma-
tion of shunts. Deng et al. investigated the partial shading resil-
ience of mini-modules by shading one sub-cell while keeping 
all other segments under 1-Sun illumination. It took 2 to 4 min 

for the shaded sub-cell to reach breakdown conditions under 
MPP tracking. The mini-module performance decreased from 
15.7% to 15.1% after >50  cycles of shading/de-shading on the 
same sub-cell of a mini-module. The effect of partially shading 
2-terminal (and 4-terminal) tandem modules has also been 
investigated through simulations.[172] Several options to lower 
hot spot temperature were discussed, notably the use of IBC 
bottom cells or by adding a number of bypass diodes.

Other modes of degradation may occur in the field, for 
example, ultraviolet (UV) induced degradation and potential 
induced degradation (PID). Parasitic UV absorption by the top 
carrier transport layer in perovskite solar cells will cause UV-
induced degradation in perovskite solar cells[223,224] and perovs-
kite-Si tandems.[225] Strategies such as using an UV blocker in 
the encapsulant or even applying a down-shift material on the top 
of perovskite solar cells have been shown to effectively suppress 
UV-induced degradation.[224,225] At the end of the module string, 
the voltage difference between the cell and the frame or metallic 
support can be as high as 1500  V, which can lead to PID. Na+ 
ions from the glass may migrate to the c-Si cell depending on 
the choice of packaging materials, triggering irreversible deg-
radation of thin film and c-Si PV technologies.[226–229] In addi-
tion, the TCO layer of SHJ cells has been shown to decompose 
into In-rich clusters due to PID.[226–228] High bulk resistivity 
encapsulants will certainly be needed to avoid PID in tandems. 
Various strategies at the cell and module can be taken to pre-
vent PID, notably by using encapsulant materials with high bulk 
electrical resistivity (e.g., an ionomer with a volume resistivity 
of around 1016  Ω cm instead of an ethylene-vinyl acetate (EVA) 
with 1014 Ω cm[228]) and an edge sealant to prevent water ingress 
(the latter reduces the electrical resistivity of the encapsulant). At 
equal potential difference, increasing the encapsulant bulk elec-
trical resistivity reduces the electronic and ionic leakage currents 
flowing from the frame to the cells, or vice-versa.

To conclude on stability aspects, perovskite-based devices are 
becoming more and more stable and now pass several impor-
tant IEC tests but the road to a 25 years-stable product is still 
long and uncertain. Intrinsic degradation processes, that is, 
ionic migration or perovskite decomposition when exposed 
to some of its volatile elements, will need to be tackled. And 
similarly to light and elevated temperature-induced degrada-
tion occurring in PERC cells,[231,232] operations in the field of 
the first perovskite(-silicon) tandem modules will certainly 
reveal additional degradation pathways not anticipated in the 
laboratory.[233,234]

6. Other Monolithic Tandem Cell Designs

6.1. Bifacial Tandems

Bifacial cells can harvest photons from both the front and rear 
sides, leading to increased energy yield compared to monofacial 
cells.[235,236] The International Technology Roadmap for Photo-
voltaic predicts an 80% market share for c-Si bifacial cell tech-
nologies by 2030.[4] Advantageously, PERC, TOPCon, and SHJ 
cells can be made bifacial provided the rear metallization is 
adapted, with SHJs exhibiting the highest bifaciality (>95%).[237] 
The advent of bifacial single-junction c-Si cells certainly raises 
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the efficiency threshold that must be achieved by tandems to 
enter the market. However, tandems may also benefit from 
harvesting rear illumination, as demonstrated by various the-
oretical and experimental studies Figure 7b).[236,238–244] A key 
aspect to benefit from bifaciality is to alter the design of the top 
cell so that the device operates close to current matching condi-
tions with rear illumination. The top cell needs to absorb more 
photons compared to its monofacial equivalent as the rear illu-
mination is absorbed solely in the bottom cell, meaning that 
the perovskite bandgap should be lowered (from 1.7 eV to, e.g., 
1.6–1.5 eV). While the exact gain provided by bifaciality depends 
on many parameters (location, ground albedo, front and rear 
illumination spectrum, current mismatch, module mounting 
configuration, array configuration, temperature, etc.), bifa-
cial tandems may produce about 20% more energy yield than 
bifacial c-Si single-junctions in the best-case scenario (solitary 
array, no ground shading).[242,244] Another advantage is that bifa-
ciality widens the choice of top cell bandgap (Figure 7b).[236,243]

6.2. 3-Terminal Tandems

The use of an IBC bottom cell or an intermediate transparent 
conductive electrode between the two sub-cells enables the 
production of a monolithic 3-terminal tandem, a cell design 
not prone to sub-cell current mismatch losses as shown in 
Figure  7c. While the first 3-terminal perovskite-silicon devices 
are starting to emerge,[245,246] similar designs have been dem-
onstrated in the past using III–V materials on silicon or other 
materials combinations, as reviewed in ref. [247]. Amongst the 
different options to make a 3-terminal cell, the use of an IBC 
c-Si cell certainly appears as the most promising to avoid the 
parasitic absorption losses and resistive losses induced by the 
intermediate electrode. The presence of the third terminal at 
the back of the IBC 3-terminal tandem design eliminates the 
need for current matching and offers a significant degree of 
flexibility when designing the perovskite top cell. But this addi-
tional level of flexibility comes at the expense of system costs 
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Figure 7. Bifacial and 3-terminal perovskite-IBC tandem solar cells. a) Roadmap for the research on perovskite/silicon dual-junction tandem cell.  
b) Energy produced daily for different mono facial and bifacial tandem designs for two ground types (single-axis tracking configuration). c) Simulated 
efficiency of 2-, 3-, and 4-terminal mono facial tandems depending on the perovskite top cell bandgap, highlighting the absence of current mismatch 
losses for the last two designs. b) Reproduced with permission.[243] Copyright 2020, Elsevier Inc. c) Reproduced with permission.[245] Copyright 2020, 
American Chemical Society.
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as extra wires and electronics are needed to maintain the cell at 
MPP compared to a 2-terminal design and module integration 
is made more complex.[248]

7. Lead Management and Cycling

To further remove the barrier of the commercialization of 
perovskite solar cells, the toxicity of lead that exists in the most 
efficient metal halide perovskite must be considered. There are 
mainly two strategies to solve the problem, I) preventing lead 
leakage from the working modules and II) recycling lead from 
the decommissioned modules. Regarding the reduction of lead 
leakage, Jiang et al.[249] demonstrated that using an epoxy resin 
for encapsulation can reduce the Pb leakage rate by a factor of 
375 compared with using a glass cover with a UV-cured resin. 
Li et  al.[250] developed a Scotch-tape-like design of EVA film 
and a pre-laminated P,P’-di(2-ethylhexyl)methanediphosphonic 
acid layer that can capture over 99.9% of Pb leakage from the 
damaged PSCs by applying it on both sides of the cells. Chen 
et  al.[251] used a cation-exchange resin-based method that can 
prevent lead leakage from damaged perovskite solar modules. 
Meanwhile, the same group[252] integrated a mesoporous sul-
fonic acid-based lead-adsorbing resin into perovskites, dem-
onstrating more effectiveness in preventing lead leakage than 
the configuration with the coating on the glass surface. On 
the other hand, Chen et  al.[253] reported a lead management 
method for perovskite solar modules with a recycling efficiency 
of 99.2%, in which lead is first separated by weakly acidic cation 
exchange resin and is released as soluble Pb(NO3)2, then fol-
lowed by precipitation as PbI2. Park et  al.[254] reported a new 
adsorbent, iron-incorporated hydroxyapatite, for both separa-
tion and recovery of Pb from PSCs, which guarantee recycling 
of 99.97% of Pb ions by forming lead iodide.

8. Conclusions and Outlook

A technological upgrade is occurring in the field of c-Si PV, 
with more efficient designs quickly replacing older less efficient 
ones to drive down costs. With the practical PCE limit of c-Si 
of ≈27% approached at the R&D level, upgrading c-Si with a 
perovskite top cell to form a monolithic 2-terminal tandem cer-
tainly appears today as one of the most promising avenues to 
continue the learning curve of c-Si over the long term. Indeed, 
the possibility of refurbishing existing c-Si process flows with a 
few extra perovskite deposition steps to reach efficiencies >32% 
makes this tandem technology well suited for a rapid industrial 
implementation strategy. As reviewed here, results obtained in 
just a few years of R&D certainly start to confirm this potential.

This review first discussed the current status of 2-terminal 
monolithic perovskite-silicon tandems, notably bottom cell 
c-Si technologies most suited for a tandem integration as well 
as perovskite top cell designs that maximize performance and 
compatibility with the bottom cell. In that regard, the dem-
onstration of perovskite deposition processes that are directly 
compatible with the front-side texture of c-Si certainly appears 
to be an important step. With the efficiency of lab-scale devices 
approaching the 30% mark, the main aspects discussed here 

focused on the up-scalability to industry-relevant devices areas 
(from 1 ×  1 to 6 × 6 square inches), module integration as well 
as long-term operational stability. Despite rapid progress—lab-
scale devices now start to pass IEC tests—long-term stability is 
still the main issue hindering perovskite PV. Similar stability to 
c-Si appears to be needed to ensure the commercial viability of 
perovskite-silicon modules for utility-scale or rooftop applica-
tions (i.e., 25 years of warranty in the field). Several pathways to 
improve stability (without affecting performance) were discussed.

Alternative monolithic tandem designs were also reviewed, 
for example, bifacial tandems, where light reaching the rear 
of the device contributes to increasing the overall photo-
current and hence performance, as well as, 3-terminal devices 
employing an IBC bottom device to avoid current mismatch 
losses. The continuous need to improve efficiencies further may 
also lead to triple-junction perovskite-perovskite-silicon solar 
cells,[102] a type of device that may displace 2-terminal tandems 
on the long-term, provided that the device complexity, current-
mismatch losses, or any other issues do not then become a bar-
rier to their effectiveness as a commercial photovoltaic product.

Finally, given the fact that it has taken decades of research 
and development for c-Si technologies to achieve the level of 
success they enjoy today, it is promising to witness the rapid 
progression of perovskite-silicon tandem solar cells and first 
commercial perovskite-c-Si modules may not be too far ahead.
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