
Article
Mechanically Stacked, Two-Terminal
Graphene-Based Perovskite/Silicon Tandem
Solar Cell with Efficiency over 26%
Enrico Lamanna, Fabio

Matteocci, Emanuele
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HIGHLIGHTS

Unconventional two-terminal

mechanically stacked perovskite/

silicon tandem device

Minimized optical losses at the

hole selective layer/rear contact of

the top cell

Better electrical performance by

graphene doping of the electron

selective layer

Champion perovskite/silicon

tandem with a stabilized PCE of

25.9%
A novel configuration for high-performant perovskite/silicon tandem solar cells is

demonstrated using a facile mechanical stacking of the sub-cells. The resulting

champion perovskite/silicon tandem solar cell exhibits a stabilized efficiency of

25.9% over an active area of 1.43 cm2.
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Context & Scale

Perovskite/silicon tandem solar

cells promise to push the market-

leading crystalline silicon

technology beyond its theoretical

limit while maintaining low

fabrication costs. The possibility

to fabricate the perovskite top cell

by low-cost solution processing

may decrease the levelized cost of

energy of photovoltaics toward

the grid-parity milestone.

However, the solution processing

of perovskite solar cells directly

onto the textured front surface of

high-efficiency amorphous/

crystalline silicon heterojunction

cells is the main bottleneck. Our

simple two-terminal mechanical

stacking of the sub-cells helps

achieve highly performant PV

devices. Its crucial advantage is

the possibility to fabricate each

sub-cell independently before

coupling them. Prospectively,

performance improvements and

upscaling of perovskite solar cells,

as well as the background

knowledge on electronic

component bonding method,

make our results relevant to drive

economically feasible perovskite/

silicon tandem PVs.
SUMMARY

Perovskite/silicon tandem solar cells represent an attractive pathway to up-

grade the market-leading crystalline silicon technology beyond its theoretical

limit. Two-terminal architectures result in reduced plant costs compared to

four-terminal ones. However, it is challenging to monolithically process perov-

skite solar cells directly onto the micrometer-sized texturing on the front sur-

face of record-high efficiency amorphous/crystalline silicon heterojunction cells,

which limits both high-temperature and solution processing of the top cells. To

tackle these hurdles, we present a mechanically stacked two-terminal perov-

skite/silicon tandem solar cell, with the sub-cells independently fabricated, opti-

mized, and subsequently coupled by contacting the back electrode of the meso-

scopic perovskite top cell with the texturized and metalized front contact of the

silicon bottom cell. By minimizing optical losses, as achieved by engineering the

hole selective layer/rear contact structure, and using a graphene-doped meso-

porous electron selective layer for the perovskite top cell, the champion tandem

device demonstrates a 26.3% efficiency (25.9% stabilized) over an active area of

1.43 cm2.

INTRODUCTION

The current cost of commercially available solar modules is less than 0.5 USD/Wp,
1,2

and the power conversion efficiency (PCE) of the market-leading silicon photovoltaic

(PV) technology3 is gradually approaching its theoretical Auger efficiency limit of

29.4%.4 The up-to-date record PCE of 26.6%,5 was obtained by Kaneka Corporation

using an interdigitated back contacts (IBC) silicon heterojunction (Si HJT) solar cell.6

This result is very close to the predicted practical PCE limit of 27%, which also takes

into account practical loss mechanisms in large-area silicon devices.7,8 These loss ef-

fects include bulk recombination due to wafer point defects, emitter recombination,

edge loss, lateral transport loss, front surface reflectance and absorption, back sur-

face optical loss, and resistive loss.7,8 Currently, the major cost of the photovoltaic

technology is related to the area-dependent balance of system (more than 60% of

the average total utility-scale system cost in 2016),9,10 encompassing wiring,

switches, mounting systems, inverters, maximum power point (MPP) tracker, global

positioning system (GPS) solar tracker, and, in some cases, solar concentrators and

irradiance sensors. It is, therefore, pivotal to increase the PCE in order to lower the

Levelized Cost of Electricity of photovoltaics to reach the grid-parity milestone.10

One approach to upgrading the PCE of silicon technology consists in making sili-

con-based tandem solar cells, in which a ‘‘wide-band-gap solar cell’’ stacked on
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top of the silicon cell can efficiently use high-energy photons to reduce the thermal-

ization losses.11 In this context, solar cells based on organometal halide perovskite

absorbers, namely perovskite solar cells, have been identified as an ideal top-cell

candidate for tandem devices with silicon bottom cells.12–14 De facto, perovskite so-

lar cells have witnessed an unprecedented growth among the new generation

photovoltaic technologies,15 with certified PCEs exceeding 23%.5,16 Moreover,

the sharp optical absorption edge and low sub-band-gap absorption of perovskite

solar cells,17 as well as their tunable optical band gap in the ideal range for sili-

con-based tandem cells (i.e., 1.5–1.8 eV),18–20 could theoretically allow perov-

skite/silicon tandem solar cells to achieve PCEs >30%.12,13,21 Lastly, their solution

processability22,23 enables high-throughput manufacturing and requires a lower

capital expenditure (CAPEX), which is important for compensating added marginal

costs of tandem solar cells within a short time by increasing their energy production.

In the run-up to disclose commercial products, both two-terminal and mechanically

stacked four-terminal perovskite/silicon tandem solar cells have been recently re-

ported to reach PCEs over 25%.24–28 In principle, monolithic two-terminal devices

should provide a higher PCE compared to the four-terminal ones because of the

minimization of the number of the electrodes in the stack, each one absorbing

�5%–10% of the incident light.29 Unfortunately, it is challenging to process the

perovskite top cell without altering the optoelectronic quality of the silicon bottom

cell or restricting the device design24,28–32 as well as granting the so-called ‘‘current-

matching condition’’ (the same current will flow through both sub-cells with an inten-

sity determined by the least performing one).33 For example, mesoscopic perovskite

solar cells require a high-temperature (R400�C) processing.16,34,35 This tempera-

ture is not compatible with the state-of-the-art silicon solar cells, namely HJT cells,

withstanding temperatures lower than 200�C.36 Moreover, the textured front side

of Si HJT cells,36 as optimized for infrared light trapping and primary reflection

reduction,24,37 hinders the solution processing of conformal mm-thick perovskite so-

lar cells.24,28 Experimentally, the front side of Si HJT cells is typically polished, or

alternatively not fully solution-based depositions are adopted for the perovskite

layer, losing the peculiar feature of both the sub-cells.24,28–32 Differently from the

two-terminal tandem configurations, the four-terminal ones are obtained by me-

chanically stacking the two sub-cells, which can be fabricated and optimized inde-

pendently. Moreover, each sub-cell can operate at its respective MPP by using sepa-

rate tracking systems, making the four-terminal tandem configurations less sensitive

to the intensity and spectral change of outdoor illumination compared to the two-

terminal ones.38 To date, the best PCEs that have been achieved with four-terminal

tandem configurations are 27.1% from the Interuniversity Micro-Electronics Centre

(IMEC) using an IBC Si HJT solar cell39 and 26.7% by combining perovskite top cells

with highly performant passivated emitter with rear locally diffused (PERL) silicon

bottom cells.26 At the time of writing this article, no details have been disclosed

by Oxford PV concerning the structure of their monolithic perovskite/silicon tandem

devices with a record-high certified PCE of 28%.40 Despite the manufacturing

simplicity and the ease of integration, conventional four-terminal tandem configura-

tions require doubling of all the power electronics and the related installation costs

compared to the two-terminal tandem ones.12 This, inevitably, increases the bal-

ance-of-system costs, negatively affecting the levelized cost of energy (LCOE) of

the final devices. Therefore, in order to make tandem perovskite/silicon solar cells

competitive with silicon single-junction technology, it is crucial to identify a strategy

to optimize both of the sub-cells of the two-terminal configurations. The strategy

could be the texturing of the silicon bottom cell and the use of high-efficiency perov-

skite top cells, still using potentially low-cost solution processes for the fabrication of
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the latter. Moreover, it is also important to identify scalable perovskite solar cell

technologies that can be practically coupled with commercially available silicon so-

lar cells, typically based on 125 mm (5 inches) or 156 mm (6 inches) square silicon wa-

fers.41 In this context, graphene and related two-dimensional (2D) materials (GRMs)

emerged as a paradigm shift of interface engineering to boost the photovoltaic per-

formance (i.e., PCE and stability) of solution-processed perovskite solar cells and

modules.42–45 Currently, the optoelectronic properties of GRMs can be on-demand

tuned by means of morphological modification46 and chemical functionaliza-

tion.47,48 Moreover, GRMs can be produced from the exfoliation of their bulk coun-

terpart in suitable solvents to formulate functional inks,49 which can be deposited

onto different substrates by established printing and/or coating techniques,

compatible with solution-based, cost-effective, and large-area manufacturing of

perovskite solar cells/modules.50,51 For example, the incorporation of graphene

flakes into the TiO2-based electron selective layers (typically compact TiO2 (cTiO2)

and mesoporous TiO2 (mTiO2) dual film) lowers the series resistance, which results

in increasing the fill factor (FF) compared to the reference device.45 Moreover, the

addition of graphene to the TiO2 increases the chemical stability of the perovskite

films, which exhibit higher crystalline quality compared to films deposited directly

onto pristine mTiO2 and a stable tetragonal phase regardless of the temperature.52

These effects promote the electron injection at the electron transport layer/perov-

skite interface, increasing the open circuit voltage (VOC) of the cells,52 as well as pre-

vent iodine diffusion into the layered cell structure by retarding the mTiO2/perov-

skite interface degradation,53 hence extending the lifetime of the devices.

According to the theoretical work by Volonakis and Giustino,54 the graphene/perov-

skite interface suppress the octahedral tilt in the perovskite crystals leading to a

ferroelectric distortion. The interfacial ferroelectricity promotes electron extraction

from the perovskite layer and at the same time prevents direct electron-hole recom-

bination across the interface, thus increasing the VOC of the cell.54

With the aim to combine the advantages of highly efficient mesoscopic perovskite

cells and textured, metalized monocrystalline silicon (c-Si) and Si HJT solar cells

into a two-terminal perovskite/silicon tandem device, we report a simple mechanical

stacking of the sub-cells fabricated and optimized independently, while preserving

the solution processability of the perovskite absorbing layer (Figure 1). A similar

concept has been proposed in the literature with a perovskite device laminated

onto a silicon cell by a modified PEDOT:PSS interconnecting layer, achieving a

two-terminal tandem PCE up to 21%.55 This approach closely resembles the ‘‘wafer

bonding’’ used for the stacking of polished wafers of semiconductors.56–58 However,

it might be a more straightforward method because it does not require extremely

clean and polished surfaces to ensure an efficient electrical contact between the

sub-parts. In fact, bifacial mesoscopic top cells have been investigated by adopting

the fluorine-doped tin oxide (FTO)-coated glasses/cTiO2/mTiO2/perovskite/hole

selective layer/indium tin oxide (ITO) structure. Based on our recent works on sin-

gle-junction (i.e., opaque) mesoscopic perovskite solar cells,42,43,45,51 we also inves-

tigated cTiO2 and mTiO2 doped with graphene flakes to further boost the photovol-

taic performance of our bifacial mesoscopic perovskite solar cells.
RESULTS AND DISCUSSION

In agreement with our previously established protocols,42,43,45,51 cTiO2 and mTiO2

have been prepared by depositing TiO2 precursor and TiO2 nanoparticle solutions,

respectively, with 1% in volume of graphene flakes dispersion (additional details are

reported in Supplemental Information and Experimental Procedures section). Such a
Joule 4, 865–881, April 15, 2020 867



Figure 1. Design and Assembling of the Two-Terminal Perovskite/Silicon Tandem Solar Cells

(A) Solution processing (i–iv) and optoelectronic optimization (v–vii) of a bifacial mesoscopic perovskite top cell.

(B) Commercially available or commercial-like double-side textured and metalized silicon bottom cells (i.e., c-Si and Si-HJT solar cells).

(C) Obtaining the two-terminal perovskite/silicon tandem solar cell by mechanical stacking of sub-cells by applying pressure over their contact area.
small amount of graphene flake doping has been demonstrated to be sufficient for

boosting the photovoltaic performance of the mesoscopic perovskite solar cells

without altering the optical absorption of the whole device.42,43,45,51 Among

the perovskites, we have opted for a mixed cation, mixed-halide perovskite, i.e.,

(Cs0.06FA0.78MA0.16)Pb(Br0.17I0.83)3 because of its optimal optical band gap and

improved stability compared to the conventional MAPbI3 perovskite.59 In fact, the

ideal optical band gap of the top-cell absorber over a crystalline silicon solar cell

is in the order of 1.7–1.8 eV13,60 and, for a commercially viable product, its stability

should match the over 25-year warranties of silicon-based devices.59,61,62 More in

detail, the optical band gap of (Cs0.06FA0.78MA0.16)Pb(Br0.17I0.83)3 is 1.64 eV, as esti-

mated by optical absorption and photoluminescence measurements as well as Tauc

plot analysis (Figure S1). Although the increase of the Br to I ratio can enlarge the gap

of the perovskite toward the ideal values,18,63 an excess of Br causes photo-induced

halide segregation effects.63 These lead to the formation of iodine-rich domains

acting as recombination center traps, which limit the high VOC expected by Br-en-

riched mixed-halide perovskite solar cells.63 The perovskite layer was deposited

onto the mTiO2 by using a single-step anti-solvent quenching procedure adapted

from the literature.59 Both 2,20,7,70-tetrakis(N,N-di-p-methoxyphenylamine)-9,90-
spirobifluorene (spiro-OMeTAD) and the poly[bis(4-phenyl)(2,4,6-trimethylphenyl)

amine] (PTAA) have been considered as hole selective layer materials, as mainly ex-

ploited in standard and inverted perovskite solar cells, respectively.64 As shown in

Figure S2, the mesoporous perovskite solar cells using the spiro-OMeTAD or

PTAA hole selective layer (thickness of 200 and 40 nm, respectively), and a gold

(Au) (80 nm) counter electrode, display comparable PCEs (19.0% and 18.6%, respec-

tively). For the realization of the bifacial perovskite solar cells, an ITO counter elec-

trode has been deposited by magnetron sputtering onto the hole selective layer to

be subsequently used as the top-cell rear contact (i.e., contacting layer in the perov-

skite/silicon tandem solar cell). As previously reported, the high kinetic energy of
868 Joule 4, 865–881, April 15, 2020



sputtered ITO particles can damage the underlying organic hole selective

layers,65,66 forming charge extraction barriers at the hole selective layer/counter

electrode interface. Therefore, a buffer layer is typically required to protect the

organic hole selective layer from damage during sputtering deposition of ITO or

other transparent conductive oxides (TCOs). Either thermally evaporated ultra-

thin layers of Au65 or sub-stoichiometric molybdenum oxide (MoOx) buffer

layers,30–32,66–68 have been reported to protect spiro-OMeTAD during TCO sputter-

ing. More recently, SnO2 has also been exploited both stand alone or in combination

with other materials as the buffer layer. In particular, a SnO2 buffer layer has been

deposited through low-temperature (<150�C) atomic layer deposition (ALD) onto

an organic underlying layer of inverted perovskite structures sputtering of TCO

(e.g., ITO or indium zinc oxide [IZO]) front electrodes.24,25,29 The combination of

SnO2 and zinc tin oxide (ZTO) in a bilayer structure, deposited by either low-temper-

ature ALD or pulsed chemical vapor deposition (CVD), has also been exploited as

buffer layer to minimize parasitic absorption.69 However, the introduction of either

such buffer layers or other aforementioned strategies inevitably add complexity to

the perovskite top-cell fabrication process or cause additional optical losses. More-

over, the simplest solution offered by the MoOx buffer, as exploited also for large-

area (16 cm2) perovskite top cells, has raised concerns over long-term perovskite

solar cell stability since the iodide of the perovskite layer chemically reacts with

MoOx, resulting in an unfavorable interface energy level alignment for hole extrac-

tion.70,71 To overcome these hurdles, we have investigated the possibility of avoid-

ing the use of a buffer layer and to deposit the ITO by low-power radio frequency (RF)

sputtering directly onto the hole selective layers (either spiro-OMeTAD or PTAA).

The ITO sputtering deposition was performed at a power density lower than

0.40 W cm�2 with a working pressure of 1.13 10�33 mbar using pure Ar gas (without

O2 partial pressure). Optical simulations with the X-ray Oriented Programs (XOP)72

have been carried out to optimize the thickness of ITO onto both spiro-OMeTAD

and PTAA hole selective layers in order to mitigate the parasitic optical losses in

the near-infrared (NIR) range (800–1,200 nm wavelength) caused by the light reflec-

tion at the hole selectivematerial/ITO interface. The refractive indices (RI) were taken

from the literature for spiro-OMeTAD,73 PTAA,74 and triple cation perovskites,75

while the one of ITO has been experimentally measured by refractometry (even

though no relevant deviation was observed from the RI reported in reference data-

bases).76 The thickness of the spiro-OMeTAD and PTAA has been kept fixed at the

experimental values of 200 and 40 nm, respectively, to not jeopardize effective

charge extraction. These values agree with those previously optimized for high-effi-

ciency and reproducible perovskite solar cells.16,77,78 Figure 2A shows the depen-

dence of the simulated total average reflectance (AR) of light passing through the

perovskite absorber and reaching the hole selective layer/ITO interface on ITO thick-

ness. For the PTAA, a minimum total AR of 16.4% is shown for an ITO thickness

of �80 nm, while for the spiro-OMeTAD the AR monotonically increases with the

ITO thickness. Based on the optical simulation outcomes, mesoscopic perovskite

top cells based either on spiro-OMeTAD or PTAA have been completed by depos-

iting an 80-nm-thick ITO counter electrode, resulting in a measured sheet resistance

of 60 U/,. For the case of the spiro-OMeTAD, such thickness of ITO has been

selected instead of ‘‘less reflective’’ inferior ones in order to not negatively affect

the sheet resistance value. Figure 2B shows the optical transmittances of the opti-

mized spiro-OMeTAD-based and PTAA-based bifacial mesoscopic perovskite sub-

cells. In agreement with the AR simulations, the use of PTAA as the hole selective

layer significantly increases the transmittance of the mesoscopic perovskite sub-

cell in the red and NIR light wavelength range compared to that obtained by using

the spiro-OMeTAD (by an average of 10.7% between 800–1,200 nm). Furthermore,
Joule 4, 865–881, April 15, 2020 869



Figure 2. Optics’ Optimization and Characterization of the Bifacial Mesoscopic Perovskite Solar Cells

(A) Simulations outcome showing the dependence of the average reflectance (AR) of near-infrared light passing through the perovskite absorber and

reaching the hole selective layer/ITO interface on ITO thickness in the bifacial perovskite solar cells.

(B) Optical transmittances of the optimized spiro-OMeTAD-based and PTAA-based bifacial mesoscopic perovskite sub-cells with 80-nm-thick ITO

counter electrode. The optical transmittances of spiro-OMeTAD and PTAA layers directly deposited over glass are also shown.

(C and D) Confocal microscope images of 80-nm-thick ITO deposited onto spiro-OMeTAD and PTAA, respectively, showing ITO delamination for the

case of spiro-OMeTAD.

(E) Cross-sectional scanning electron microscopy (SEM) of a representative optimized PTAA-based bifacial mesoscopic perovskite top cell with an

80-nm-thick ITO counter electrode.
although the spiro-OMeTAD has been largely exploited as the hole selective layer in

bifacial perovskite solar cells,39,79,80 its parasitic absorption loss in the visible wave-

length, as shown by the optical transmission spectrum of a spiro-OMeTAD film

deposited on a glass substrate (Figure 2B), has been identified to be a limiting factor

for tandem perovskite solar cells.66,73 In addition to the above optical issues,

confocal microscope imaging (Figure 2C) evidenced a poor adhesion of the ITO

film over the spiro-OMeTAD and a partial ITO delamination can be observed after

exposure of the film to external agents. Differently, the ITO film optimally adheres

over the PTAA layer (Figure 2D). These results, together with the analysis of the op-

tical properties of the hole selective layers, have indicated that the PTAA is an ideal

hole selective material for the fabrication of the buffer-layer-free bifacial mesoscopic

perovskite top cells. The latter is highly desirable for the subsequent two-terminal

perovskite/silicon tandem solar cells’ fabrication since the absence of the buffer

layer minimizes the optical losses, while the mesoscopic structure can prospectively

provide current record-high PCEs.5,16 Figure 2E is a cross-sectional scanning

electron microscopy (SEM) image of a representative optimized PTAA-based
870 Joule 4, 865–881, April 15, 2020



Figure 3. Performance of the Perovskite Top Cells

(A) J-V characteristic measured for the PTAA-based, optimized bifacial mesoscopic perovskite

solar cell before addition of graphene flakes into cTiO2 and mTiO2. J-V curves measured for the

opaque reference cell using an Au counter electrode and bifacial perovskite solar cells obtained by

increasing the power density of the ITO sputtering deposition from 0.40 to 0.67 W cm�2 are also

shown for comparison.

(B) J-V characteristics measured for the optimized bifacial mesoscopic perovskite solar cells before

and after doping the electron selective layer with graphene flakes. The main photovoltaic FoM of

the graphene-based bifacial perovskite solar cell are also shown. All the J-V curves have been

acquired in reverse voltage scan mode.
mesoscopic perovskite top cell, showing the perovskite solar cell structure. In partic-

ular, the 80-nm-thick ITO film is observed over the PTAA layer.

Figure 3A shows the current density-voltage (J-V) characteristic of the optimized

PTAA-based semi-transparent mesoscopic perovskite solar cell before adding the

graphene flakes into cTiO2 and mTiO2. Such a J-V curve is compared to that

measured for an opaque reference cell using an Au counter electrode as well as

those measured for the semi-transparent mesoscopic perovskite solar cells

obtained by increasing the power density of the ITO sputtering deposition from

0.40 to 0.67 W cm�2. Figure 3B reports the J-V curve measured for the optimized

graphene-based mesoscopic perovskite solar cell in comparison to the reference

bifacial perovskite device. Table 1 reports the photovoltaic figures of merit (FoM) ex-

tracted by the J-V characteristics of those cells.

Before doping the electron selective layer with graphene flakes, the ITO-optimized

bifacial mesoscopic perovskite solar cells undergo a 7.3% decrease of the short-cir-

cuit current density (JSC) (19.85 mA cm�2) compared to the one of the opaque Au-

based reference (21.55 mA cm�2) due to the lack of a back reflection of the light

from the metal counter electrode. The high sheet resistance of the ITO counter elec-

trode (�60 U/,) of the bifacial perovskite solar cells also negatively affects the FF

(52.6%) compared to that of the opaque Au-based reference (78.2%), reducing

the PCE of the reference cell from 18.6% to 11.3%. However, we notice here that

the sheet resistance of the ITO counter electrode originates high resistive losses

on the single-junction perovskite solar cells compared to the two-terminal tandem

solar cells. In fact, in the latter, the ITO counter electrode acts similarly to a recom-

bination layer and the photogenerated charges flow vertically to the stack along

80-nm-thick ITO. Contrary, in the single-junction device, the collected photogener-

ated charges flow in parallel to the electrode layer along a centimetric distance to be

collected by the side-located probes. In this view, the two-terminal tandem config-

uration also relaxes the constraint of the highly conductive top-cell counter elec-

trode required by the four-terminal one, leaving room for ideal optical losses mini-

mization. The photovoltaic performance measured for the optimized bifacial
Joule 4, 865–881, April 15, 2020 871



Table 1. Photovoltaic FoM of the PTAA-Based Mesoscopic Perovskite Solar Cells with Au and

Thickness-Optimized (80 nm) ITO Counter Electrodes

Device VOC (V) JSC (mA cm�2) FF (%) PCE (%)

FTO/cTiO2/mTiO2/perovskite/PTAA/Au 1.10 21.55 78.2 18.6

FTO/cTiO2/mTiO2/perovskite/PTAA/ITO
a 1.08 19.96 52.6 11.3

FTO/cTiO2/mTiO2/perovskite/PTAA/ITO
b 1.02 18.94 41.0 8.0

FTO/graphene:cTiO2/graphene:mTiO2/
perovskite/PTAA/ITOa

1.12 19.85 56.7 12.6

aRF sputtered at power density = 0.40 W cm2

bRF sputtered at power density = 0.67 W cm2
mesoscopic perovskite solar cell shows that the optoelectronic properties of PTAA

are not altered by the low-power sputtering deposition of ITO. Vice versa, by

increasing the power from 0.40 to 0.67 W cm�2, the J-V characteristic of the bifacial

mesoscopic perovskite solar cell exhibits an ‘‘S-shape.’’ This effect evidences dam-

age of the PTAA/ITO interface, resulting in limited performance (PCE of 8.0%). To

further assess the absence of sputtering-induced damage of the polymeric layer, a

representative semi-transparent cell was characterized after depositing Au on ITO

in order to cancel out resistive losses. Figure S3 shows the comparison between

the J-V scans of a perovskite cell based on the PTAA/ITO electrode before and after

Au deposition on ITO. Clearly, by depositing Au onto ITO, the sheet resistance of the

current collector is drastically decreased compared with the bare ITO film. Conse-

quently, the FF of the cell with Au increases from 38% to 67%. In addition, after

Au deposition, the J-V curve does not show a ‘‘S-shape,’’ which means that the sput-

tering of ITO does not damage the underlying structure when PTAA is used as the

hole transport material. Lastly, by doping both the cTiO2 and the mTiO2 with gra-

phene flakes, the photovoltaic performances of the optimized graphene-based bifa-

cial mesoscopic perovskite solar cell are further boosted to yield a PCE of 12.6%

(+11.5% compared to its graphene-free counterpart), with the VOC and the FF

increasing to 1.12 V and 56%, respectively, while there is no variation of the JSC
(19.85 mA cm�2) (Figure 3C). The statistical analysis of the photovoltaic FoM of

the devices (Figure S4) with and without graphene and with the ITO/Au counter elec-

trode further confirm the beneficial effect of the graphene doping on the VOC and FF

of the solar cells.

To assemble the two-terminal tandem perovskite/silicon solar cells, the optimized

bifacial mesoscopic perovskite top cell has been mechanically stacked over a silicon

bottom cell by applying a pressure of around 1 kg cm�2 over the contact area be-

tween the two sub-cells (the perovskite solar cell substrate is a 2.5 3 2.5 cm2 glass).

Two types of silicon solar cells have been investigated. The first one is a commercial

c-Si solar cell with the screen-printed aluminum back surface field (Al-BSF), while the

second one is a Si HJT solar cell (see Supplemental Information for more details).

Both types of silicon bottom cells have been provided or finished with screen-

printed Ag grids. Consequently, the contact between the two sub-cells is between

the Ag grid of the silicon sub-cell and the ITO electrode of the mesoscopic perov-

skite top cell. Figure S5 shows the cell design and measurement setup for all the tan-

dem devices, including pictures of the stacking rack. Different from the typical two-

terminal tandem configurations,24,29–32 our ‘‘mechanical stacking approach’’ does

not require a polished front surface of the silicon bottom cell to enable the subse-

quent solution processing of the perovskite top cells since the sub-cells are indepen-

dently fabricated.Moreover, this approach allows us to exploit highly efficient meso-

scopic perovskite top cells onto Si HJT bottom cells, which would not withstand the

high-temperature (R400�C) processing of the mesoscopic perovskite solar cells.
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Figure 4. Performance of Mechanically Stacked Two-Terminal Perovskite/Silicon Tandem Solar

Cells

(A–C) J-V characteristic of the perovskite/c-Si, perovskite/Si HJT tandem, and graphene-based

perovskite/Si HJT tandem solar cells. In (A) and (B), the J-V curves have been measured in reverse

voltage scan mode. In (C), both forward and reverse voltage scan mode have been used to measure

the J-V curves. The inset to (C) shows the PCE measured over time at the MPP (i.e., the stabilized

efficiency).

(D) EQE spectra of the stand-alone graphene-based perovskite and Si HJT sub-cells. The EQE

spectrum of the Si HJT cell filtered by the graphene-based perovskite top cell is also shown for the

analysis of the ‘‘current-matching condition.’’
The J-V characteristics of the two types of silicon solar cells are reported in Supple-

mental Information (Figure S6), while those of two-terminal perovskite/silicon tandem

solar cells (before graphene addition in mesoscopic perovskite top cells) are shown in

Figures 4A and 4B. Figure 4C shows the J-V curve measured for the two-terminal gra-

phene-based perovskite/Si HJT tandem solar cells, which resulted in our most efficient

device, as discussed below. Table 2 shows the photovoltaic FoM of the stand-alone sil-

icon bottom cells and the corresponding two-terminal perovskite/silicon tandem solar

cells. The perovskite/c-Si tandem solar cell displays a JSC of 16.72 mA cm�2, while the

VOC reaches a value of 1.68 V, which approaches the sum of the VOC measured for

each sub-cell. The high FF (75.6%) evidences an effective coupling between the two

sub-cells: if this were not the case, a higher series resistance would result in the tandem

J-V scan, as observed in early attempts using such tandem architecture. Consequently,

the PCE of the tandem perovskite/c-Si solar cell (21.2%) shows an increase of 26%

compared to that of the stand-alone c-Si bottom cell (16.8%). The two-terminal perov-

skite/Si HJT tandem solar cell achieves a VOC as high as 1.76 V, which is almost the sum

of the VOC measured for each sub-cell. The JSC is also superior to the previous tandem

solar cells, thanks to the displacement of the recombination-active contacts from the c-

Si provided by the insertion of wide band-gap hydrogenated amorphous silicon be-

tween the c-Si and ITO contact.6,81 Consequently, the perovskite/Si HJT tandem solar

cell achieves a PCE of 24.2% (+16% compared to the Si HJT sub-cell). The use of gra-

phene-based mesoscopic perovskite top cells into the most performant two-terminal

perovskite/Si HJT tandem configuration further boosts the VOC and the FF up to
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Table 2. Photovoltaic FoM of the Stand-Alone Silicon Bottom Cells and the Corresponding

Mechanically Stacked Two-Terminal Perovskite/Silicon Tandem Solar Cells

Type of Device Device VOC (V) JSC (mA cm�2) FF (%) PCE (%) Area (cm2)

Stand-alone
silicon
solar cell

c-Si 0.61 36.80 75.4 16.8 1.20

Si HJT 0.69 37.57 79.8 20.7 1.43

Two-terminal
tandem
solar cell

perovskite/c-Si 1.68 16.72 75.6 21.2 1.20

perovskite/Si HJT 1.76 18.83 73.0 24.2 1.43

graphene-based
perovskite/Si HJT

1.80 18.81 77.5 26.3 1.43
1.80Vand77.5%, respectively.Consequently, thePCE reaches a value as high as 26.3%

(reverse voltage scan). In order to exclude the hysteresis phenomena typically observed

in perovskite solar cells82,83 (e.g., anomalous dependence on the voltage scan direc-

tion, rate, or range;84,85 voltage conditioning history;86 and device configuration87)

for the correct estimation of the PCE, J-V curves have also been measured in forward

voltage scanmode, resulting in a PCEof 25%. This small hysteresis observed for the tan-

dem cell is actually much less prominent that what is observed for the semi-transparent

perovskite devices in Figure 3B. Moreover, the measurement of PCE overtime at the

MPP has confirmed a stabilized PCE of 25.9% (inset panel in Figure 4C). Figure S7 re-

ports the forward and reverse J-V scan of a different perovskite/c-Si, without graphene

addition, confirming the same marginal hysteresis behavior also for this configuration.

Theobservedbehavior is the same in all deviceswith this tandemarchitecture. FigureS8

and Table S1 show the statistical analysis of the PCE and the other photovoltaic FoM

(estimated by J-V curves in reverse voltage scan mode) measured on 15 graphene-

based perovskite/Si HJT tandem solar cells obtained bymechanically stacking different

graphene-based mesoscopic perovskite top cells over the same Si HJT bottom cell,

showing a mean PCE of 24.9G 0.9%. Additionally, in order to evaluate the long-term

stability of our tandem configurations, as well as potential problems caused by theme-

chanical stacking of the sub-cells, we kept a two-terminal mechanically stacked tandem

solar cell under continuously simulated 1 Sun illumination, comparing its photovoltaic

performancewith that of a referenceperovskite solar cell with ITO/Aucounter electrode

and without encapsulation. Both cells were kept at MPP for the whole duration of the

test. As shown in Figure S9, both devices exhibited a similar degradation trend, with

the T80 (defined as the time the cell reaches 80%of its starting efficiency) being approx-

imately 100 h for both the tandem solar cells and the single perovskite sub-cell. This

result exceeds our expectations for the mesoporous structure since the measured T80
is comparable to those typically displayed by an encapsulated mesoporous perovskite

solar cell in the literature.88 This suggests that ITO may be an effective barrier to mois-

ture and other degrading agents. Moreover, the similar stability of the here measured

samples indicates that the mechanical contact does not represent the current bottle-

neck in the stability of this tandem configuration, which is still going to be exploitable

with more stable p-i-n perovskite top cells.

Figure 4D reports the external quantum efficiency (EQE) spectra for a two-terminal

tandem cell comprising a graphene-based mesoscopic perovskite and Si HJT sub-

cell, together with the sum of the spectral response of the two sub-cells. The

EQE of the Si HJT bottom cell in the IR light wavelength range decreases because

of residual parasitic optical losses. The absence of a back reflecting contact on the

perovskite top cell also causes a decrease of the EQE at a wavelength longer than

600 nm. Nevertheless, the data show that the ‘‘current-matching condition’’ of the

sub-cells is almost perfectly fulfilled, in agreement with the analysis of the FoM

extrapolated by the J-V characteristics. The small 0.4 mA cm�2 mismatch between
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the EQE-integrated current value and the one measured by J-V scan is

attributed to the higher impact of the grid shadowing over the rectangular spot

area (83 5 mm) of the light beam used during the spectral measurement, compared

to the case of the fully illuminated cell area during the J-V measurement.

Conclusions

In conclusion, we have reported an innovative and highly efficient two-terminal perov-

skite/silicon tandem configuration, which is obtained by a simple mechanical stacking

of the sub-cells. The two sub-cells are independently optimized to maximize the PCE

and, at the same time, to minimize the optical losses within the multiple layers and in-

terfaces. This ‘‘mechanical approach’’ provides a 2-fold advantage. First, any kind of

perovskite solar cells, even highly efficient mesoscopic perovskite solar cells, typically

processed at high temperature (R400�C), can be integrated into our two-terminal tan-

dem solar cell design over highly efficient Si HJT bottom cells, which do not withstand

temperatures exceeding 200�C. Second, metalized and double-side textured Si HJT

bottom cells can be exploited in the two-terminal perovskite/silicon tandem device

while preserving the solution processability of the perovskite layer in the perovskite

top cell. The latter should be strikingly pursued for cost-effective and high-throughput

manufacturing of perovskite solar cells, which is mandatory to compensate added mar-

ginal cost of tandem solar cells within a short timeby increasing their energy production,

i.e., to lower LCOE compared to the current status of photovoltaic technology and the

primary energy demand (PED) for the production of devices.89–91 Bifacial mesoscopic

perovskite solar cells have beenoptimized for their implementation in tandem solar cells

by (1) carrying out a low-power sputtering process over a PTAA hole selective layer to

preserve its optoelectronic properties during the deposition of the ITO counter elec-

trode without needing a protective oxide-based buffer layer; (2) engineering the optical

design by identifying the ideal thickness of the ITO counter electrode to reduce the

reflective optical losses at the PTAA/ITO interface; and (3) incorporating graphene

flakes into the cTiO2 and mTiO2, used as electron selective layers, in order to lower

the series resistance and enhance the electron extraction efficiency. Such optimized

bifacial perovskite solar cells have been used as top cells in tandem devices adopting

either double-side textured c-Si and Si HJT bottom cells, reaching a champion PCE of

26.3% in reverse voltage scanmode (25.7% in forward voltage scanmode and stabilized

PCEof 25.9%) over an active area of 1.43 cm2. It is noteworthy that higher PCE values are

theoretically expected by assuming that PCE of the Si HJT bottom cells are the one

achievable on a larger area (>22%). In fact, as demonstrated by record-high PCE of

25.1% measured for both-side-contacted, 151.9 cm2-area Si HJT solar cells,92 the

PCE on the commercially available large-area Si HJT solar cells is less affected by

non-radiative trap-assisted recombination phenomena due to edge defects at the sides

of the cell.81,92 Our ‘‘mechanical approach,’’ based on the independent optimization

and fabrication of the sub-cells, is ready to synergistically exploit the most recent prog-

ress achieved in both perovskite and silicon solar cells, as well as their corresponding

modules, in order to propel perovskite/silicon tandem solar cells beyond current photo-

voltaic technology established in the market.

EXPERIMENTAL PROCEDURES

Solar Cells Fabrication

Perovskite solar cells were fabricated on FTO-coated glass substrates (Pilkington,

8 U/,), which were washed by subsequent sonication steps in acetone, ethanol,

and isopropanol for 10, 5, and 10 min respectively, in order to remove organic res-

idues from the surface. Silver contacts were screen printed directly over the FTO.

These contacts covered and preserved the FTO electrode from the deposition of

the subsequent layers. The compact TiO2 (cTiO2) was deposited by spray pyrolysis
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at 450�C starting from a precursor solution of titanium diisopropoxide bis(acetyla-

cetonate), acetylacetone, and ethanol (3:2:45 volume ratio). 10 spray cycles were

carried out to achieve a 40-nm-thick layer of cTiO2. The mesoporous TiO2 (mTiO2)

was deposited by spin coating at 3,000 rpm for 15 s a Dyesol 30 NRD titania nano-

particle paste diluted with ethanol in a 1:5 mass ratio. In agreement with previously

reported protocols,43,45 graphene-doped cTiO2 and mTiO2 layers were deposited

by the corresponding solution with 1% in volume of graphene flakes dispersion.

The latter were produced by liquid-phase exfoliation of graphite flakes in N-

methyl-2-pyrrolidone and exchanged into ethanol.43 The graphene-doped TiO2 so-

lutions were stirred for 2 h before their deposition. The perovskite precursor solution

was prepared by weighting PbI2, FAI, PbBr2, MABr, and CsI in a vial

(1:0.81:0.2:0.16:0.06material molar ratio), followed by the addition of a dimethylfor-

mamide (DMF) and dimethyl sulfoxide (DMSO) solvent mixture in 4:1 respective pro-

portion, in order to obtain a 1.2 M solution of the total material. The deposition was

performed in a N2-filled glove box by spin coating the as-prepared solution with a

two-step program at 1,000 and 6,000 rpm for 10 and 20 s, respectively. A chloroben-

zene anti-solvent quenching was performed 5 s before the end of the second spin-

coating step. Spiro-OMeTAD solution was prepared by dissolving spiro-OMeTAD in

chlorobenzene (73.52 mg mL�1) and doping the solution by adding tert-butylpiri-

dine (TBP) (26 mL mL�1) and 16 mL mL�1 of a 0.1 M solution of bis(trifluoromethane)

sulfonimide lithium salt (Li-TFSI) in acetonitrile. The spiro-OMeTAD solution was

deposited onto the perovskite by spin coating at 2,000 rpm for 20 s. Poly(triaryl-

amine) (PTAA) solution was prepared by dissolving 10 mg of the material powder

in 1 mL of toluene The PTAA solution was deposited onto the perovskite by spin

coating at 3,000 rpm for 20 s. The indium tin oxide (ITO) deposition onto PTAA or

spiro-OMeTAD layers was carried out in a linear magnetron radio frequency (RF)

sputtering system (Kenosistek), equipped with a load lock chamber. The ITO sput-

tering process was carried out at a power density of 0.40 or 0.67W cm�2 with a work-

ing pressure of 1.1 10�3 mbar using pure Ar gas (without O2 partial pressure). The

active area of the perovskite sub-cell was defined by applying a laser-cut 1.2 3

1.2 cm2 mask for the ITO deposition as shown in Figure S5A. No annealing was per-

formed on the substrates either during the sputtering deposition or after the

process.

The Si HJT bottom-cells were fabricated using n-type double-side textured silicon

float-zone wafers with a resistivity of 1–5 U cm and a thickness of 260 mm. Intrinsic

and doped hydrogenated amorphous Si layers were deposited on both sides of

the wafer in a RF plasma-enhanced chemical vapor deposition (PECVD) reactor to

passivate the Si surface and to create the carrier-selective contacts. N- and p-type

doping were achieved by adding PH3 and B2H6 as precursor gasses to SiH4. Subse-

quently, ITO was sputtered on both sides by RF magnetron sputtering using Ar gas

at a pressure of 10�3 bar. Metallization was carried out on both sides by screen-print-

ing deposition of a commercial Ag paste and subsequently cured at 200�C for

10 min. The processed wafers were then cut to 1.2 3 1.2 cm2 samples.

Commercial c-Si solar cells with Al-SBF were based on p-type monocrystalline Si.

The standard front side was passivated by SiN, and the metallization was carried

out on both sides by screen-printing deposition of a commercial screen-printable

Ag paste and subsequently cured at 200�C for 10 min. For experiments, areas

without bus bars and with only metal fingers were cut and used as bottom cells.

For the sub-cell coupling, the glass substrate of the perovskite cell has dimensions

2.5 3 2.5 cm2 but the active area is only 1.2 3 1.2 cm2 and determined by the
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laser-cut mask used for the sputtering of the ITO; the silicon cell also has the dimen-

sions 1.23 1.2 cm2. The silicon cell is pressed on the active area of the perovskite cell

and the whole stack is kept on a rack that holds the cells together. All the setup is

shown in Figure S5.

Solar Cell Characterization

The J-V curves of perovskite solar cells were acquired in air atmosphere by using a

Keithley 2420 source meter coupled with a solar simulator (ABET Sun 2000, class

A), calibrated by a thermopile pyranometer (Pyranometer MS-602, EKO) at AM1.5

and 100 mW cm�2 illumination conditions. The voltage step and scan voltage rate

were set to 20 mV and 35 mV s�1, respectively. Laser-cut masks of black tape

were used to fix the illuminated area at 0.09 cm2.

The J-V characteristics of both Si solar cells and perovskite/Si tandem solar cells were

measured in air atmosphere by using a solar simulator (Class-AWACOM), calibrated

at AM1.5 and 100 mW cm�2 illumination by a Greatcell Solar Spectrometer. The

temperature of the cells was kept at 25�Cbymeans of a cooled holder. Themeasure-

ments were performed in a four-wire configuration to avoid resistive losses from the

measurement circuit.

The electrical measurements of the Si HJT bottom cell were performed directly on the

pre-cut 1.23 1.2 cm2 samples (not on the entire wafer). The cut samples included mul-

tiple thin metal fingers (not bus bars), as screen printed over the ITO during the cell

metallization. The measurement was carried out by applying a probe on each finger

of the cell and placing it to the side to avoid the shadowing of themeasured active area.

To measure the electrical characteristics of the perovskite/Si tandem solar cells, the

ITO back electrode of the perovskite solar cell was simply pressed on the metal grid

of the Si solar cell, as schematically shown in Figure 1C of the main text of the manu-

script and in Figure S3B. The two cells are aligned by means of a rack. As shown in

Figure S5C, the two sides of the rack were screwed together in order to keep the

two sub-cells pressed one against the other during the measurement.

EQE spectra were acquired by using a home-made setup composed of a monochro-

mator (Newport, mod. 74000) coupled with a Xe lamp (Oriel Apex, Newport) and a

source meter (Keithley, mod. 2612). The light beam spot area is 83 5 mm2. A home-

made LabVIEW program was used to control the spectra acquisition. The tandem

cell’s EQE was measured in the two-terminal configuration by ‘‘blinding’’ the perov-

skite front cell with a blue light-emitting diode (LED) bias light when measuring the

silicon sub-cell and using an IR LED light whenmeasuring the perovskite cell spectral

response in order to bias the silicon sub-cell.

Optical absorbance spectroscopy measurements were carried out with a spectropho-

tometer (PerkinElmer Lambda 950) in the ultraviolet-visible (UV-vis)-NIR spectral range.

Steady-state photoluminescence (PL) measurements were performed with a com-

mercial apparatus (Arkeo – Cicci Research s.r.l.) composed by a charge coupled de-

vice spectrometer. The substrates were excited by a green (532 nm) laser at 45� of
incidence with a circular spot diameter of 1 mm. A lens condenser attached to a

multimode optical fiber bundle composes the optical coupling system.

An X-ray Oriented Program (XOP) was used to optimize the thickness of ITO onto both

spiro-OMeTAD and PTAA hole selective layers in order to mitigate the parasitic optical
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losses in the near-infrared range (800–1,200 nm wavelength) caused by the light reflec-

tion at the hole selective material/ITO interface. More in detail, the perovskite layer was

used as reference structure. The investigated structures were subsequently obtained by

sequentially stacking the hole selective material (i.e., spiro-OMeTAD or PTAA) and the

ITO films. Each layer was optically described in terms of refractive index (n) and extinc-

tion coefficient (k) refractive indexes as a function of wavelength and its geometrical

thickness. The thickness of the spiro-OMeTAD and PTAA was fixed at the experimental

values of 200 and 40 nm, respectively, in agreement with those previously optimized for

high-efficiency and reproducible perovskite solar cells (see Results and Discussion in the

main text). Lastly, the XOP simulations were performed by using the ITO thickness as

variable parameter, resulting in different reflectance profiles. The ITO thickness leading

to the lower reflectanceprofile in the spectral rangebetween 800 and 1,100 nmofwave-

length was chosen as the optima one in order to enhance the transmission toward the

silicon bottom cells.
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