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Abstract: Perovskite/silicon tandem solar cells have strong potential for high efficiency and low cost
photovoltaics. In monolithic (two-terminal) configurations, one key element is the interconnection
region of the two subcells, which should be designed for optimal light management and prevention
of parasitic p/n junctions. We investigated monolithic perovskite/silicon-heterojunction (SHJ)
tandem solar cells with a p/n nanocrystalline silicon/silicon-oxide recombination junction for
improved infrared light management. This design can additionally provide for resilience to shunts
and simplified cell processing. We probed modified SHJ solar cells, made from double-side polished
n-type Si wafers, which included the proposed front-side p/n tunnel junction with the p-type film
simultaneously functioning as selective charge transport layer for the SHJ bottom cell, trying different
thicknesses for the n-type layer. Full tandem devices were then tested, by applying a planar n-i-p
mixed-cation mixed-halide perovskite top cell, fabricated via low temperature solution methods
to be compatible with the processed Si wafer. We demonstrate the feasibility of this tandem cell
configuration over a 1 cm2 area with negligible J-V hysteresis and a VOC ~1.8 V, matching the sum of
the VOC-s contributed by the two components.

Keywords: monolithic perovskite/silicon tandem solar cells; triple cation perovskite; silicon hetero-
junction; tunnel recombination junction; doped nanocrystalline silicon oxide

1. Introduction

Solar energy is among the best options for tackling climate change, and photovoltaics
(PV) in particular may strongly contribute to satisfy the growing electricity demand while
meeting the needed decarbonization. The PV industry has already demonstrated exponen-
tial growth, technological advancements, significant cost reductions, and now heads to
multi-terawatt scales of annual production [1]. Meanwhile, extensive research is being car-
ried out worldwide in the solar energy fields, with solar cells among the hottest topics [2].
Specifically, tandem solar cells combining lead halide perovskite and silicon subcells are un-
der intense investigation as a viable solution for high efficiency and low cost photovoltaics,
with theoretical limiting efficiency (with Auger recombination) above 43% [3] and recent
certified efficiencies already approaching 30% for the monolithic design [4–6]. On the one
hand, building on favorable material properties, perovskites have already demonstrated
efficiencies exceeding 25% [4,7] thanks to significant advances in the understanding of
defects and recombination mechanisms and in related practical implementations. Differ-
ent formulations are under development. In particular, in view of tandem applications,
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compositions with mixed-cations and mixed-halides (typically I and Br) are mostly applied
as they allow for bandgap tuning in the proper range (ideally around 1.7 eV to match
with a silicon bottom cell bandgap of 1.1 eV [3,8]) by means of fine-adjustments of the
elemental composition [5,6,9,10]. Besides the bandgap tuning, mixed-cation compositions,
such as the triple cation mixing inorganic Cs with organic methylammonium (MA) and
formamidinium (FA), also offer improved stability and robustness against variations in
processing conditions, enabling more reproducible device performance [11].

As for the bottom counterpart, silicon heterojunction (SHJ) solar cells are the most
frequent choice, thanks to excellent performance metrics such as the high open circuit
voltage over 740 mV in record cells [4], enabled by amorphous silicon passivation. The SHJ
technology has fully demonstrated to be a very effective concept for high-efficiency Si-based
photovoltaics, with the world record efficiency of 26.7% achieved with the back-contact
design [12] and efficiencies above 25% on full size n-type M2 c-Si wafer with both-side
contact design [13]. In addition, SHJ solar cells feature a flexible architecture with wide
variety of options (n or p wafer type, both polarities possible, standard, or bifacial design,
back contact scheme, easy means to introduce novel carrier selective contacts) [14], thus
opening for different tandem cell designs.

Together with the component cells, another key element for a good monolithic tandem
cell is the interconnection region, where carriers from one subcell should recombine with
carriers of opposite sign from the other subcell without introducing losses. This component
plays electrical and optical roles and should be designed for optimal light management
and prevention of parasitic p/n junctions [15]. In perovskite/SHJ tandem cells, often a
single film of transparent conductive oxides (TCO), typically indium tin oxide (ITO), is
included as recombination layer in between top and bottom component [16–18]. Although
effective, this layer introduces some drawbacks, like reflection losses at the interface with
Si, due to mismatched refractive index, and parasitic absorption losses at long wavelengths
due to free-carrier absorption. Therefore, the layer should be kept thin. The combination of
thin TCO and an optical interlayer with higher refractive index (~2.6 at 800 nm) has been
recently proposed for improved infrared light management and applied also in record
tandem solar cells [5,10]. Alternatively, the integration of a p/n recombination junction
made of higher-index doped nanocrystalline Si has been proposed as a replacement of the
TCO recombination layer [9,19].

In this work, we focus on a p/n tunnel junction based on doped nanocrystalline
silicon/silicon-oxide layers deposited by plasma enhanced chemical vapor deposition
(PECVD), building on the approaches of references [9,10,19]. This component is meant to
act as an interband tunnel junction [15]. In particular, we investigated the feasibility of
a simple tunnel junction scheme constituted by a p/n bilayer with the first layer (p-type
nanocrystalline silicon, (p)nc-Si) primarily acting as selective charge transport layer for
the SHJ bottom cell and the second layer (silicon-rich n-type nanocrystalline silicon-oxide,
(n)nc-SiOx, with refractive index ~3.0 at 800 nm) included as interconnection layer with
optical and electrical functionalities. A key feature of the (n)nc-SiOx material is its mixed-
phase structure that allows for enhanced conductivity with respect to homogeneous silicon
alloys together with the possibility of adjusting the optical constants (refractive index n
and extinction coefficient k) by tuning the oxygen content in the amorphous silicon-oxide
component [10,20]. Still, the lateral conductivity remains well below the typical values for
ITO, and this can be beneficial at mitigating possible shunts [21]. Similar designs were
successfully applied also in other tandem solar cells, like the thin film silicon micromorph
architecture [20,22]. Multiple advantages can likewise be envisaged for perovskite/SHJ
tandems: improved light management, resilience to shunts, and no need of wafer transfer to
a sputtering chamber for completing the stack. The latter point means simplified fabrication
process and, additionally, reduced use of scarce/costly indium, by avoiding the use of ITO.

We investigated modified SHJ solar cells, including the proposed front-side tunnel
junction for tandem integration, and tested them into full monolithic tandem devices. For
the top component, we employed a triple-cation mixed-halide perovskite absorber with
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bandgap of 1.64 eV. The planar n-i-p design was selected, with low-temperature solution-
processed SnO2 nanoparticles as electron transport layer (ETL) [23] to be compatible with
the processed Si wafer. We demonstrate the feasibility of this tandem cell configuration
with negligible J-V hysteresis and a VOC that matches the sum of the VOC-s contributed by
the two components.

2. Materials and Methods

We fabricated and studied monolithic tandem solar cells and the two component cells,
i.e., silicon and perovskite single junction devices separately. In the following, the fabrica-
tion procedures of the different devices are described and details about characterization of
materials and devices are reported.

2.1. Perovskite Solar Cells Fabrication

Single-junction perovskite solar cells with n-i-p planar structure were fabricated on
pre-patterned ITO-covered glass substrates (Kintec, 10 Ω/sq), cleaned by sonication with
acetone and ethanol and treated with UV-ozone to improve the wettability. The electron
transport layer, SnO2, was deposited by spin-coating technique under a fume extraction
system. The SnO2 solution was prepared diluting a commercial SnO2 colloidal dispersion
(15 wt%, Alfa Aesar) with deionized water (1:5, volume ratio). The samples were annealed
at 130 ◦C for 1 h and again treated with UV-ozone before perovskite layer deposition.

The Cs0.05FA0.8MA0.15PbI2.5Br0.5 mixed-cation (Cs, FA, MA) mixed-halide (I; Br) per-
ovskite film was deposited by spin coating in a nitrogen-filled glove box following the
one-step anti-solvent quenching procedure [11,24]. The perovskite precursor solution was
prepared by mixing PbI2 (1.10 M, ultradry, Alfa Aesar, by Thermo Fisher GmbH, Kandel,
Germany), PbBr2 (0.22 M, Puratronic®, Alfa Aesar), FAI (1.05 M, formamidinium iodide,
Sigma Aldrich/Merck, St. Louis, MO, USA), MABr (0.20 M, methylammonium bromide,
anhydrous, Sigma Aldrich/Merck) in DMF:DMSO (4:1, v/v, Sigma Aldrich/Merck), and
adding a CsI solution (1.50 M, anhydrous, Acros Organics, Geel, Belgium) in DMSO.
Chlorobenzene (Sigma Aldrich/Merck) was dropped on the substrate as anti-solvent a few
seconds before the spin-coating was complete. The samples were annealed onto a hot plate
at 100 ◦C for 1 h.

The hole transport layer (HTL), Spiro-OMeTAD, was then applied onto the perovskite
layer by spin coating in nitrogen-filled glove box. Spiro-OMeTAD dissolved in chloroben-
zene, doped with 4-t-butylpyridine, Li-TFSI solution and FK 209 Co(III) TFSI solution, was
used (materials purchased from Sigma Aldrich/Merck).

Opaque and semitransparent solar cells were fabricated. The opaque solar cells were
completed by capping the HTL with evaporated Au (80 nm). For the semitransparent
cell, 80-nm-thick sputtered Al-doped ZnO (AZO) was used in place of full-area Au and a
thermally evaporated 10-nm-thick MoOx buffer layer was applied in advance to protect the
HTL from sputter damage. AZO layers were deposited by RF sputtering at 13.56 MHz with
Ar plasma and no intentional substrate heating in a MRC system starting from a doped
ZnO target (2 wt% Al2O3). More details about perovskite solar cells fabrication can be
found in reference [25].

2.2. SHJ Solar Cells Fabrication

We used flat n-type double-side polished float-zone c-Si <100> wafers, with resistivity
1–5 Ωcm. The wafers were cleaned using the standard RCA process and the native oxides
were removed by dipping in diluted hydrofluoric acid immediately before loading into
the deposition chamber. The two surfaces were passivated with ~5 nm-thick intrinsic
a-Si:H. At the front surface, hydrogenated p-type nanocrystalline silicon [(p)nc-Si] was
applied as hole collector (i.e., emitter, with nominal thickness of 20 nm, or 30 nm in some
cases), whereas 20 nm-thick hydrogenated silicon-rich n-type nanocrystalline silicon oxide
[(n)nc-SiOx] was applied to the rear side as electron collector. The materials were deposited
by PECVD in a MVSystems Inc. cluster tool system allowing deposition over 10 × 10 cm2
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substrate area or 4 inch wafer. Details can be found in references [20,26]. Briefly, SiH4-based
gas-mixtures were used, with PH3 and B2H6 as doping gases. For the nanocrystalline
layers, high H2 dilution was applied, with the addition of CO2 for nc-SiOx layers, with
possibility to tune the oxygen content in the films by varying the CO2/SiH4 gas-phase ratio
and thus obtain the desired optical and electrical properties [20]. For the present devices
we employed a ratio of ~0.7. The substrate temperature during the deposition of all the
layers was 150 ◦C.

Reference cells were completed with an 80-nm-thick antireflecting front AZO layer
(same as used for the perovskite solar cells) and an Al collection grid, deposited through
shadow masks. For the tunnel junction investigation, we prepared devices with an addi-
tional (n)nc-SiOx layer (same as used at the bottom side of the wafer) prior to the deposition
of the front AZO and Al grid. For this layer, we tested different thicknesses (nominal values
from 15 nm to 60 nm). In all the cases a full-area AZO/Al stack was applied to the rear
side as back-reflecting electrode. The devices were finally annealed at 180 ◦C for 30 min to
recover the sputtering damage [27].

2.3. Tandem Solar Cells Fabrication

Monolithic tandem solar cells were fabricated by depositing the semitransparent
perovskite solar cell onto the flat SHJ bottom cell completed with the additional (n)nc-SiOx
layer forming the tunnel junction. The same procedures as for the single junction cells were
followed, including a UV-ozone treatment prior to the SnO2 deposition. The top contact
was finished with an Au grid. Selected cells were additionally covered with a 100 nm-thick
evaporated LiF layer as antireflective coating (external coating to the device, with optical
functionality only). To summarize, the fabrication steps of a full perovskite/SHJ tandem
cell are:

1. c-Si wafer cleaning and removal of native oxides;
2. c-Si wafer processing for the realization of the SHJ device (without front electrode)

and the tunnel junction by vacuum techniques (PECVD, sputtering, evaporation);
3. cutting of the processed wafer into smaller square pieces for further processing;
4. UV-ozone treatment of the top surface and subsequent fabrication by spin coating of

the main layers forming the perovskite top cell (ETL, absorber, HTL);
5. realization of the transparent front contact stack and metal grid by evaporation and

sputtering;
6. application of front antireflection coating by evaporation (on selected samples).

2.4. Characterization of Materials and Devices

Single layers on glass were prepared with the same methods described before, to be
used for characterization. Optical properties were investigated by means of spectroscopic
ellipsometry using a variable angle ellipsometer (VASE, J.A. Woollam Co., Lincoln, NE,
USA) and acquiring data over three angles of incidence complemented with transmittance
spectra measured on the same spot.

Unfinished SHJ solar cells (prior to the deposition of the electrodes) were character-
ized by means of photoconductance decay technique using a Sinton WCT-120 lifetime
tester in transient mode in order to evaluate the injection dependent effective minority
carrier lifetime.

Un-encapsulated solar cells were characterized in ambient air by measuring the
illuminated current-voltage (J-V) characteristic at AM 1.5 g (1000 W/m2) under a class
AAA dual-lamp WACOM solar simulator applying a shadow mask aligned to the cell area.
External quantum efficiency (EQE) and reflectance of the devices were measured with a
Bentham PVE300 setup equipped with an integrating sphere. For the tandem solar cells,
the spectra of the two component cells were obtained by applying proper filtered bias light
(red light to saturate the bottom cell and measure the top cell, blue light to saturate the top
cell and measure the bottom cell).
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3. Results and Discussion
3.1. Device Design and Optical Simulations

We investigated a two-terminal monolithic tandem structure, where the two com-
ponent cells are optically coupled and electrically connected in series. The structure is
schematized in Figure 1a. The flat SHJ cell, with an additional interconnection layer, serves
as the substrate for the deposition of the perovskite top cell. We selected a n-i-p top cell
structure (deposition sequence of the layers), where the perovskite absorber is realized on
top of a compact SnO2 layer (ETL) processed at low temperature to be compatible with
the SHJ bottom cell. Accordingly, the n-type Si based SHJ bottom cell is prepared in the
standard front emitter configuration, with the minority carrier (hole) collector (the (p)nc-Si
layer) at the front side.
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Figure 1. Layout of the devices tested in this work (not in scale and front metal grid not drawn):
(a) monolithic perovskite/SHJ tandem cell with and without LiF antireflection coating (circled layer);
(b) SHJ solar cell, with and without the extra top n-type layer for tunnel junction testing (circled
layer); (c) semi-transparent perovskite solar cell on glass/ITO.

Along with the full tandem structure, we studied the main device components (SHJ
bottom cell, tunnel junction, and semitransparent top cell) by fabricating and testing the
devices illustrated in Figure 1b,c. In particular, we investigated SHJ solar cells with the
additional (n)nc-SiOx layer applied for use as tunnel junction in combination with the
underlying p-type layer versus the standard SHJ (solar cell structure with and without the
layer circled with dashed line in Figure 1b). Semitransparent perovskite solar cells with the
structure schematized in Figure 1c were also fabricated and tested.

The tandem solar cell presents a multilayer film over the flat silicon wafer and thus
optical interference has a strong impact. To figure out the contribution and potential
of the proposed tunnel junction, we performed a simple optical simulation study by
using experimentally-determined complex refractive indices (n and k). All the layers
were thus preliminarily characterized by spectroscopic ellipsometry. The spectra of the
experimental optical constants are shown in Figure 2, together with literature data for c-
Si [28]. The optical constants were obtained through simultaneous fitting of the multi-angle
ellipsometry data and transmittance data with the J.A. Woollam WASE software using
appropriate dispersion laws for each material. In particular, a-Si:H, (n)nc-SiOx, (p)nc-Si,
MoOx, ITO, AZO, and SnO2 layers were described using the Tauc-Lorentz dispersion
dependence, with the addition of the Drude model where needed to account for the free-
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carrier absorption contribution. Multiple Tauc-Lorentz oscillators were used for perovskite
and Spiro-OMeTAD [29,30].

Energies 2021, 14, x FOR PEER REVIEW 6 of 13 
 

 

experimental optical constants are shown in Figure 2, together with literature data for c-
Si [28]. The optical constants were obtained through simultaneous fitting of the multi-
angle ellipsometry data and transmittance data with the J.A. Woollam WASE software 
using appropriate dispersion laws for each material. In particular, a-Si:H, (n)nc-SiOx, 
(p)nc-Si, MoOx, ITO, AZO, and SnO2 layers were described using the Tauc-Lorentz 
dispersion dependence, with the addition of the Drude model where needed to account 
for the free-carrier absorption contribution. Multiple Tauc-Lorentz oscillators were used 
for perovskite and Spiro-OMeTAD [29,30]. 

 
Figure 2. Spectra of the optical constants of all the layers used in the devices, as obtained by 
spectroscopic ellipsometry plus c-Si from ref. [28]: (a) refractive index and (b) extinction coefficient 
with zoomed long wavelength range for ITO, AZO, and Spiro-OMeTAD shown in the inset. The 
(n)nc-SiOx-2 material is a possible alternative layer with higher oxygen content than the (n)nc-SiOx 
film used in the present devices. 

The materials span a wide range of refractive index values (Figure 2a), going from 
values below 2 at wavelengths around 800 nm for TCOs (AZO, ITO) and the contact/buffer 
layers of the top cell (SnO2, Spiro-OMeTAD, MoOx), to 2.4 for the perovskite absorber, to 
~2.5 or ~3 for the silicon-rich (n)nc-SiOx films depending on the oxygen content (lower in 
the latter case), and finally to 3.3 for the (p)nc-Si film and 3.7–3.8 for c-Si and a-Si:H. From 
this synoptic view, it is evident that silicon-rich nc-SiOx can provide a suitable refractive 
index grading for the light traveling from the perovskite top cell to the c-Si bottom cell. 

Figure 2b highlights the much larger extinction coefficient (and then absorption 
coefficient) for wavelengths above 400 nm and sharp absorption edge of the perovskite 
absorber versus indirect-bandgap crystalline silicon. In addition, information can be 
gathered on the parasitic absorption losses contributed by the various supportive layers. 
The silicon- and silicon oxide-based contact layers are characterized by large k at short 
wavelengths (decreasing with increasing oxygen content). However, the materials are 
applied as ultrathin layers (~20 nm) in the devices and, above all, this wavelength range 
is absorbed by the top cell and does not reach the layers. Relevant losses at short 
wavelengths are instead expected from the Spiro-OMeTAD layer (~150 nm thick, as 
evaluated for single layers on glass through ellipsometry), which is applied as window 
layer in the tandem configuration. Finally, TCOs and Spiro-OMeTAD contribute parasitic 
losses in the near-infrared range due to free carrier absorption (rising tails at long 
wavelengths in Figure 2b). 

Based on the experimental optical constants of all the layers, we evaluated the 
internal transmittance into silicon within the tandem structure, i.e., the actual light that 
reaches the bottom absorber layer, for different configurations of the capping layers: 
thickness and material type in the tunnel junction, thickness of perovskite absorber, 
thickness of front Spiro-OMeTAD layer. For completeness, for the latter case (variation of 
Spiro-OMeTAD layer thickness) we evaluated also the internal transmittance into the 
perovskite absorber, i.e., the actual light that enters the top absorber layer. The simulations 

Figure 2. Spectra of the optical constants of all the layers used in the devices, as obtained by
spectroscopic ellipsometry plus c-Si from ref. [28]: (a) refractive index and (b) extinction coefficient
with zoomed long wavelength range for ITO, AZO, and Spiro-OMeTAD shown in the inset. The
(n)nc-SiOx-2 material is a possible alternative layer with higher oxygen content than the (n)nc-SiOx

film used in the present devices.

The materials span a wide range of refractive index values (Figure 2a), going from
values below 2 at wavelengths around 800 nm for TCOs (AZO, ITO) and the contact/buffer
layers of the top cell (SnO2, Spiro-OMeTAD, MoOx), to 2.4 for the perovskite absorber, to
~2.5 or ~3 for the silicon-rich (n)nc-SiOx films depending on the oxygen content (lower in
the latter case), and finally to 3.3 for the (p)nc-Si film and 3.7–3.8 for c-Si and a-Si:H. From
this synoptic view, it is evident that silicon-rich nc-SiOx can provide a suitable refractive
index grading for the light traveling from the perovskite top cell to the c-Si bottom cell.

Figure 2b highlights the much larger extinction coefficient (and then absorption coeffi-
cient) for wavelengths above 400 nm and sharp absorption edge of the perovskite absorber
versus indirect-bandgap crystalline silicon. In addition, information can be gathered on
the parasitic absorption losses contributed by the various supportive layers. The silicon-
and silicon oxide-based contact layers are characterized by large k at short wavelengths
(decreasing with increasing oxygen content). However, the materials are applied as ultra-
thin layers (~20 nm) in the devices and, above all, this wavelength range is absorbed by
the top cell and does not reach the layers. Relevant losses at short wavelengths are instead
expected from the Spiro-OMeTAD layer (~150 nm thick, as evaluated for single layers on
glass through ellipsometry), which is applied as window layer in the tandem configuration.
Finally, TCOs and Spiro-OMeTAD contribute parasitic losses in the near-infrared range
due to free carrier absorption (rising tails at long wavelengths in Figure 2b).

Based on the experimental optical constants of all the layers, we evaluated the internal
transmittance into silicon within the tandem structure, i.e., the actual light that reaches the
bottom absorber layer, for different configurations of the capping layers: thickness and
material type in the tunnel junction, thickness of perovskite absorber, thickness of front
Spiro-OMeTAD layer. For completeness, for the latter case (variation of Spiro-OMeTAD
layer thickness) we evaluated also the internal transmittance into the perovskite absorber,
i.e., the actual light that enters the top absorber layer. The simulations were carried
out with the IMD software for optical modelling of multilayer films [31]. The modelled
structures are: AZO/MoOx/Spiro-OMeTAD/(perovskite output medium) for the top
cell, AZO/MoOx/Spiro-OMeTAD/perovskite/SnO2/tunnel-junction/a-Si:H/(c-Si output
medium) for the bottom cell, with the selected absorber material (top or bottom) as output
medium. The layer thicknesses were set to realistic values, based on estimations by means
of optical characterization. In particular, unless the parameter was deliberately changed
(see Figure 3 and values in the legends), we used 80 nm for AZO, 10 nm for MoOx, 150 nm



Energies 2021, 14, 7684 7 of 13

for Spiro-OMeTAD, 400 nm for perovskite, 20 nm for SnO2, 30 nm for n-SiOx, 20 nm for
(p)nc-Si, 5 nm for the a-Si:H passivation layer.
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The simulated spectra are reported in Figure 3. Strong interference fringes dominate
the transmittance spectra due to the flat interfaces. Figure 3a shows the effect of the n-type
material in the tunnel junction on the light transmitted into silicon. Here four different
materials are tested, with thickness fixed at 30 nm in all cases (for (n)nc-Si the same optical
parameters as for (p)nc-Si have been used as a reasonable approximation). With ITO, the
transmittance is shifted towards large wavelengths and is globally lower, because of the
refractive index mismatch that causes back reflection of light. Using higher refractive index
materials, such as silicon-rich (n)nc-SiOx (better with lower oxygen content) and (n)nc-Si,
makes for increased light in-coupling into Si (increased T in Figure 3a) with potential
increase of the current generated in the SHJ bottom cell. In Figure 3b, we can observe
the effect of the n-layer thickness when using the proposed (n)nc-SiOx layer: with thicker
layer the interference fringes are flattened, with impact on potential JSC values. The optical
effects of the tunnel junction might however easily be masked by modifications in the
interference pattern because of thickness variation of other layers. For example, Figure 3c,d
shows the strong influence of Spiro-OMeTAD and perovskite layer thickness on the internal
transmission into Si.

3.2. Tunnel Recombination Junction

We investigated SHJ solar cells with the architecture illustrated in Figure 1b. Each
processed c-Si wafer was partially dedicated to the tunnel junction study, after being
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completed with front TCO and metal grid, and partially further processed to fabricate full
tandem devices, for a direct comparison with a known bottom plus tunnel component.

Photoconductance decay measurements of SHJ solar cell precursors prior to the
deposition of the electrodes showed a lifetime increase, and thus a potentially higher open
circuit voltage, when applying the additional front n-type layer (red versus black curves in
Figure 4a measured for the same sample before and after the n-layer deposition). This is
likely due to the n-layer deposition process with high hydrogen dilution at 150 ◦C that may
induce a hydrogen plus thermal treatment, resulting in improved chemical passivation
of the wafer [26]. The lifetime is even larger if the additional n-layer is applied over the
p-layer without breaking the vacuum (blue curve in Figure 4a, measured for a different
but nominally identical sample fabricated without breaking the vacuum). On this basis,
except for preliminary tests on SHJ cells with and without the additional n-layer, which
require breaking the vacuum for cutting and removing part of the processed wafer from
the PECVD reactor, we proceeded with modified SHJs that included the top n-layer with
no vacuum break, to fully benefit from the lifetime improvement.
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Table 1. Representative solar cells of each type: PV performance parameters, cell area, and actual
thickness values of the tunnel junction as evaluated from cell reflectance spectra. For perovskite and
tandem cells, PV parameters obtained from reverse scans are reported (data acquisition from high to
low voltage).

Cell VOC
(V)

JSC
(mA/cm2)

FF
(%)

η

(%)
Area
(cm2)

p/n
(nm/nm)

SHJ
S1-ref 0.641 34.6 71.5 15.8 4 19/–

SHJ with tunnel junction
S1 0.684 34.4 71.1 16.7 4 19/37
S2 0.680 33.2 72.1 16.2 4 22/55
S3 0.711 34.0 62.4 15.1 4 21/15
S4 0.702 33.3 66.4 15.5 4 31/19

Perovskite
Opaque 1.045 20.5 79.2 17.0 0.11 –/–
Semitransp. 1.082 14.8 55.1 8.8 0.63 –/–

Tandem
A 1 1.660 16.8 63.4 17.7 1 19/37
B 1.795 12.8 71.5 16.5 1 31/19

1 Tandem solar cell completed with antireflection coating (100 nm-thick LiF external layer).
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To check for possible optical losses, we measured and compared the internal quantum
efficiency (IQE) of SHJ solar cells with and without the additional (n)nc-SiOx layer (Figure 4b).
An obvious loss is present at short wavelength (not relevant in the tandem application
where this portion of the light spectrum is absorbed by the top cell), due to parasitic absorp-
tion in the extra layer, while no impact is observed in the relevant long wavelength range.

Different tunnel junctions were tested, whose optical effect on the cell reflectance is
shown in Figure 4c. Thicknesses around standard values for mixed-phase doped layers
in SHJ solar cells were considered. A nominal thickness of 20 nm, based on the material
deposition rate, was chosen for the p-type layer and target values between 15 nm and 60 nm
were considered for the n-type layer (samples S1, S2, S3, respectively corresponding to
middle, thick, and thin values). One additional configuration was considered with thicker
p-type layer (sample S4, with nominal thickness of 30 nm). Table 1 reports the thicknesses of
the p- and n-layers in the tunnel junction as obtained by fitting the experimental reflectance
spectra with the IMD software based on the known optical constants (Section 3.1), showing
a good agreement with the nominal set values.

The PV performance parameters of the devices are reported in the same table. The
relevant parameters in this experiment are VOC and FF. SHJ solar cells with the additional
n-layer are characterized by increased VOC, up to 711 mV, with respect to the reference cell
without, thanks to the improved passivation discussed above. The FF stays above 70%
with thicker n-layer and appears to decrease with decreasing n-layer thickness (down to
62.4% for 15 nm thick n-layer), because of a larger series resistance, possibly related to the
reduced conductivity of the thinner n-layers. The measured series resistance values are in
fact 2.5, 2.1, 5.6, and 4.4 Ω cm2, in this order for the devices S1, S2, S3, and S4.

3.3. Semitransparent Perovskite Solar Cells and Perovskite/SHJ Tandem Solar Cells

A planar triple-cation perovskite sub-cell has been selected, with bandgap of the
absorber evaluated as 1.64 eV from the inflection point of EQE spectra. The top compo-
nent cell has been firstly tested as semitransparent single-junction device on glass/ITO
(structure illustrated in Figure 1c). The metal electrode of standard opaque cells has been
replaced with AZO and a thin buffer (10 nm) of evaporated MoOx has been included to
protect the soft Spiro-OMeTAD layer and avoid losses from sputter damage during the
AZO deposition, typically resulting in S-shaped J-V curves. The performance metrics of
representative semitransparent and opaque solar cells (with Au electrode) are reported
in Table 1. Here, the semitransparent cell is measured with light entering from the HTL
side as in the tandem configuration. The hysteresis-free J-V curve of this cell is shown in
Figure 5a. Against the opaque solar cell, the semitransparent device has lower FF (Table 1)
due to high series resistance, at least partially related to a not optimized contact scheme.
The EQEs of opaque and semitransparent cells are reported in Figure 5b together with
the corresponding integrated JSC values. In the semitransparent case with illumination
through the ETL, JSC is obviously reduced with respect to the opaque device due to the
missing contribution from light reflected back into the perovskite absorber by the rear
metal electrode. In addition, with illumination through the HTL, parasitic absorption into
the Spiro-OMeTAD layer impacts the EQE at short wavelengths, whose shape agrees with
the simulated internal transmittance into perovskite (dashed lines in Figure 3c).

Tandem solar cells with variable tunnel junction have been fabricated and charac-
terized. Figure 5a shows the JV curves of a full tandem including the LiF antireflection
layer (cell A in Table 1), together with the curves of the co-deposited bottom component
cell and a reference semitransparent perovskite solar cell illuminated from HTL side as in
the tandem configuration. The FF of 63.4% and the absence of S-shapes in the J-V curves
evidence that the proposed tunnel junction is able to prevent the formation of parasitic
junctions. In addition, the low lateral conductivity of the nanocrystalline layers might have
contributed to achieve a high shunt resistance by mitigating possible shunt paths. The
VOC of 1.660 V approaches the sum of the VOC values measured for the two subcells and,
overall, the tandem cell shows an improved efficiency with respect to the reference single
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junction devices (cell A vs. S1 and Semitransp. Perovskite cell in Table 1). Moreover, as
with the single-junction perovskite solar cells, the perovskite/SHJ tandem cells also show
negligible J-V hysteresis (Figure 5a).

From the spectral response investigation, we can observe that the EQE of the top
component cell replicates the curve measured for the single-junction cell (Figure 5b) with
no impact from the different substrate, i.e., the SHJ bottom cell with tunnel junction vs.
glass/ITO. As for the spectral sharing in the tandem, Figure 5c shows the EQE of top
and bottom components prior and after the application of the LiF antireflection coating.
The reflectance spectra of the tandem cell are also reported in the figure, shown as 1-R
as a measure of the light absorbed by active and passive layers. As expected, the planar
and non-scattering design of the tandem devices results in strong optical interferences,
clearly identified in the EQE and reflectance spectra. In particular, the interference patterns
observed in the measured EQE spectra qualitatively agree with the simulated internal
transmittance into the absorber layers (Figure 3). Quantitatively, the EQE measurements
show that prior to LiF application the device is bottom limited. With the application of the
AR coating, a matched condition around 15.8 mA/cm2 is reached and the total JSC (sum of
top and bottom contributions) increases from 28.7 mA/cm2 to 31.7 mA/cm2 thanks to the
reduced reflection losses.
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Finally, Figure 6 summarizes the effect of the changes in the tunnel junction on the
tandem performance. Comparing the different bottom cell EQEs (Figure 6a) we can observe
that, according to the simulated internal T in Figure 3b, the interference fringes are abated
when thicker (n)nc-SiOx is applied. This is clear when comparing the spectra represented
with solid lines in the figure, where the red curve corresponds to the cell with 55 nm thick
layer and the black curve to the cell with 15 nm thick layer. When considering all the
curves, the effect is partially masked by other contributions, like thickness variation of other
layers affecting the pattern of spectral fringes, as observed in the simulation (Figure 3).
The distribution of the electrical parameters, VOC and FF, is reported in Figure 6b,c for
co-deposited tandem cells (cells fabricated over pieces cut from the same c-Si wafer for
each tunnel junction configuration). As for FF, the values are generally around 60%, at
least partially due to the not optimized front electrode. A trend appears for VOC, with
larger values for the cells with thinner n-layer in the tunnel junction (Figure 6b). For the
tunnel junction with only 15 nm thick n-layer, however there is more variability among the
measured VOC values and, additionally, the JV curves are S-shaped, hence the low FF in
Figure 6c. In this case also the bottom component itself has the lowest FF (Table 1). The
most promising condition appears to be the tunnel junction with slightly thicker p-layer
and ~20 nm thick n-layer, characterized by minor variability in VOC (Figure 6b) and no
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S-shape in the JV curve. The PV parameters of the best cell of this batch are reported in
Table 1 as cell B. We point out that in this case the VOC of the tandem cell matches the sum
of the VOC-s contributed by the two component cells, meaning negligible electrical losses
at the tunnel junction.
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4. Conclusions

We have investigated a p/n tunnel junction into monolithic perovskite/SHJ solar cells
employing a Cs0.05FA0.8MA0.15PbI2.5Br0.5 perovskite top cell with n-i-p design, fabricated
via solution processes at low temperature, and a SHJ bottom cell made from double-side
polished n-type Si wafer. A nanocrystalline Si/SiOx based p/n structure is proposed,
where the p-type layer ((p)nc-Si) also functions as selective contact layer for the SHJ bottom
cell, while the n-type layer ((n)nc-SiOx), similarly deposited by PECVD as other functional
layers of the bottom cell, provides suitable refractive index grading for the light passing
from the perovskite top cell to the silicon bottom cell. Electrically, the (n)nc-SiOx layer can
mitigate possible shunt paths in the devices. In addition, improved Si wafer passivation in
the presence of the proposed bilayer has been observed, with consequent increased VOC
of the bottom subcell. Different thicknesses of the n-type layer have been tested and the
experimental study has been complemented with basic optical simulations as a guideline
about effects on interference patterns. The results of the full tandem cells (1 cm2 area) prove
the feasibility of the concept, with a VOC that appears to be larger with thinner n-layer in
the tunnel junction. In particular, a value of ~1.8 V is reached, that equals the sum of the
VOC-s of top and bottom components with no electrical losses contributed by the tunnel
junction. We emphasize that, together with possible optical and electrical advantages, this
approach provides for a simplification of the fabrication process and avoids the use of an
ITO interlayer, thus tackling the issue of supply risk and high price of indium. This is a
very relevant aspect considering that no solar PV technology that requires indium can be
sustainably manufactured at scale [1].
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