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The combination of perovskite and chalcogenide solar cells allows for the monolithic fabrication
of all-thin-film tandem with compositional tunability, facilitating optimal band gap alignment for
an efficient absorption of the sunlight spectrum, while empowering flexible photovoltaic
applications. However, this combination is yet to reach the levels of efficiency and production
scalability seen in perovskite/silicon tandems, mostly due to the challenging fabrication of
perovskite cells on top of the irregular chalcogenide cell surface. Herein, we propose to enhance
the scalability of the technology by developing the ultrasonic spray coating of perovskite on top
of Cu(In,Ga)S(Se) (CIGS) cells for the fabrication of monolithic tandem devices. The capability
of the technique to deposit conformal perovskite coatings, aligned with interlayer optimization,
results in the successful integration of perovskite and chalcogenide cells. The resulting
monolithic tandem devices exhibit efficiencies close to 20%, a significant improvement on the
efficiency of the single junction perovskite and CIGS reference cells. These results offer a

promising pathway towards the upscaling of perovskite/CIGS device fabrication.
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MAIN TEXT

The surge in global energy demand propelled by the trend for overall electrification calls for
sustainable and efficient energy generation solutions. Solar power plays a key role in this electric
future, and photovoltaic (PV) energy generation must grow accordingly. Considering spatial
requirements and the cost distribution of a PV system, in which only about one third is
associated with the price of the PV module', it is desirable to have solar cell technologies with
higher efficiencies than the currently widespread silicon (Si) modules. Multijunction solar cells
are regarded as the solution for this problem, combining two or more absorbing materials to
surpass the Shockley-Queisser limit for single junction cells’>. Among the available technologies,
perovskite solar cells (PSCs) align efficiencies as high as 26%?, low cost?, and compositional
flexibility, resulting in band gap tunability’. These advantages have caused many research groups
worldwide to invest in the development of perovskite-based tandem devices, which has led to a
rapid increase in efficiency, with perovskite/silicon tandems recently reaching 33.9% power

conversion efficiency (PCE)°.

Using silicon bottom cells, however, comes with some limitations. The production of crystalline
silicon is an energy demanding process with a high carbon footprint, and the resulting device is
rigid. Chalcogenide solar cells are a thin-film alternative, using significantly less material and
offering a lightweight solution compatible with flexible applications’. While crystalline silicon
has a much larger market penetration, CIGS solar cells are also established technologies with a
significant market share® and have had their fabrication process continuously optimized for over
40 years’. In spite of that, the irregular morphology of the top surface of chalcogenide cells

creates a challenge for the integration of a solution processed perovskite top cell for monolithic



tandems. This has slowed down the development of perovskite/CIGS tandem devices, which
exhibit a record PCE of 24.2%", significantly lower than the record for perovskite/silicon
tandems. Nevertheless, the technology shows promise, and studies have shown that with
optimizations of the device this efficiency can be raised to 25%'"", or even approach the 30%

mark!'®2,

On top of closing the efficiency gap, another crucial factor to bring perovskite/CIGS tandems
towards commercialization is fabrication scalability. All champion efficiencies mentioned
previously were obtained via spin coating of perovskite, a method that allows precise control of
crystallization and uniform deposition in lab-scale, but is unsuitable for industrial or roll-to-roll
manufacturing. Scalability of perovskite deposition has been the topic of many studies*', and
single junction solar cells have been successfully fabricated by scalable techniques, such as blade
coating"'¢, slot die coating, and spray coating'®. Yet, scalable deposition of perovskite on top of
textured or rough bottom cells to fabricate monolithic tandem devices remains a challenge, with
practical examples mostly focusing on perovskite/silicon tandems'. Fabricating perovskite/CIGS
monolithic tandem devices requires a technique with the capability to deposit a conformal
perovskite layer on a rough surface. Ultrasonic spray coating (USSC) makes use of an ultrasonic
nozzle capable of transferring high frequency sound waves into a liquid to create standing waves,
which causes the dispersion of the liquid into a fine mist of micron sized droplets”. By
combining this nozzle with an air shaping system, it is possible to coat thin films of a functional
ink onto a multitude of substrates, including rough surfaces. The technique has been used to
produce high performance PSCs**? and even deposit perovskite conformal layers on textured

silicon®.



In this study we propose the ultrasonic spray coating of perovskite to fabricate monolithic
tandem devices with CIGS bottom cells. By adopting the same optimized deposition parameters
used in the fabrication of perovskite single junction cells* (i.e., deposition of perovskite on flat
substrate, kindly refer to Supporting Figure 1 for film quality), we display the flexibility of
USSC as a deposition technique for high quality perovskite layers, paving the way for its use in a
multitude of applications. Scanning electron microscopy revealed a conformal coating of the
interlayer and perovskite top cell with uniform thickness following the roughness of the CIGS
bottom cells, and performance analysis indicate a nearly perfect sum of the two individual sub
cells’ open circuit voltages (V,.) in the V. of the complete tandem device. The resulting
monolithic perovskite/CIGS cell shows increased performance when compared with the

individual cells, with a champion device PCE of 20.1%.

The design of the tandem stack considers the combination of a perovskite sub cell with bandgap
of 1.6 eV (Cs.1sF A, Pb(Iy0:Bro06);) with a CIGS bottom cell with bandgap of 1.0 eV, as optical
simulations show this combination to be in the region of highest theoretical efficiency®. The
stack, represented in Figure 1, also makes use of auxiliary layers in between the two absorbing
materials. The CIGS cell, with a molybdenum (Mo)-based bottom electrode, operates with a
cadmium sulfide (CdS) p-type buffer layer, additionally protecting the CIGS layer during the
deposition of the window layer. The window layer is constituted of zinc-oxide (ZnO) and
indium-tin-oxide (ITO). The first prevents the formation of shunt paths and short circuit between
CIGS and ITO, while the ITO is used as a tunneling layer to connect the two sub cells and aids in
current matching. The hole transport layer (HTL) of the perovskite cell is made of a nickel oxide
(Ni1Ox) and a self-assembled monolayer (SAM), with the latter being used for interface

alignment with minimal non-radiative losses, ultimately enhancing the performance of PSCs*-’.



A representative comparison between ultrasonically spray coated perovskite cells (single
junction) with and without the SAM is shown in Figure 2. The monolayer generated a
significant gain in V.. for the cells processed with it, resulting in overall increased efficiency.
The triple layer of lithium fluoride (LiF), buckminsterfullerene (C60), and bathocuproine (BCP)
function as the electron transport layer, with LiF being a passivation layer and BCP a work
function buffer layer. The top ITO and silver (Ag) layer constitute the top contact of the
monolithic device. Figure 3 is a representation of a processed sample (with 4 distinct tandem
cells), including the exposed back contact (Mo) used during measurements. Additional details on

the fabrication and device architecture can be found in the experimental methods section.



Figure 1. Representation of the tandem device stack, with CIGS bottom cell, interlayer, and
perovskite top cell.
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Figure 2. JV curves of single junction perovskite cells fabricated by ultrasonic spray coating,
with and without the SAM.

Figure 3. Schematic of a fabricated sample, with 4 distinct monolithic tandem devices.

Cross-section scanning electron microscopy (SEM) revealed that the layers on top of the bottom
cell were successfully deposited as conformal films, following the roughness of the CIGS top
surface (Figure 4). While this is expected for thermally evaporated materials, the perovskite
solution deposition and crystallization can sometimes result in an irregular film, filling out the
crevasses of the bottom layers while having a smooth top surface. This variation in thickness

along the perovskite layer is detrimental to the operation of the solar cell, as it introduces



unbalanced absorption of light and interferes with current matching. Instead, when using

ultrasonic spray coating as the deposition technique, microscopic droplets of the perovskite
solution are uniformly dispersed along the surface of the substrate, resulting in a crystalline
perovskite film of uniform thickness (around 300 nm). On top of that, the SEM images also
reveal the presence of localized structural defects on the bottom side of the perovskite film,

where it interfaces the HTL. Similar defects were also observed in single junction devices™.
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Figure 4. Cross-section SEM image of a monolithic tandem stack. The ultrasonically spray
coated perovskite layer follows the roughness of the bottom CIGS cell.

The JV measurements of the produced tandem devices revealed an excellent V.. in most cells,

with the total V,. of the tandem cell being close to the sum of the typical V.. values of both sub

cells (1.1 V for perovskite and 0.5 V for the CIGS, when operating as single junction cells). Out

of the 22 working tandem devices produced, 12 exhibited V,. above 1.5 V, with the average
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value between all devices being 1.44 V. A higher variability was verified in device efficiency,
with PCEs ranging from 5 to 20%. It is noteworthy that the variability is often seen when
comparing cells within the same sample, with two cells on one side of the sample performing
way above the opposite two, this could be due to the gas quenching step not affecting the entire
3x3 cm? area uniformly. The best performing cells indicate that the technique is able to produce
high performing devices, with replicability relying on processing optimization, such as the use of
an air knife for more uniform quenching. With that in mind, the 4 top performing cells (T-A, T-

B, T-C, and T-D, all processed with the same parameters) are presented in Figure 5 and Table 1.
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Figure 5. JV curves of four perovskite-on-CIGS monolithic tandem devices, fabricated by
ultrasonic spray coating of the perovskite layer.
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Figure 6. External quantum efficiency curve of a perovskite-on-CIGS monolithic tandem device.

Table 1. Device parameters extracted from JV measurements of four perovskite-on-CIGS
monolithic tandem devices. Parameters of an ultrasonically spray coated perovskite single
junction and a CIGS single junction reference cells produced for this study are presented for
comparison. Rg,, refers to shunt resistance, and R...., refers to series resistance.

Cell Jsc Voc FF PCE Renune Reeries
[mA/cm2 | [V] [%] [%] [Q*cm2 | [Q2*cm?2
| | |

Perovskite 23.1 1.10 63.6 16.2 1262.6 13.3

(Single junction)

CIGS 29.0 0.54 62.5 9.8 642.7 4.2

(Single junction)

T-A 20.7 1.56 50.6 16.3 288.2 25.1

T-B 19.4 1.56 58.7 17.9 437.4 18.6

T-C 223 1.48 56.8 18.7 171.8 11.0
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T-D 24.8 1.59 51.1 20.2 341.8 24.5

The 4 tandem cells have efficiencies superior to the spray coated perovskite single junction cell,
although with a significant loss in fill factor. The larger area of the tandem devices (0.45 cm’?),
when compared to the single junction perovskite cell (0.13 cm?), can increase the odds of the cell
to exhibit significant structural defects on the perovskite layer, which can lead to recombination
of charges and electrical losses on the devices. The higher degree of shunting (lower Ry...), when
compared to the single junction cells, can lead to an overestimation of the J,. due to a bending of
the curve near the “J” axis, which is made apparent in the case of cell T-D. In this case, the
determined J. (24.8 mA/cm?)is higher than the J, of the limiting cell (23.1 mA/cm? for the
perovskite top cell, when in single junction configuration). In our previous investigation
concerning the ultrasonic spray coating of perovskite layers™, a significant factor was identified
as contributing to variability in sample quality and performance. This variability stems from the
non-uniform and manual air quenching of the perovskite layer, primarily due to the use of an air
gun focused on the center of the square sample. Without the spinning motion inherent in the spin
coating process, which facilitates the even dispersion of the wet layer across the entire sample,
this method results in a noticeable ring formation at the sample edges. Consequently, cells from
different regions of a sample may exhibit varying characteristics. To address this challenge,
adopting an automized quenching setup optimized for large areas, such as air knife gas
quenching®, plasma quenching®, or flash infrared sintering®, holds promise for enhancing

reproducibility.
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External quantum efficiency (EQE) measurements of the selected devices revealed semi-
identical curves, with slight variation on the perovskite peak intensity (between 62 and 65%).
The EQE of cell T-B is shown in Figure 6. The overall EQE of the perovskite top cell is below
expected, based on the single junction optimization study*. The perovskite deposited in the
monolithic device exhibits similar characteristics as to those obtained with non-optimal
quenching, with a large step around the 400 nm region, corresponding to the interface between
the perovskite and the HTL. It is noteworthy that the perovskite layer suffered increased
exposure to air and humidity, due to the JV measurements being performed outside of the
glovebox, which can cause degradation, especially in this interface region where defects are
more present. This is further supported by the difference of the EQE-calculated short circuit
current (14.7 mA/cm? for the perovskite curve and 16.7 mA/cm? for the CIGS curve) and the one
measured in the solar simulator (19.4 mA/cm?) with minimal exposure to air up to the time of
measurement. On the other hand, the discrepancy of the currents between JV and EQE

measurements might have been caused by shunts or current from outside the active area.

Overall, the ultrasonic spray coating of perovskite allowed the fabrication of monolithic tandem
devices. The conformal nature of the perovskite layer, as revealed by SEM images, showcases
the potential of this technique to effectively coat complex and rough substrates, such as the CIGS
bottom cell. The investigation into device performance highlights the intricate challenges posed
by the processing of tandem structures on rough surfaces, leading to variations in device
efficiency. Furthermore, EQE measurements show that the interface between the perovskite and
the hole transport layers can be optimized, aiming to avoid the formation of structural defects on

the perovskite film. Nevertheless, the high performance exhibited by many of the fabricated
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devices, with a high average value of V,.and champion cell surpassing the 20% efficiency
threshold with no anti-reflection coating, underscores the promising capabilities of ultrasonic
spray coating in producing high-performance monolithic tandem devices. While addressing the
replicability issue is essential for large scale production, these initial results firmly establish the

foundation for further exploration of perovskite-on-CIGS monolithic fabrication.

EXPERIMENTAL METHODS

The perovskite solution is prepared as previously reported®, considering the stoichiometric
proportion of Cs,;sFAxPb(IoeBroe); to obtain a bandgap of 1.6 eV. The solvent used is a
mixture of 15% N-methyl-2-pyrrolidone (NMP) and 85% dimethylformamide (DMF), in
volume. The self-assembled monolayer is made of [4-(3,6-Dimethyl-9H-carbazol-9-
yl)butyl]phosphonic Acid (Me-4PACz) (from TCI). The SAM ink is prepared by dissolving the
Me-4PACz in Ethanol (99.5% extra dry, from AcroSeal), with concentration of 0.5 mM. The
solution is mixed in ultrasonic bath for 30 min at room temperature before deposition. A solution
of AL,O; nanoparticles, used to improve the wettability of the SAM, is obtained by diluting 125
puL of AlLO, nanoparticle solution (50 nm particle size, 20 wt% in isopropanol, from sigma

aldrich), in 4.875 mL of 1-butanol (anhydrous, 99.8%, from sigma aldrich).

The fabrication of the tandem devices starts from a CIGS bottom cell obtained from AVANCIS,
which is based on Mo-coated soda lime glass with alkali barrier, followed by the formation of
CIGSSe absorber layer through annealing the Stacked Elemental Layer of Na-doped CulnGa
with a Se-capping layer in a Rapid Thermal Annealing process in the presence of sulfur
atmosphere. The CdS buffer layer is deposited by chemical bath. The ZnO, ITO tunneling layers,

and the NiO, are deposited by linear sputtering, using a Nebula linear sputtering system (from
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Angstrom Engineering Inc.). The ITO deposition is done only in the cell areas, by using metallic
masks. The NiQO, is annealed in air at 180 °C for 30 min. The SAM is deposited by ultrasonic
spray coating (Impact nozzle, from Sono-Tek), with flow rate of 1.5 mL/min, hot plate
temperature of 30 °C, path speed of 30 mm/sec, and N, pressure of 3 bar. The AlO;
nanoparticles are deposited by dynamic spin-coating, with 3000 rpm rotation speed, and
annealed inside the glovebox at 100 °C for 5 min. The perovskite ink is deposited by ultrasonic
spray coating (Impact nozzle, from Sono-Tek), with flow rate of 1 mL/min, hot plate temperature
of 40 °C, path speed of 30 mm/sec, and N, pressure of 3 bar. Gas quenching is performed with a
N, airgun with pressure of 7.6 bar, 2 cm away from the substrate. The perovskite films are then
annealed inside the glovebox at 100 °C for 30 min. The triple ETL is deposited by thermal
evaporation (deposition tool from Angstrom Engineering Inc.). The top ITO electrode is
deposited similarly to the tunneling layer, with the use of masks. Finally, the silver contact is
deposited by thermal evaporation with an additional mask, creating the contact points and fingers
illustrated in Figure 3. The molybdenum bottom contact is exposed by scratching the finished
sample with a scalpel outside of the cell areas. The reference single junction perovskite cell was
fabricated using a similar design as the top cell on the tandem stack, with the exception of the
contacts: ITO is deposited on glass for the transparent bottom contact, and the top ITO and silver
contact are replaced by copper, directly deposited on top of the ETL by thermal evaporation. The

reference CIGS cell is fabricated similarly to the tandem devices up to the ZnO and ITO layers.

The cross-section SEM images were taken using a field-emission scanning electron microscope
(Zeiss 450 FEG-SEM with Gemini 2 column). External quantum efficiency (EQE)
measurements were made using a LOANA solar cell analysis system (from PV tools GmbH).

The JV measurements of tandem and reference CIGS cells were obtained using a solar simulator
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(ORIEL) with AML.5 illumination at 25 °C. The JV measurements of single junction perovskite
reference cells were obtained using a solar simulator (Abet Technology) with AMIL.5
illumination at 25 °C inside a N,-filled glovebox. In the fabrication of tandem devices all layers
deposited after the NiO, are deposited, treated, and stored inside a N,-filled glovebox. The
samples are exposed to air only right before the characterization methods, with exposure time of

around 10 minutes for the ORIEL solar simulator and 30 minutes for the EQE measurements.
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Supporting Figure 1: a- Photoluminescence response from three different regions and b- top-
view scanning electron microscopy image, from fresh-spray coated perovskite film to show the
quality of the film. The PL response indicates that the film quality can be slightly diverse
depending on the sample region, but overall, the film has a homogenous response, i.e., a

homogenous coating. The top-view SEM image indicates the small grains and closed-pack layer

formation.
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