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ABSTRACT: Typically, the perovskite top-cell processes of monolithically integrated
perovskite/silicon tandem solar cells (PSTSCs) include a slow and expensive atomic
layer deposition (ALD) to grow a tin oxide (SnO,) buffer layer protecting against
sputter damage during the subsequent transparent top electrode deposition. We
successfully replaced the ALD-SnO,, buffer layer with industry-compatible thermal
evaporation of bathocuproine (BCP). By applying soft-sputter deposition of indium
zinc oxide (IZO), we circumvent the increased risk of sputter damage when replacing
ALD-SnO, with organic BCP. In addition to technological advantages, this leads to a
20 mV gain in open-circuit voltage, similar charge extraction rates, and higher current
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densities due to less parasitic absorption, as confirmed by absolute and transient

photoluminescence, current density—voltage, spectral responsivity, and transient surface photovoltage measurements.
Integrating the BCP/IZO top contact into tandem solar cells enables a certified power conversion efficiency of 29.91% of our
ALD-free PSTSC using industrial silicon bottom cells from Q CELLS’ Q. ANTUM technology.

n the research field of highly efficient solar cells,
Iperovskite/ silicon tandem solar cells have gained consid-

erable attention in recent years. Currently, crystalline
silicon solar cells dominate the market, allowing for high-
throughput and well-established fabrication that is generally
not limited by the availability of critical raw materials." This
makes them highly attractive as bottom cells in tandem
technology. While the current record monolithic perovskite/
silicon tandem cells come with a silicon heterojunction (SHJ)
bottom cell, other technologies, such as passivated emitter and
rear contact/tunnel oxide passivated contact (PERx/TOP-
Con), are well established in the industry as well.” Compared
with SHJ and TOPCon, the PERx architecture allows for a
reduction in Ag consumption, as aluminum is used for the back
contact. TOPCon also has the advantage of lower Ag
consumption compared to SHJ, and additionally consumes
less indium, with an overall lower consumption of critical
materials compared to SHJ singlejunction cells.” Regarding
the choice of the bottom cell, the sustainability issue must be
considered, especially when it comes to upscaling and
industrialization.

© 2024 The Authors. Published by
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Since only a few adaptions on silicon cells are needed to
obtain industrially manufacturable bottom cells, it is crucial to
work toward industrial-compatible processes for perovskite top
cell fabrication. When sputter depositing the top transparent
conductive oxide (TCO) electrode, a buffer layer is usually
required to protect the subjacent perovskite absorber and its
charge transport layers against sputter damage. ALD-deposited
SnO,, a dense metal oxide distinguished by its high chemical
and thermal stability and low parasitic absorption, usually acts
as a protective buffer layer for the subsequent sputter
deposition of the TCO in lab-scale manufactured perovskite/
silicon tandem solar cells.*™

However, the utilization of an expensive ALD system and
the increased process time hinder the commercialization and
scale-up of industrial processes. One approach to address this
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Figure 1. a) Schematic illustration of perovskite/Cg, on top of quartz glass with either SnO, (red) or BCP (cyan) excited by a laser for
absolute photoluminescence measurement (abs. PL). b) Quasi-Fermi level splitting (QFLS) median values of bare perovskite on quartz and
with Cg capped by SnO,, or BCP. Measured in nitrogen atmosphere. c) Normalized time-resolved photoluminescence (trPL) of perovskite/
PI/Cg, stacks without capping (yellow), and capped with either 10 nm SnO,/40 nm IZO (red) or 8 nm BCP/40 nm IZO (cyan). d)
Schematic illustration of an opaque perovskite single-junction solar cell with a p-i-n architecture for abs. PL and current—voltage (J—V)
measurements with either SnO,, or BCP. e) QFLS of opaque perovskite single-junction solar cells with SnO, or BCP. Measured in nitrogen
atmosphere. f) Open-circuit voltage (Vo) (left) and fill factor (FF) (right) of 36 opaque perovskite single-junction solar cells on six

substrates, each with either SnO, or BCP.

issue is to use spatial ALD, which has already been established
for roll-to-roll processes.” Nevertheless, the precursor for ALD
SnO, deposition may degrade perovskite films and cells if the
process is not delicately tailored to be soft on the perov-
skite."~"" In addition, the growth of the metal oxide on top of
the fullerene (Cg,) electron transport layer was shown to be
nonoptimal, yielding complications such as subsurface and
inhomogeneous growth.'”~"> Although methods have been
proposed to improve the nucleation of SnO,, such as ozone
treatment of the Cg surface or implementation of PEIE as a
seed layer,"”"” incorporating these steps adds complexity to
the solar cell fabrication process. Therefore, it is desirable to
replace either the hazardous precursor material, namely
tetrakis(dimethylamino)tin(IV) (TDMASn), or even the
ALD process as a whole, ideally with subsequent thermal
evaporation or other less expensive and scalable deposition
methods after thermally evaporating Cqj.

Here, we investigate the thermally evaporated bathocuproine
(BCP), which is widely used as an electron transport layer
(ETL) in combination with Cg, in perovskite single-junctions
and organic solar cells.*1® According to recent findings, BCP-
based perovskite solar cells (PSC) have demonstrated greater
intrinsic stability than SnO,-based PSCs under substantial
current stress because of the mitigation of copper electro-
migration throughout the entire cell stack.' In addition, it has
been suggested that ALD-SnO, triggers a perovskite phase
transition in SnO,-based PSCs under humid conditions, which
may contribute to their decreased stability compared with
BCP-based PSCs.”” BCP has also been shown to have an
encapsulation-like effect, protecting the subjacent layers against
moisture and water.”’ However, replacing the protective SnO,
buffer layer with BCP introduces concerns regarding the
vulnerability of the solar cell to sputter damage. A considerable
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fraction of the particles taking part in the sputter deposition
process attain kinetic energies that could be harmful to the
underlying layers. Although a certain level of kinetic energy of
the sputtered particles is required for a uniform and dense
TCO film growth, some particles can reach kinetic energies
that are harmful to the layers underneath.””** This can lead to
defect-driven nonradiative recombination losses or impaired
charge extraction.”**

In that context, and similar to this work, Liu et al. compared
the performances of perovskite devices based on BCP- and
SnO,-based ETLs.”> Specifically, they investigated 1ZO
sputter-deposition-induced damage and stress. They found
that while BCP can, in fact, protect the underlying layers from
sputter damage, it becomes damaged. Comparing sputter
deposition of IZO onto thermally evaporated 8 nm BCP or 9
nm ALD SnO,, they found that the 9 nm SnO,-based device
leads to a much better tandem performance, which correlates
to the resilience of SnO, against bombarding particles with
high kinetic energies. In turn, Wahl et al. argued that they
indeed did not see the need for an ALD SnO, buffer layer,
presenting their results on ALD SnO,-free semitransparent
perovskite solar cells.”® They investigated the sputter damage
resilience of solution-processed versus thermally evaporated
ETL layers, including PCBM, Cg, and BCP. They found that a
fully evaporated ETL stack was more resilient than a solution-
processed stack. However, the solution-processed stack
promotes curing sputter damage-induced defects, improving
the performance after a few seconds at the 90 °C curing step, a
method that has been presented in a different publication.””
Notably, it has also been previously shown that in combination
with Ag, BCP can be deployed as a buffer layer for sputtering
processes.”

https://doi.org/10.1021/acsenergylett.4c01502
ACS Energy Lett. 2024, 9, 4550—4556
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Based on our previous results,” this work focuses on the
suitability of thermally evaporated BCP as a replacement for
ALD-deposited SnO,, in perovskite/silicon tandem solar cells.
Given the inherent sensitivity of the BCP material to the
bombardment of particles with high kinetic energy, as opposed
to the comparatively more robust SnO,, due to its higher bond
energies,25 we utilized an optimized low-damage RF sputter
deposition of the top TCO, namely indium zinc oxide (IZO),
to avert sputter-induced damage.

A comparative analysis between SnO, and BCP involved
integrating both films into perovskite single-junction (SJ) solar
cells and stacks. Both the opaque and semitransparent SJ
designs were systematically examined for their electrical and
optical properties. Solar cell results show an increase in V¢ by
20 mV when using BCP compared to SnO,, which was
investigated in detail by employing spectroscopic measurement
techniques, such as absolute and transient photoluminescence
(absPL, trPL) and external quantum efficiency (EQE).

Eventually, we realized monolithic perovskite/silicon
tandem solar cells utilizing industrial silicon bottom cells
based on Q CELLS’ QANTUM technology. The improve-
ments by replacing SnO, with BCP could be transferred to
tandems, leading to both optical and electrical benefits for the
tandem solar cell, such as a 0.4 mA/ cm? photocurrent gain in
the top perovskite cell and a 10 mV gain in the overall V.
Therefore, the optimized BCP/IZO top layer achieved one of
the highest certified efficiencies of 29.91% for perovskite/
silicon tandem solar cells based on non-SHJ bottom cells.

To begin with, a comparative study of bare perovskite
films>*° comprising FAg75Csg2,Pb(IgsBro1s); with S mol %
MACI and PbCl, additives on quartz glass and in single-
junction solar cell devices incorporating either ALD SnO, or
evaporated BCP was conducted to identify the advantages and
benefits of each layer. Absolute photoluminescence was
measured on quartz/perovskite/(Cq)/(SnO, or BCP) (see
Figure la) to systematically investigate the photoluminescence
quantum yield (PLQY) and nonradiative recombination losses
induced by the additional interfaces. Figure 1b shows the
quasi-Fermi level splitting (QFLS) values obtained from these
measurements. The pristine perovskite film spin-coated on
quartz glass demonstrated the highest QFLS value of
approximately 1.27 eV, while the addition of thermally
evaporated 18 nm Cg resulted in a decrease in QFLS to
1.13 eV. In previous studies, this was ascribed to increased
interface defect densities and nonideal energy level align-
ment.**** The introduction of ALD-deposited 10 nm SnO,
onto the perovskite/Cg, sample resulted in a further reduction
in the QFLS to 1.12 eV. In contrast, the employment of
evaporated 8 nm BCP atop the Cy, leads to a slightly higher
QFLS of 1.14 eV. These results imply additional nonradiative
recombination due to the SnO, layer, which can be attributed
to either the formation of defects and/or structural
deterioration of the perovskite interface due to the ALD
process,””"" or to the subsurface growth of SnO, on Cgy.”"”
The slightly higher QFLS when BCP is placed on top of Cg,
may indicate a decrease in nonradiative recombination, which
could be attributed to reduced interface damage and/or less
recombination at the perovskite/Cg, interface or within the
Ceo as it is not fully selective.** ™3¢ Figure S1 in the Supporting
Information shows scanning electron microscopy images of
these films, illustrating the growth of both BCP and SnO, on
Cgo- The images reveal a distinct difference in the growth
morphology between SnO, and BCP, with SnO, exhibiting
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island growth. This results in a nonclosed SnO, film on Cg,
with a thickness of 10 nm and a closed film with a thickness of
20 nm (see Figure S2a and b). Electrically, this seems to have
no noticeable impact, as the FF and Voc of the devices built
with both SnO, thicknesses show no clear differences (see
Figure S2c).When examining the QFLS values of complete
opaque single-junction solar cell devices with a stack of ITO/
Me-4PACz/perovskite/Cq,/BCP or SnO,/Ag (see Figure le),
it becomes evident that there are similar discrepancies
compared with films on quartz glass. Devices featuring SnO,
exhibited a QFLS value of approximately 1.12 eV, whereas
those with BCP displayed a value of roughly 1.14 eV.
Subsequently, we show the improved electronic properties
associated with the utilization of BCP in comparison with
SnO,, through a qualitative assessment of the illuminated J—V
characteristics, such as Vo and FF. As shown in Figure 1f
opaque perovskite single-junction devices with SnO, exhibited
a Vpc of 1.14 V, which was lower than for the devices with
BCP with a V¢ of 1.16 V. This 20 mV difference agrees with
the QFLS values. Although it is possible that devices with
SnO,, could reach a V¢ of 1.16 V, the median V¢ of devices
with BCP was approximately 20 mV higher than that of devices
with SnO, across 36 single-junction solar cells on six
substrates, each cell with an active area of 0.16 cm® These
results align with the lower nonradiative recombination and
charge accumulation at the Cq/BCP interface'”* than at the
C¢o/SnO,, interface, which is corroborated by the equal
improvements in QFLS and V.

An identical average fill factor of 73.6% for solar cells
utilizing either SnOx or BCP is shown in Figure 1f. To further
elucidate the FF and V¢ changes between the SnO, and BCP
buffer layers, we employed time-resolved PL (trPL) (Figure
Ic) measurements to study the charge-carrier extraction
efficiency and recombination behavior in the electron-selective
layers. The perovskite samples underwent a surface treatment
with piperazinium iodide (PT),>***” followed by encapsulation
to minimize nonradiative recombination at the perovskite/C60
interface and to protect against external influences in ambient
air. The PL transients of perovskite/P1/Cg, films on quartz
substrates that were either uncapped or capped with SnO,/
IZO or BCP/IZO were evaluated. These findings are
presented in Figure lc, revealing a noticeable difference in
the PL decay times between the BCP and SnO, samples. When
utilizing BCP, the initial decay of the PL is considerably slower
than that of SnO,, indicating a reduction in nonradiative
pathways and/or a reduction in the charge extraction
efficiency. Additional trSPV measurements were conducted
to further assess the extraction properties of these films and to
rule out any alternative mechanisms causing PL quenching and
faster PL decay.38 The trSPV measurements, as shown in
Figure S3, reveal a comparable carrier extraction behavior,
which is indicated by a consistent signal rise during the initial
50 to 100 ns for both ETL configurations, perovskite/PI/Cyo/
Sn0O,/IZO and perovskite//PI/Cq)/BCP/IZO. Given the
findings from the full solar cell electrical measurements,
which demonstrate similar fill factors and charge extraction
efficiencies based on the trSPV measurements, it can be
inferred that the slower PL decay with BCP is primarily due to
the reduction in nonradiative recombination pathways.

Semitransparent Single-Junction and Tandem Solar Cells.
To further improve the PCE, the perovskite was post-treated
with PI. We demonstrate its impact on opaque and
semitransparent perovskite single-junction solar cell config-

https://doi.org/10.1021/acsenergylett.4c01502
ACS Energy Lett. 2024, 9, 4550—4556
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Figure 2. a) Schematic illustration of the perovskite/silicon tandem solar cell stack. b) Optical performance of a perovskite/silicon tandem
solar cell. External quantum efficiency (EQE) spectra of the perovskite and silicon subcells in the tandem solar cell with either SnO,, (red) or
BCP (cyan) layers, with the integrated photocurrent Uph) of the respective subcell shown in the inset text. Note that the EQE of the Silicon
is not shown due to compliance. The optical reflectance of the device is represented by 100 — R (dash-dotted line) and the parasitic
absorption (P.A) by 100 — R — EQE (dotted line). The equivalent photocurrents of the reflection loss, parasitic absorption, and the sum of
both subcell are given in mA cm™ ¢) Current—voltage (J—V) characteristics of the champion perovskite/silicon tandem solar cell with the
performance parameters in the inset table measured from Vi to Jsc.

urations (Figure S4). For semitransparent cells, IZO was
deposited as the transparent front electrode through a soft-
sputtering process with reduced sputter power.* The electrical
parameters are shown in Figure S4b. Opaque and semi-
transparent perovskite single-junction solar cells incorporating
PI can achieve a significant V5 enhancement of over 100 mV.
The median V¢ of the devices with BCP reached a value of
1.27 V, which was on par with the QFLS of bare perovskite on
quartz glass. In contrast, the cells treated with SnO, still
exhibited a reduced Vo of 1.25 V, suggesting that the PI
treatment did not influence the 20 mV V. difference between
BCP and SnO,. In addition, the stability of opaque and
semitransparent devices was assessed by monitoring their shelf
life for several months and conducting overnight MPP
tracking, as shown in Figure SS.

Next, we integrated the semitransparent perovskite cell as
the top cell into a monolithic perovskite/silicon tandem solar cell
configuration using a silicon bottom cell fabricated using Q
CELLS’ Q.ANTUM technology (Figure 2a). The perovskite
top cell was fabricated in the same manner as semitransparent
perovskite single-junction solar cells. The optical and electrical
characteristics of tandem solar cells with either SnO,, or BCP
are shown in Figure 2. The external quantum efliciencies
(EQE) of the tandem solar cells with BCP and SnO, are
shown in Figure 2b. The tandem cell with BCP reaches
photogenerated current densities (_]Ph) of 20.46 and 19.57 mA
cm™? for the perovskite and silicon cell, respectively, resulting
in a total photocurrent of 40.03 mA cm™2 In contrast, the
tandem solar cell with SnO, shows ], values of 20.08 and
19.46 mA cm™? for the perovskite top cell and silicon bottom
cell, respectively, with a total photocurrent of 39.54 mA cm™2.
Comparing the perovskite top cells of both configurations, the
improvement in photocurrent density with BCP amounts to
0.38 mA cm > The tandem solar cell with BCP exhibits
reduced reflection losses equivalent to 0.08 mA cm™* with the
AML1.5 g spectrum, and parasitic absorption is reduced by 0.41
mA cm™?% mostly at wavelengths of 300 to 600 nm. This
correlates well with the lower absorption of BCP in that
spectral range compared to SnO,, as illustrated by the optical
spectra of the films shown in Figure S6 in the SI. For the
bottom cell, no impact from parasitic absorption of either of
the layers in this range is expected to affect the charge carrier

4553

generation. This is reflected in the negligible difference in the
respective bottom cell’s integrated current density of 19.57 mA
cm™ for BCP- and 19.46 mA cm™ for SnO,-based tandem
devices. The higher photocurrent in the top cell of the BCP-
based tandem solar cell leads to a higher top-to-bottom cell
current density mismatch of 0.89 mA cm™> compared to
devices with SnO,, which are mismatched by 0.62 mA cm™.
Hence, the increase in the overall tandem Js: was limited by
the silicon bottom cell, which resulted in a relatively minor
improvement. Tandem solar cells with BCP thus present a
greater disparity in the subcell current density mismatch than
those with SnO,, suggesting an even higher efficiency potential
for this approach when optimizing both subcell currents.

We assume that this higher photocurrent density mismatch
mainly contributes to the slightly higher FF in the J-V
measurement,’” as shown in Figure 2c. The tandem solar cell
with SnO, yields a Voc of 1.92 V, a short-circuit current
density of 19.52 mA cm ™2, and a FF of 77.68%, resulting in a
PCE of 29.05% (certified 29.11%). The champion device with
BCP outperformed the SnO,-based cell, exhibiting a V¢ of
193V, Jsc of 19.74 mA cm ™2, and FF of 78.8%, resulting in a
higher PCE of 30.05% (certified 29.91%). The higher V¢ of
perovskite single-junction cells with a BCP also translates into
tandem devices. The overall increase in Jsc, FF, and Vi with
BCP led to an absolute PCE increase of 0.8% compared to the
tandem device with SnO,. To demonstrate the reproducibility
of these results, Figure S7 shows the Jsc, Voc, FF, and PCE
results for several tandem cells with and without PI, as well as
with BCP or SnO,. Statistically, the tandem devices with BCP
yielded higher V¢ and FF values, emphasizing the benefit
compared to cells with ALD-SnO,. The certificates for a
tandem device with ALD-SnO, (certified by the National
Renewable Energy Laboratory (NREL)) and evaporated BCP
(certified by the European Solar Test Installation (ESTI)) are
shown in Figures S8 and S9, respectively.

We have created a J—V performance parameter compilation
of previously published monolithic two-terminal perovskite/
silicon tandem solar cells (Figure $10), showing that this is one
of the highest reported efficiencies for a tandem solar cell
featuring a type of silicon bottom cell, which is widely used in
today’s industry.** "’

https://doi.org/10.1021/acsenergylett.4c01502
ACS Energy Lett. 2024, 9, 4550—4556


https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c01502/suppl_file/nz4c01502_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c01502/suppl_file/nz4c01502_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c01502/suppl_file/nz4c01502_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c01502/suppl_file/nz4c01502_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c01502/suppl_file/nz4c01502_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c01502/suppl_file/nz4c01502_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c01502/suppl_file/nz4c01502_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01502?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01502?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01502?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01502?fig=fig2&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.4c01502?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

In summary, this work addresses a key challenge of the
conventional perovskite top cell process by replacing the slow
and costly ALD process of the SnO, buffer layer with a more
industry-compatible thermal evaporation of BCP. Further-
more, the risk of sputter damage to the organic BCP, which
may lack sufficient protection properties, was alleviated
through the deliberate choice of a soft-sputter deposition
process during the subsequent deposition of the transparent
top electrode made of IZO. This technological optimization in
device manufacturing addresses potential bottlenecks in
industrial production lines by simplifying and accelerating
the process flow and avoiding hazardous materials but also
brings tangible solar cell performance benefits. The optimized
BCP/IZO top stack resulted in a 20 mV increase in the open-
circuit voltage for semitransparent single-junction devices,
which is reflected in a higher QFLS measured by absolute PL,
hinting at lower nonradiative recombination losses. Based on
the trPL measurements, the PL decay with BCP exhibits a
slower rate, which is indicative of a lower rate of nonradiative
recombination. This is consistent with the findings of a similar
FF in the complete device and charge extraction rates
comparable to those of SnO, in the trSPV measurements.
The similar nonradiative recombination behavior of perov-
skite/Cgo/BCP compared to perovskite/Cg, stacks without an
additional capping layer in absolute photoluminescence (PL)
measurements suggests that the properties of the perovskite/
Cgo interface remain unchanged. Furthermore, electron
microscopy images revealed that unlike BCP, SnO, displays
island-like growth, leading to a nonclosed film on Cgy with a
thickness below 20 nm. Interestingly, while the SnO, film
becomes closed at 20 nm thickness, this seems to have no
noticeable impact electrically, as the FF and V¢ of the devices
built with both SnO, thicknesses show no clear differences, as
shown in Figure S2 in the SI.

Regarding the stability of single-junction devices based on
either BCP or 10 nm SnO,, we could not find any advantage in
using one layer over the other in the device. Opaque cells
exhibited similar degradation in both cases concerning shelf life
measurements over several months, and overnight MPP
tracking of opaque and semitransparent devices showed almost
identical behavior after a burn-in period, with continuous
stability over several hours (see Figure SS).

When the BCP/IZO top stack was integrated into tandem
devices using silicon bottom cells fabricated using Q CELLS’
QANTUM technology, the measured J,, of the perovskite top
cell was 0.38 mA cm™ higher for the BCP-based devices,
leading to a higher total current density. This increase resulted
from the reduced parasitic absorption in the top cell compared
with the SnO,-based tandem devices. The successful
integration of the optimized BCP/IZO top stack into tandem
solar cells resulted in the highest certified steady-state
efficiency of 29.91% for an ALD SnO, buffer-free perovskite
tandem device using industrial silicon bottom cells. This
achievement underlines the feasibility of ALD-free monolithic
two-terminal perovskite/silicon tandem solar cells and paves
the way for their wide application in the photovoltaics industry.
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