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Abstract

Hybrid metal-halide perovskite solar cells have experienced a tremendous development within a short time
period. In 2009 the first perovskite single-junction solar cell with a power conversion efficiency (PCE) of 3.8%
was presented. Just eleven years later, in year 2020, a PCE of 25.5% was achieved, which approaches the
value of silicon single-junction solar cells. As metal-halide perovskite solar cells can be bandgap-optimized
for top cells via compositional tuning, both types of solar cells can be combined into perovskite/silicon tandem
solar cells. The synergy can enable higher efficiencies than the single cells alone, while the addition of the
perovskite can potentially be done inexpensively, which makes this technology attractive for the photovoltaic
market. The first monolithic perovskite/silicon tandem solar cell was presented in 2015 with a PCE of 13.7%.
Just two years later, in 2017, when the work on this dissertation started, the PCE was already increased to
23.6%.

This dissertation covers the PCE improvement of monolithic perovskite/silicon tandem solar cells to a
world record level above 29% and makes an important contribution to the understanding of the principles of
device operation and to the techniques used to analyze these cells.

Despite the transition to an optically advantageous tandem solar cell design, the optical properties in
the multi-layer stack with more than ten different films have a significant influence on the photogenerated
current density (Jpp) that can be generated in both subcells. Especially high reflection and parasitic
absorption reduce the amount of light available for power conversion. In a first study covered by this
dissertation, precise adjustments of thickness and deposition conditions of the perovskite layer, selective
contact layers and transparent conductive oxide were presented. These optimizations led to an improvement
from 25.0% to 26.0% due to reduced reflection and better matching of the photogenerated current densities
of the perovskite and silicon subcell. The cumulated photogenerated current density of 39.5 mA cm™2 for
this tandem cell, which had a flat front side, is today still one of the highest values and even comparable
to cells with a textured front side. Although the short-circuit current density (Jgc) could be increased by
1.4 mA cm2, the fill factor (FF) decreased by ~2 percentage points when the subcells operate closer to
current matching conditions. Thus, we accounted this reduction to the reduced mismatch and analyzed this
in more detail: We artificially induced various mismatch conditions by illuminating the tandem solar cell
with different LED-based spectra. We found that the FF reached a minimum close to current matching
conditions. If current mismatch between both subcells occurs in the tandem solar cell (i.e. either of the
subcells generated a lower current density), the fill factor increased. This effect partially compensates the
reduction of the Jgc induced by current mismatched subcells and makes monolithic tandem solar cells less
sensitive to small mismatch conditions. This is highly important for energy yield analysis and has to be
incorporated into yield simulations for more precise analysis. We verified the effect of FF enhancement under
current mismatch by simulating the tandem solar cell electrically. Although the simulated FF trend could be
well reproduced well as a function of the mismatch, the absolute value of the FF was higher when compared
to the measured tandem solar cell. This revealed that further investigation and advanced characterization
methods are required to reconstruct the tandem solar cell properly, understand the individual subcell
characteristics in more detail and to improve the cell to reach the values obtained by electrical simulations.

The second study is linked to the FF losses and addresses the optimization of the FF and open-circuit
voltage (Voc) to further improve the PCE further. This was enabled by a self-assembled monolayer (SAM) as a
hole-selective contact in the perovskite top cell, which was for the first time utilized in these tandem solar cells.
Besides commercially available SAM molecules, which were shown to perform better in single-junction solar
cells than the typically used polymer PTAA (poly[bis(4-phenyl)(2,5,6 trimentlyphenyl) amine]), we introduced
the molecule Me-4PACz ([4-(3,6-dimethyl-9H-carbazol-9-yl) butyllphosphonic acid), a new SAM for perovskite-
based tandem and single-junction solar cells. In addition to the well-passivated perovskite interface, it
enabled a fast hole extraction, which led to high V¢ and FF values and an improved photostability for



perovskite compositions with high bromide loading to enable 1.68 eV bandgaps, which typically suffer from
halide segregation. In tandem solar cells we found similar benefits. All SAMs enabled higher PCE values
compared to cells using PTAA as hole-selective contact. Furthermore, Me-4PACz led to high Voc and FF
values of up to 1.92V and 81%, respectively. Together with a high Jgc, which was optimized in the previous
study, a certified world record PCE of 29.15% was enabled. To evaluate the long-term stability of tandem
solar cells, we specifically designed and fabricated a light source consisting of two types of LED arrays (193
LEDs in total), enabling precise control to match subcell photocurrent generation with AM1.5g conditions
over long periods. Non-encapsulated tandem solar cells were measured continuously for 300 hours in air with
relative humidity between 30-40%. The tandem solar cell with Me-4PACz showed highest stability, retaining
95.5% of its initial PCE. As evident from the first study, detailed analysis of the subcell is desired. However,
typically it is difficult to evaluate the performance of the individual subcells in series connected tandem solar
cells. We used injection-dependent absolute electroluminescence measurements to access the performance of
the individual subcells. With this method, we were able to reconstruct the subcell current density-voltage
characteristics without the influence of series resistances. From these reconstructions the photovoltaic
parameters such as the maximum power point or pseudo fill factor could be determined. Furthermore, the
parametrized reconstructed current density-voltage curves were used to simulate the tandem solar cell
electrically, which revealed that with this tandem structure a PCE of more than 32% is achievable if series
resistance losses can be minimized.

The rapid increase in tandem efficiency also increases the need for fast technology transfer into industry.
All previously reported high-efficiency tandem solar cells have in common that they are based on >250 um
thick floatzone (FZ) silicon with most of them having a polished front side to enable efficient solution
processing of the thin top cell. However, for mass production and thus for economic reasons, it is crucial to
use thinner czochralski (CZ) grown wafers, ideally without the need for polishing. Therefore, in the third
study, we fabricated tandem solar cells on 100 um thin CZ silicon based bottom cells with a rough surface
and compared the performance to tandem cells fabricated on laboratory-typical bottom cells accompanied
by a 1000 hour MPP-track and optical simulations. We found that the median performance of both types
was with 27.8% equally high with maximum values of 27.89% and 28.15% for CZ- and FZ-based tandem
cells, respectively. However, the individual photovoltaic performance parameters differed: The thinner
bottom cell for CZ-based devices enabled higher V¢ values due to reduced recombination current density.
Furthermore, the photogenerated current density was reduced in the case of thinner silicon subcells, which
led to an increased current mismatch. As investigated in the first study, this results in higher FF values
of the CZ-based devices. Optical simulations revealed that the reduction of the bottom cell thickness from
280 um to 100 um enables to widen the top cell bandgap by ~0.02 eV and hence further increase the PCE,
if current matching conditions should be maintained. Interestingly, this widening is independent of the
perovskite’s thickness. On the one hand the widened bandgap could lead to a higher Vg, on the other hand
wider bandgaps typically suffer from reduced stability and strong interface recombination. We found the
same results for double-side textured tandem solar cells with conformally deposited perovskite and the
findings regarding the optimum top-cell bandgap for industrial perovskite/silicon tandem solar cells are
highly important for the future development of these fascinating tandem solar cells.

This dissertation plays an important role in the development of perovskite/silicon tandem solar cells and
hence, will hopefully contribute to the expansion of photovoltaics.
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Zusammenfassung

Hybride Metallhalogenid Perowskit-Solarzellen haben in sehr kurzer Zeit eine enorme Entwicklung erfahren.
Die erste Perowskit-Solarzelle wurde 2009 mit einem Wirkungsgrad von 3.8% veroffentlicht. Nur 11 Jahre
spéter, im Jahr 2020, konnte der Wirkungsgrad auf 25.5% gesteigert werden, welches sich der Effizienz von
Silizium-Solarzellen ndhert. Da sich die Bandliicke des Perowskits iiber die chemische Zusammensetzung
anpassen und fir eine Oberzelle optimieren ldsst, konnen beide Arten von Solarzellen zu sogenannten
Perowskit/Silizium Tandem-Solarzellen kombiniert werden. Das Zusammenspiel der beiden Solarzellen
ermoglicht einen deutlich héheren Wirkungsgrad als jede Zelle fiir sich. Es wird davon ausgegangen,
dass sich die Perowskit-Oberzelle kostengiinstig herstellen ldsst, was diese Technologie attraktiv fur die
Solarindustrie macht. Die erste Perowskit/Silizium-Tandem-Solarzelle wurde 2015 mit einem Wirkungsgrad
von 13.7% verdffentlicht. Nur zwei Jahre spater, im Jahr 2017, als die Arbeit an dieser Dissertation begann,
wurde bereits ein Wirkungsgrad von 23.6% erreicht.

Diese Dissertation behandelt die Verbesserung des Wirkungsgrades von Perowskit/Silizium-Tandem-
Solarzellen auf ein Weltrekord-Niveau von uber 29% und leistet einen wichtigen Beitrag zum Verstindnis,
zur Wirkungsweise und zu Analysemethoden dieser Technologie.

Trotz einer Verdnderung der Architektur, welche fiir Tandem-Solarzellen optisch vorteilhaft ist, haben
die optischen Eigenschaften in dem Vielschichtsystem, welches aus mehr als zehn verschiedenen Schichten
besteht, starken Einfluss auf die in den Teil-Solarzellen generierte Photostromdichte /py,. Vor allem die hohe
Reflexion und parasitéare Absorption reduziert den nutzbaren Anteil des Lichts. In der ersten Studie in dieser
Dissertation werden prizise Anpassungen der Schichtdicke und den Abscheidebedingungen vom Perowskit
und den selektiven Kontaktschichten vorgenommen, welche die Reflexion verringern und eine bessere
Ubereinstimmung der Photostrome in den Teil-Solarzellen hervorbringt und somit den Wirkungsgrad von
25.0% auf 26.0% steigern. Die Summe der Photostréme, welche nach Optimierung 39.5 mA cm ™2 betrigt,
ist bis heute einer der hochsten Jpy-Werte fiir Tandem-Solarzellen mit planarer Vorderseite. Er ist sogar
vergleichbar mit beidseitig texturierten Tandem-Solarzellen. Auch wenn die Kurzschlussstromdichte Jgc
um 1.4 mA cm~2 gesteigert werden konnte, ist der Fiillfaktor (FF) gleichzeitig um rund zwei Prozentpunkte
gesunken, welches wir der verbesserten Ubereinstimmung der Jp,-Werte zuschrieben. Um diesen Effekt
genauer zu analysieren wurde die Tandem-Solarzelle mittels eines LED-Sonnensimulators unter unter-
schiedlichen Lichtbedingungen gemessen um kiinstlich das Ungleichgewicht der Jp,-Werte zu erzeugen. Wir
fanden heraus, dass der FF am geringsten ist, wenn die Teil-Solarzellen ungefihr im Stromgleichgewicht
sind. Sobald es ein Ungleichgewicht der Strome gab (d.h., dass entweder die Silizium- oder die Perowskit-
Solarzelle weniger Strom generiert), erhohte sich der FF. Dieser Effekt kompensiert teilweise den durch das
Ungleichgewicht reduzierten Kurzschlussstrom und macht die Tandem-Solarzellen weniger empfindlich
gegeniiber geringen Ungleichgewichten der Photostrome. Das ist ein sehr wichtiger Aspekt, welcher in die
Analyse der Solarenergieausbeute beriicksichtigt werden muss um prézise Ergebnisse zu erhalten. Wir
bestitigten die Erhohung des FF aufgrund des Stromungleichgewichts mit elektrischen Simulationen. Auch
wenn der Verlauf des Fullfaktors in Abhédngigkeit vom Stromungleichgewicht nachgestellt werden konnte,
war der simulierte FF hoher als der experimentell gemessene FF. Das zeigt, dass weitere Untersuchungen
und fortgeschrittenere Messmethoden notwendig sind um die Tandem-Solarzellen und die jeweiligen Teil-
Solarzellen besser charakterisieren zu konnen und eine bessere Ubereinstimmung von simulierten und
experimentellen Ergebnissen zu bekommen. Mit dem daraus gewonnenen Wissen konnen die Eigenschaften
der Tandem-Solarzellen verbessert werden.

Die zweite Studie in dieser Dissertation kniipft an den FF-Verlust an und behandelt die Optimierung des
FFs und der Leerlaufspannung Voc um den Wirkungsgrad weiter zu steigern. Dies wurde durch die Nutzung
einer selbstorganisierenden Schicht bestehend aus einer einzelnen Lage (engl.: self-assembled monolayer;
SAM) als lochselektiver Kontakt ermdéglicht, welcher das erste Mal in Tandem-Solarzellen eingesetzt
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wurde. Neben den bereits im Handel erhiltlichen SAM-Molekiilen, welche in Einzel-Solarzellen bereits
bessere Eigenschaften ermoglichten als das typischerweise benutzte Polymer PTAA (poly[bis(4-phenyl)(2,5,6
trimentlyphenyl) amine]), haben wir ein neues SAM Molekiil Me-4PACz ([4-(3,6-dimethyl-9H-carbazol-9-yl)
butyllphosphonic acid) fiir perowskitbasierte Einzel- und Tandem-Solarzellen vorgestellt. Zusétzlich zur gut
passivierten Perowskit-Grenzfliche ermoglicht das neue Molekiil eine schnelle Ladungstrigerextraktion, was
zu einem erhohten V¢ und FF fithrt sowie einer verbesserten Photostabilitit, obwohl der Perowskit einen
erhohten Bromanteil aufweist um eine Bandliicke von 1.68 eV zu erhalten. Normalerweise fithrt der erhohte
Anteil an Brom zur unerwiinschten Phasentrennung der Halogenide. Die Vorteile der SAMs uibertrugen
sich auch in die Leistung der Tandem-Solarzellen. Zum einen zeigten Tandem-Solarzellen, welche SAMs als
lochselektiven Kontakt nutzen, einen héheren Wirkungsgrad als das iiberlicherweise genutzte Polymer PTAA.
Zum anderen fithrte Me-4PACz zu sehr hohem V¢ bis zu 1.92V und einem FF bis zu 81%. Zusammen mit
dem durch die vorherige Optimierung hohen Jgc, wurde ein von unabhéngiger Seite zertifizierter Weltrekord-
Wirkungsgrad von 29.15% erreicht. Um die Langzeitstabilitit der Tandem-Solarzellen zu bewerten, haben
wir eigens eine LED-basierte Lichtquelle entwickelt und hergestellt, welche eine préizise Kontrolle der
Jpn-Werte beider Teil-Solarzellen erméglicht. Dadurch kann eine stabile Beleuchtung gewahrleistet werden,
welche das AM1.5g Spektrum imitiert. Die unverkapselten Zellen wurden fiir 300 Stunden an Luft und
einer relativen Luftfeuchtigkeit von 30% bis 40% kontinuierlich beleuchtet und gemessen. Die Tandem-
Solarzelle mit Me-4PACz zeigt dabei die hochste Stabilitdt und hatte nach diesen 300 Stunden immernoch
95.5% ihrer Anfangseffizienz. Wie aus der ersten Studie ersichtlich ist, ist es wiinschenswert die Teil-
Solarzellen genauestens zu analysieren. Durch die Serienverschaltung gestaltet sich das Analysieren der
Teil-Solarzellen allerdings iiblicherweise als schwierig. Um die Teil-Solarzellen dennoch evaluieren zu
koénnen, nutzten wir injektionsabhéingige Elektrolumineszenz-Messungen, welche es erméglichten die Strom-
Spannungs-Kennlinie der Teil-Solarzellen ohne den Einfluss von Serienwiderstdnden zu rekonstruieren.
Aus den rekonstruierten Kurven konnten wir die charakteristischen Merkmale wie den Punkt maximaler
Leistung oder den Pseudo-Fiillfaktor beider Teil-Solarzellen separat extrahieren. Weiterhin konnten wir die
rekonstruierten Teil-Solarzellen parametrisieren und fiir elektrische Simulationen nutzen, welche zeigten,
dass ein Wirkungsgrad von uber 32% erreichbar ist wenn Verluste durch Serienwiderstinde minimiert
werden konnen.

Die schnelle Verbesserung des Wirkungsgrades von Tandem-Solarzellen macht ebenfalls einen schnellen
Technologietransfer in die Industrie notwendig. Alle hocheffizienten Perowskit/Silizium-Tandem-Solarzellen
die bisher vorgestellt wurden basieren auf >250 um dickem Silizium, welches aus dem Zonenschmelzver-
fahren (engl.: floatzone; FZ) gewonnen wird. Die meisten Silizium Teil-Solarzellen haben zusétzlich eine
polierte Vorderseite. Fiir die Massenproduktion und somit aus wirtschaftlichen Griinden, ist es notwendig
diinneres Silizium zu nutzen welches mittels Czochralski-Verfahren (CZ) hergestellt wird. Aullerdem
ist es wiinschenswert auf die mechanische Politur der Vorderseite zu verzichten. Desshalb wurden in
einer dritten Studie Tandem-Solarzellen, welche auf 100 ym dinnem CZ-Silizium mit rauer Oberflache
basieren, hergestellt und mit labortypischen Tandem-Solarzellen verglichen, begleitet von einem 1000-
Stunden Langzeittest sowie optischen Simulationen. Wir konnten zeigen, dass beide Arten von Unterzellen
zu Tandem-Solarzellen mit einem Wirkungsgrad von durchschnittlich ~27.8% fithrten, wobei die hoch-
sten Werte 27.89% fur CZ- und 28.15% fiir FZ-basierte Zellen waren. Obwohl die Effizienz sehr dhnlich
war, unterschieden sich die charakteristischen Parameter. Die diinnere Unterzelle fithrte aufgrund von
geringeren Rekombinationsverlusten zu einem héheren Vpc. Aullerdem war das J/py, geringer wenn das
dunnere Silizium genutzt wurde, was zu einem grofleren Stromunterschied der beiden Teil-Solarzellen
fithrte. Wie aus der ersten Studie bekannt, erhohte dieser Stromunterschied den FF der CZ-basierten
Tandem-Solarzellen. Mittels optischer Simulationen fanden wir heraus, dass die Reduzierung der Silizium-
Schichtdicke von 280 um auf 100 um eine Vergréflerung der Bandliicke um ~0.02eV ermoglicht, wenn
ein Stromgleichgewicht bestehen bleiben soll. Interessanterweise ist diese Vergrof3erung unabhéngig von
der Perowskit-Schichtdicke. Auf der einen Seite konnte durch die Vergroflerung der Bandlicke das Vo
erhoht werden, was den Wirkungsgrad weiter steigert. Auf der anderen Seite sind Perowskite mit weiteren
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Bandliicken typischerweise instabiler und fithren zur erh6hten unerwiinschten Grenzflichenrekombination.
Optische Simulationen mit beidseitig texturierten Tandem-Solarzellen wiesen genau dasselbe Ergebnis
auf. Das Finden der optimalen Bandliicke fiir industrielle Perowskit/Silizium-Tandem-Solarzellen ist sehr
wichtig fiir die weitere Entwicklung dieser faszinierenden Technologie.

Diese Dissertation ist wichtig fiir den Fortschritt von Perowskit/Silizium-Tandem-Solarzellen und wird
hoffentlich zum Ausbau von Photovoltaik beitragen.
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1 Introduction

Anthropogenic greenhouse gas emissions have increased continuously since the pre-industrial era. Concomi-
tantly, the global land and ocean surface temperature increased, the mean sea level rose, the amounts of snow
and ice have diminished and the ocean surface water became more acidic.[1] To prevent further worsening
and catastrophic environmental cascade reactions, [2] 195 countries signed the Paris agreement in 2015.
Its main goal is to keep global warming below 2 °C or preferably below 1.5 °C compared to pre-industrial
(1850-1900) levels. To achieve this long-term temperature goal, the emission of greenhouse gases needs to
be reduced dramatically.[3] Besides methane (CH4) and nitrous oxide (N2O), carbon dioxide (COz2) is the
main driver for climate change. To reduce the emission of COg, burning fossil fuels for energy generation
needs to be replaced with greenhouse gas neutral energy sources such as photovoltaics.

In 2019, the electricity generation by solar photovoltaic (PV) globally amounted to 720 TWh which is
only around 3% of the total generated electricity.[4] To keep global warming below 2 °C at the end of the 215
century, 7.6 TWp installed PV is necessary in 2050, which will cover around 22% of the global electricity
demand.[5] To achieve this goal, more photovoltaic devices need to be installed along with an increased
capability to convert light into electrical energy. Today, solar energy is already one of the cheapest forms of
electricity. [6] Nonetheless it is necessary to continue the development of this technology by increasing the
power conversion efficiency (PCE) and further reducing its costs. Around 95% of the installed photovoltaic
devices consist of crystalline silicon (c-Si).[5] With a record PCE of 26.7%,[7] single-junction silicon solar
cells are approaching their theoretical maximum PCE of 29.4%.[8]

One successful way to improve the PCE is to combine multiple photovoltaic absorber materials into
multijunction solar cells. Each absorbing material converts a specific part of the light spectrum into electrical
energy, enabling a more efficient utilization of the spectrum. In the case of two absorbing materials, the
devices are commonly termed tandem solar cells. With a record PCE of 47.1% for a solar cell comprising
six different absorbing materials and using concentrated light, the PCE indeed surpassed the record PCE
of single-junction solar cells.[9] However, this technology requires complicated and costly manufacturing
processes. A more preferable way to increase the PCE is to combine the well-established silicon solar cell
technology with an appropriate low-cost solar cell. A promising candidate is the polycrystalline metal-
halide perovskite solar cell. With a PCE improvement from 3.8% in 2009 to 25.5% in 2020 for perovskite
single-junction solar cells, this technology has attracted great attention.[9, 10] The outstanding perfor-
mance is a result of the excellent optoelectronic properties of the perovskite films such as high absorption
coefficient[11] and exceptional defect tolerance.[12] Furthermore, its tunable bandgapl[13] and potentially
low-cost fabrication[14] makes perovskite solar cells a favorable partner for the silicon technology. The
perovskite/silicon tandem technology is expected to reduce the levelized cost of electricity (LCOE) by around
11% compared to conventional silicon solar cells.[14] Similar to perovskite single-junction solar cells, mono-
lithic perovskite/silicon tandem solar cells experienced an exceptional PCE improvement from 13.7% in 2015
to 23.6% in 2017, when the work on this dissertation started.[15, 16] Since then, the PCE rapidly improved
further to 29.5% in 2020.[9] This surpassed the theoretical PCE limit of silicon single-junction solar cells as
well as the overall record PCE for single-junction solar cells (gallium arsenide) with 29.1%.[17] However,
these highly efficient tandem solar cells commonly have an active area of 1 cm? and do not necessarily give
information about long-term stability or outdoor performance. For commercialization, further understanding
is needed to improve the PCE, long-term stability, outdoor performance and to increase the size of the devices
to an industrially relevant level.

This thesis covers several aspects of monolithic perovskite/silicon tandem solar cells. Cutting-edge
characterization techniques enabled detailed analysis of tandem solar cells or parts of the cells such as
individual interfaces. Typically, it is difficult to access the performance of the subcell because of the series
connection of both cells. However, we were able to access the subcell performance by using advanced
characterization methods. Driven by the spectral dependence of the tandem solar cell performance, we
designed and fabricated a new setup which allows proper illumination for long-term indoor measurements.



The gained knowledge was used to optimize the tandem solar cells optically and electrically. The improved

tandem solar cells reached a certified PCE of 29.15%, a world record at that time and showed improved

stability. Furthermore, we successfully demonstrated highly efficient tandem solar cells based on industry

compatible silicon bottom cells. Thus, this dissertation plays an important role in attracting further attention,

understanding the fundamental principles of operation of these devices and promoting commercialization.
This dissertation is based on three studies. The first study

Eike Kohnen, Marko Jost, Anna Belen Morales-Vilches, Philipp Tockhorn, Amran Al-Ashouri, Bart
Macco, Lukas Kegelmann, Lars Korte, Bernd Rech, Rutger Schlatmann, Bernd Stannowski, and Steve
Albrecht. Highly efficient monolithic perovskite silicon tandem solar cells: analyzing the influence
of current mismatch on device performance. Sustainable Energy & Fuels, 3(8):1995-2005, 2019.
doi:10.1039/C9SE00120D,

which is addressed in section 6.1, covers mainly but not only the optical optimization by fine-tuning the
thickness and deposition conditions of various layers such as the perovskite itself and the contact layers of
the perovskite and silicon bottom cell. The reduced reflection and current mismatch between the subcells
enabled an improvement of the current density and hence the PCE. However, the reduced mismatch led to
a reduced fill factor. To get more insights into this effect, we measured a tandem solar cell with different
illumination spectra to artificially create various mismatch conditions and quantified the change in fill factor
as a function of the current mismatch. This behavior is verified by electrical simulations but reveals that
further investigation and analysis of the performance of the subcells is needed.
In the second study

Amran Al-Ashouri, Eike Kéhnen, Bor Li, Artiom Magomedov, Hannes Hempel, Pietro Caprioglio, José
A Marquez, Anna Belen Morales Vilches, Ernestas Kasparavicius, Joel A. Smith, Nga Phung, Dorothee
Menzel, Max Grischek, Lukas Kegelmann, Dieter Skroblin, Christian Gollwitzer, Tadas Malinauskas,
Marko Jost, Gasper Mati¢, Bernd Rech, Rutger Schlatmann, Marko Topi¢, Lars Korte, Antonio Abate,
Bernd Stannowski, Dieter Neher, Martin Stolterfoht, Thomas Unold, Vytautas Getautis, and Steve
Albrecht. Monolithic perovskite/silicon tandem solar cell with >29% efficiency by enhanced hole
extraction. Science, 370(6522):1300-1309, 2020. do0i:10.1126/science.abd4016,

which is covered in section 6.2, we used for the first time self-assembled monolayer (SAM) as hole-selective
contacts in the perovskite top cell. More importantly, a new SAM, Me-4PACz, was presented which enabled
a high level of passivation and fast charge extraction, thoroughly analyzed by advanced characterization
methods. We compared the J —V performance as well as the long-term stability of tandem solar cells using
SAMs with cells using PTAA as hole-selective layer. All SAMs showed superior properties. The certified
efficiency of 29.15% enabled with the newly presented Me-4PACz set a new world record. Furthermore,
injection-dependent electroluminescence measurements gave us the possibility to access the performance of
the individual subcells, which is otherwise not easy to measure due to the series connection of the top and
bottom cell. The extracted subcell performances were used to simulate the tandem solar cells electrically
and predict an achievable PCE value of >32% with our layer stack.
In the third study

Eike K6hnen, Philipp Wagner, Felix Lang, Alexandros Cruz, Bor Li, Marcel Rof3, Marko Jost, Anna B.
Morales Vilches, Marko Topi¢, Martin Stolterfoht, Dieter Neher, Lars Korte, Bernd Rech, Rutger Schlat-
mann, Bernd Stannowski and Steve Albrecht. 27.9% Efficient Monolithic Perovskite/Silicon Tandem So-
lar Cells on Industry Compatible Bottom Cells. Solar RRL, 5:2100244, 2021. doi:10.1002/s01r.202100244,

which is covered in section 6.3, we used silicon bottom cells, which are more suitable for industrial production.
We demonstrated that tandem solar cells based on industry-compatible bottom cells enable a similarly
high efficiency (~27.8%) compared to tandem cells based on laboratory-typical bottom cells. However, the



reduced bottom cell thickness for the industry-compatible devices reduced the photogenerated current
density in the silicon bottom cell and hence adjustments are required if current matching conditions should
be maintained. Supported by optical simulations we gave a guide how to adjust the thickness and/or bandgap
of the perovskite layer to maintain these current matching conditions.



2 Solar Cell Funhdamentals

In one hour, the Sun delivers a huge amount of energy to the Earth’s surface, which covers the world’s
energy consumption of one year. Solar cells are electronic devices based on semiconductors, which can
convert the radiant energy delivered by the Sun into electrical energy. To do this in an efficient way, multiple
photovoltaic active materials can be stacked to multijunction solar cells. In the case of two absorbers, the
cells are termed tandem solar cells. In the following, the fundamentals of single-junction and tandem solar
cells as well as the efficiency limit of these technologies are reviewed.

2.1 Solar Irradiation

All objects with a temperature higher than 0 K reflect, absorb and emit light. An ideal theoretical body, called
a black body, does not reflect light but absorbs and emits all of the light perfectly. The spectral radiance L}
of this body as a function of the temperature T is given by

2
LA(T):% 1
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where A is the wavelength, 2 is the Planck constant, ¢ is the speed of light and % is the Boltzmann
constant.[18, 19] The unit of the spectral radiance L) is [W m™ srl]. Thus, to calculate the spectral
irradiance Ej, which is given in [W m™], it is necessary to multiply by the solid angle. For several
calculations the photon flux ®py, 5 is a useful quantity, which is connected to E, via

Oph,a = E/l% (2.2)
Considering the Sun as a black body with a temperature of 5800 K, a spectrum as shown in Figure 1
would reach the Earth. This spectrum is in good agreement with the extraterrestrial spectrum ASTM-E490
(also termed AMO) developed by the American Society for Testing and Materials (ASTM). When the light
enters the Earth’s atmosphere, gases such as water vapor, carbon dioxide, nitrous oxide methane, oxygen,
ozone as well as dust particles alter the spectrum. The absorption increases with the length of the path
through the atmosphere, i.e. with the mass of the air. The ratio between the path length through the
atmosphere [ and the atmosphere’s thickness [ is called the air-mass coefficient. For this reason, the
spectrum outside of the atmosphere is called AMO, whereas the spectrum is called AM1 on the Earth’s
surface for normal incidence. Over the course of the day, the solar altitude changes and with that the air
mass. Hence, the spectrum changes depending on the time of day. An example is shown in Figure 1B
for the location of Berlin. Because of the variation of the spectrum, a standardized spectrum is needed to
measure solar cell efficiencies. The AM1.5g represents the overall yearly average for mid-latitudes and is
therefore used as a standard spectrum. The appended "g" denotes that this refers to a global, hemispherical
spectrum within a 27 steradian field of view of the tilted plane. The total irradiance of this spectrum is
1000 W m~2.[20]

2.2 Reflection, Absorption and Transmission

When light falls onto an interface of two materials, three things may happen with the light. It may be
reflected from the interface, it may be absorbed by the material or it may be transmitted if the material is
totally or partially transparent to the light.[23] In the following, the three processes are explained.
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Figure 1: Spectral Irradiance. (A) Spectrum reaching the Earth when assuming the Sun as a black-body
with a temperature of 5800 K. The spectrum is calculated according to equation 2.1. Standard spectra
ASTM E-490 (AMO) and ASTM G173-03 global tilt (AM1.5g) developed by the American Society for
Testing and Materials.[21] (B) Calculated spectra using SPCTRL2 Simple Spectral Model.[22] The spectra
are calculated for Berlin at the 150" day of the year (i.e. May 30'") assuming a sun-tracking surface.

Reflection

For the interface of two materials with the refractive indices n1 and ng the incident angle 6; and angle of
reflected light 6, are equal. The angle of light traversing the interface 6; is related to 6; via Snell’s law:[18]

ni-sinf; = no-sinb; (2.3)

Figure 2 illustrates this equation. The amount of reflected and traversed light is given by the Fresnel
equations. In the case of normal incidence, 6; = 6, = 0, the amount of reflected light R is given by [18]

ni—nz|?

R= 2.4)

ni+ng

Due to conservation of energy, the sum of reflected light R and light traversing the interface T; must be
unity:[18]

R+T;=1 (2.5)

According to equation 2.4, the amount of reflected light increases with increasing difference in refractive
indices. At an interface of air (n1 = 1) and indium tin oxide (ng = 2 at 600 nm), approximately 11% of the
incident light is reflected.

In addition to reflection described by the Fresnel equations, thin-film effects can enhance or reduce the
amount of reflected light. For films with a thickness d in the range of the impinging wavelength A, the
reflected light at the top interface can interfere with the reflected light from the bottom interface. When
the optical path difference OPD is an integer multiple m of A, the interference of the two waves will be
constructive, enhancing reflection. When the the optical path length is an odd number of half wavelengths,
destructive interference occurs. These two events are expressed in the following equations: [24]

mA for destructive interference
OPD =2n9dcosfy (2.6)

(m+ %)A for constructive interference
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Figure 2: Snell’s law. Illustration of Snell’s law when a light beam impinges on an interface of two
materials with the refractive indices n1 and ng. A certain amount of light might get reflected with an
angle 0, equal to the incident angle ;. Some light may traverse the interface with an angle 8;. The angles
and refractive indices are related via Snell’s law as displayed in equation 2.3

Absorption

The light which is not reflected but traversed the interface and enters the material with ny can get absorbed.
In a semiconducting material, the valence band is the energetically highest band of energy states, which is
at a temperature of 0 K completely filled with electrons. The top edge of this band is called valence band
maximum and the corresponding energy is denoted as Evy. The energetically next higher band of available
energy states is called conduction band and at 0 K it is not populated with electrons. The bottom edge of
this band is called conduction band minimum with an energy E¢. The energetic distance E¢c — Ev is called
bandgap Ec. When the energy Av of a photon is equal to or greater than the Eg of the material, the photon
can be absorbed by the material and excites an electron into the conduction band, where it is free to move
and participates in conduction. Any excess energy (hv — E¢) will be converted to thermal energy and does
not contribute to the conductivity of the material. This loss is called thermalization.

The amount of light being absorbed by a material depends on its absorption coefficient a. The intensity 1
of the photon flux at any depth x is given as

Ix)=Iy-e” %% 2.7

with I as the initial intensity. The intensity of the photon flux decreases exponentially with distance
through the material. If the absorption coefficient is large, photons are absorbed over a relatively small
distance.[25] Consequently, the absorption A is given by

A=1-¢ % (2.8)

To increase the absorption of thin films, a reflector can be placed at the rear side. Photons which are not
absorbed will be reflected and will pass the film again, which effectively increases d typically by a factor of 2.

In a real semiconductor, the band edges Ev and E ¢ depend on the so called k-vector that describes the
crystal momentum. If Ev and E are at the same momentum in the crystals k-space, the semiconductor has
a direct bandgap. Electrons can be excited from the Evy to the E¢ without the need for additional momentum.
If the electron cannot be excited without changing its momentum, it is referred to as an indirect bandgap
material. The electron can only change its momentum by momentum exchange with the crystal, i.e. by
receiving momentum from or giving momentum to vibrations of the crystal lattice. A direct bandgap enables
high absorption coefficients with sharp edges near the band edge. Consequently, the required layer thickness
to achieve a high absorption of the solar spectrum differs for direct and indirect bandgaps. For crystalline
silicon as a material with an indirect bandgap, a thickness of several hundred micrometers is needed to



sufficiently absorb the light. On the contrary, hybrid perovskites with a direct bandgap, only need to be
several hundred nanometers thick to absorb a large portion of the incident light.

If an electron is elevated to the conduction band, a vacancy is created in the valence band. This vacancy
behaves like a particle with a positive elementary charge and is called hole. The absorption of a photon
creates therefore an electron-hole pair.[18]

Transmission

Photons with an energy lower than E g are not able to excite electrons and thus are not absorbed. Nonetheless,
there is also a probability that photons with an energy larger than E g are not absorbed. According to equation
2.8, the absorption A can be lower than unity, if the absorption coefficient is low or the material is thin.
Not absorbed photons will reach the backside of the material, i.e. the next interface, where they can again
traverse the interface or get reflected. In the case of reflection at the backside, the photons will travel through
the material again. If the photons traversed the interface at the backside of the material, it transmitted the
entire material and enters the next material, which can also be air. With 7' as the portion of transmitted
light, all the incident light is reflected (R), absorbed (A) or transmitted:

1=A+R+T 2.9)

2.3 Generation of Current Density

The absorption of photons was previously described in section 2.2. Typically, the number of charge carriers
which can contribute in conduction is similar to the number of absorbed photons, when neglecting losses
such as recombination. Thus, the current density generated by absorption of radiation is given by

J = quQE(/I) Dpp,adA (2.10)

with g as the elementary charge and @}, 4 as the photon flux. The external quantum efficiency (EQE(A) or
just EQE) is the ratio of the number of carriers extracted from the solar cell to the number of photons of a
given wavelength incident on the solar cell. If this current is generated by intentional illumination, it is
called photogenerated current density Jpy. Assuming that a semiconductor like silicon with a bandgap of
1.12 eV absorbs all photons with energies above the bandgap (EQE = 100%), whereas photons with energies
below the bandgap are not absorbed (EQE=0%), the Jp}, amounts to 438.1 A m™ or 43.81 mA cm if it is
illuminated with the AM1.5g spectrum. However, the EQE decreases if the incident photons are partially
reflected or transmitted as described in section 2.2. In addition, parasitic absorption in contact layers may
reduce the EQE.

2.4 Quasi-Fermi Levels

In a semiconducting material, the probability whether a state in the conduction band or valence band is
occupied is given by the Fermi-Dirac statistics

1
fE)= R (2.11)

e T +1

where Er is the Fermi level which is defined as the energy at which the Fermi-Dirac function is 0.5. To
calculate the number of electrons in the conduction band, the Fermi-Dirac statistic needs to be multiplied
with the density of states g(E):

n= f * g(E)f(E)IE = Noexp (—M) 2.12)
Ec kT



where N¢ is the so-called effective density of states, which is a volume density having the energy dependency
of the density of states g(E) already included. Consequently, the occupation probability of holes is 1 — f(E),
which is due to symmetry of the Fermi-Dirac function equal to f(—E). The hole density p is therefore given
as

Ev Er-E
p= f g(E)f(~E)dE = Ny exp (—%) (2.13)
Thus, the product
E
nopo=n; :NCNVeXP(_k—;) (2.14)

with n; as the carrier concentration in the pristine, intrinsic semiconductor, is independent of the position of
Er. Equation 2.14 is valid in thermal equilibrium denoted by the index 0 even if electron and hole densities
are not equal for example due to intentional doping. According to equation 2.12 and 2.13, n-doping or
p-doping will shift the Ex towards the conduction band or valence band, respectively.

If excess charge carriers are generated for example by absorption of light, n and p will increase and will
simultaneously be larger than n;. In contrast, doping will increase either n or p. If excess charge carriers
are generated, the semiconductor is no longer in thermal equilibrium and the Fermi level is no longer strictly
defined. The increase in n will shift Er towards the conduction band. However, the simultaneous increase in
p will shift Er towards the valence band. This can only be fulfilled if two different Fermi levels Er, and Ex,
are present for electrons and holes, respectively. These energy levels are called quasi-Fermi levels.[25, 26]
Inserting this into equation 2.12 and 2.13 the product is given as
Ec-Epn EFp_EV)_ 2 (EFn_EFp)
_— ———— | =njexp|———

T (2.15)
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The maximum open-circuit voltage, which is limited by thermodynamic laws is defined by the quasi-Fermi
level splitting (QFLS):[26]

qVoi =Epn —Epp = QFLS (2.16)

Thus, according to equation 2.15, the maximum achievable Vo depends on the charge carrier concentration,
which again depends on the illumination intensity. Thus, V5™ depends logarithmically on the illumination
intensity.

2.5 Charge Separation

Once photons are absorbed, the generated charge carriers (holes and electrons) need to get extracted at
distinct locations. The fundamental process to separate charge carriers is the selective transport of electrons
and holes to different terminals which is based on different conductivities for electrons and holes.[27] A
prerequisite for efficient charge separation is a sufficient diffusion length of the charge carriers to reach the
terminals.[26] The charge current of electrons j. is given by

je=grad Er, (2.17)
q
with o, being the conductivity for electrons. Similarly, the charge current of holes is expressed with
. Op
Jh=—grad Ep, (2.18)
q
with o}, being the conductivity for holes.
When at one terminal the amount of electrons exceeds the amount of holes, this terminal is named

electron contact (also termed n-contact). For the hole contact (or p-contact) it is vice versa: The amount
of holes reaching the terminal should exceed the amount of electrons. For the electron contact, j. should



be high and j; should be low, while the opposite is desired for the hole contact. The conductivity o, is
proportional to the product of the mobility u; and carrier concentration np,

O =qUrng (2.19)

for the particles £ (electrons or holes). Consequently, the charge current can be adjusted by changing nj
and/or . In traditional silicon homojunction solar cells, the selective contacts are created by changing
nj via doping. In contrast to this, heterojunction solar cells made from silicon (commonly termed silicon
heterojunction; SHdJ) but also perovskite solar cells utilize selective layers with bandgaps differing from
the bulk material to induce energetic offsets. One layer has a large electron (hole) conductivity and small
hole (electron) conductivity. This electron (hole) transport layer allows electrons (holes) to flow to the
electron (hole) contact, while blocking the holes (electrons). Similar to the homojunction, the difference
in conductivities is achieved by doping. However, the large bandgap at both contacts ensures a smaller
conductivity of the minority carriers (holes in the electron selective layer and electrons in the hole selective
layer), which reduces unfavorable recombination of electrons and holes. Simultaneously, the large bandgap
of the selective layers prevents parasitic absorption of light in the contact layers.[26, 27]

2.6 Basic Solar Cell Equations
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Figure 3: Single-junction solar cells. (A) Equivalent circuit diagram of the one-diode model for single-
junction solar cells. Rg is the series resistance, Rgy is the shunt resistance, Jpy, is the photogenerated
current density and ‘Diode’ is the representation of the diode which includes the ideality factor nip and
reverse saturation current density Jy. (B) Example of a J —V characteristic which follows equation 2.21.
The graph includes the most important values: The open-circuit voltage Voc, short-circuit current density
Jgc and the maximum power point MPP.

To describe the electrical behavior of a solar cell, the ideal diode equation as presented by Shockley is
commonly used.[28] It describes the current density / as a function of the applied voltage V for an ideal p-n
junction in semiconductors. As described in section 2.2, absorbed light generates additional charge carriers
and hence, a photogenerated current density J/py, in the semiconductor. However, recombination losses (as
described in section 2.8) reduces the current density depending on the voltage. Thus, the current density -
voltage (J — V) characteristic of a solar cell is then given as

J(V) = JIpp, — Jo (e% - 1) (2.20)

with Jy as reverse saturation current density (see equation 2.27), g as elementary charge, £ as Boltzmann
constant and T as temperature.[28]



The equivalent circuit representing J — V' characteristics for heterojunction solar cells can become more
complicated.[29] However, for the sake of simplicity, we use equation 2.20 to derive commonly used solar
cell parameters. In practice, solar cells comprise resistances affecting the J —V characteristics. The most
common parasitic resistances are the series resistance Rg, typically occurring in contact layers and the
shunt resistance Rsy, embodying alternate current paths.[18] Furthermore, in real solar cells the J -V
characteristic is additionally affected by non-radiative recombination losses (see Section 2.8). These loss
channels can be considered in the diode equation as separate terms [20] or combined into an ideality factor
nip. The implementation of the parasitic resistances and the ideality factor in equation 2.20 gives

q(V-JRgA) —
S_q_K_ﬂﬁé 2.21)

J(V)=Jpn—Jo[e "o
V)=dJpn o(e D RsnA

where A is the area of the solar cell. An equivalent circuit diagram following this equation is shown in Figure
3A.

Figure 3B demonstrates a typical J — V curve, which follows equation 2.21. The characteristic points are
marked and will be explained next.

The short-circuit current density Jgc is the current which flows, when the cell is under short-circuit
conditions, i.e. at V =0 (see Figure 3B). It is mainly determined by Jpy but also depends on the Rg. Thus,
Jgc can be lower than Jpy, for high Rg. However, typically the influence ofRg on the Jg¢ can be neglected
leading to Jgc = Jpn and depends on the amount of absorbed light.

At the open-circuit voltage Voc no current is extracted from the solar cell (see Figure 3B). Inserting J =0
simplifies equation 2.21. Furthermore, the Rgyy is typically large enough to neglect the last term in equation

2.21. It follows:
nipkT . (Jpn nipkT . (Jpn
In[—+1|= In{—
0 q Jo
where the approximation is justified because Jpy, > Jy. While Jpy, typically has a small variation, Jy has a
key influence since this may vary by orders of magnitude depending on the recombination in the solar cell
(see section 2.7 and 2.8). Therefore, Vo is a measure of the amount of recombination in the device.[18]
The electrical power density is defined as the product of current density and voltage. The point, where
the solar cell generates the maximum power density Pnax is called maximum power point MPP. The
corresponding voltage and current density at this point are labeled Vipp and Jyipp, respectively. The power
conversion efficiency (PCE) determines how much of the incident radiant power P;, can be converted into
electrical power:

(2.22)

Voc =

Prax  Vmpp-Jmpp _ Jsc-Voc - FF
p in - p in - p in
where FF is the so called fill factor. It is given by the ratio of the maximum power density to the product of
Jgc and Voc:

PCE = (2.23)

Vmpp - JMpp
FF= ——M— (2.24)
Jsc-Voc

Graphically, the FF is a measure of the "squareness" of the J —V curve.[26]

2.7 Efficiency Limit of Single-Junction Solar Cells

The power conversion efficiency of solar cells is limited due to the laws of thermodynamics. William Shockley
and Hans J. Queisser calculated the fundamental efficiency limit (commonly termed detailed balance limit
or Shockley-Queisser limit) of a solar cell comprising a single absorbing material.[30] The main losses in
efficiency stem from an incomplete utilization of the spectrum, which can be divided into losses due to
thermalization and transmission. Photons with an energy lower than the bandgap Eg (with Ag as the
corresponding wavelength) will not be absorbed. Assuming that all incident photons with energies above E¢
are absorbed (EQE=100%), the fraction of absorbed power density can be calculated with

10



absorbed power density fOAG }%q)ph,/ldl (2.25)

Pabs = 3 cident power density I %Qph’ 2dA
where ®py, 3 is the photon flux as described in section 2.1. For silicon with a bandgap of 1.12eV and the
AM1.5g standard spectrum (~ 1000W m™~2), approximately 81% of the incident power density (=Intensity) is
absorbed in the material, meaning that ~ 19% are not absorbed but transmitted. However, the fraction of the
absorbed photon energy exceeding the bandgap energy is lost because of thermalization. It is calculated by

. . A A
absorbed power density - usable power power density  f; }%q)ph,/ld/l -Eg fo ¢ Dpp,2dA
DPthermalization = =

incident power density 5° %Qphy 2dA

(2.26)
In the case of silicon, ~ 32% of the incident power is lost due to thermalization. Figure 4A presents the
AM1.5g spectrum with the fraction of usable power for a silicon absorber. The efficiency, taking just this
thermalization and transmission into account is called ultimate efficiency.[30] As calculated, the ultimate
efficiency for silicon is ~ 49%.

For temperatures above 0K, the surrounding will emit black-body radiation corresponding to its temper-
ature, which will be absorbed in the solar cell and generate charge carriers. In the dark without applied
voltage, the rate of generation must be equal to the rate of recombination. The reverse saturation current
density Jg rqq is the current density if just radiative recombination is present, which is also referred to as

the recombination current density and is calculated from the black-body radiation (equation 2.1) by
EQE=1 Ac
Jorad =Jo = ﬂquQE(/l)-LA(T,/l)d)L = an L(THdA (2.27)
0

where 7 arises from the Lambert’s cosine law. Note that for individual films no EQE spectrum exists. Instead,
the absorption A(A) is used to calculate Jj ,4q. It is assumed that a perfect mirror is on the back side of
the solar cell. Thus, the cell emits just from the front side. For the emission to both, the front and back
side, Jp will be twice as high.[18, 30] The maximum amount of photogenerated current density Jpy as a
function of the bandgap is calculated as described in section 2.3. With calculated values of JJy and /p},, the
J —V characteristics (equation 2.20) can be calculated including the common parameters PCE, V¢, Jsc
and FF. Figure 4B shows the detailed balance limit as a function of the bandgap with a temperature of
300K and the AM1.5g spectrum. For wider bandgaps, the PCE decreases as the amount of transmission
increases. On the contrary, for narrower bandgaps, the amount of transmission decreases but the loss due to
thermalization becomes dominating. For silicon with a bandgap of 1.12 eV, the maximum achievable PCE is
33.4%. This value is close to the global maximum appearing at a bandgap of 1.34 eV and amounts to 33.7%.
For perovskite with a bandgap of 1.63, as used in section 6.1, the PCE limit is 30.25%. For wider bandgaps
such as the tandem-relevant 1.68 eV, as used later in secion 6.2 and 6.3, the PCE limit decreases to 29.33%.

The above calculated efficiency limit just takes radiative recombination into account. However, further
loss mechanisms reduce the efficiency limit. Considering Auger recombination, parasitic free-carrier
absorption and bandgap narrowing, Richter et al. reassessed the efficiency limit of silicon solar cells.[8]
These considerations led to an efficiency limit of 29.43%.

To overcome the efficiency limit of single-junction solar cells, multiple absorbers with different bandgaps
can be combined, where each absorber converts a specific part of the spectrum into electrical energy. The
more efficient utilization of the spectrum increases the PCE limit, which will be elaborated in section 2.9.

2.8 Recombination

Excited electrons, independent on whether they are generated by illumination or by the nature of thermal
processes, drift and diffuse in the semiconductor and may come in close proximity to holes which leads to
annihilation of both charge carriers and is also referred to as recombination. Besides the beneficial radiative
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Figure 4: Theoretical efficiency limit. (A) Standard AM1.5g spectrum and the part of the spectrum
which can be effectively used in a silicon absorber (Eg = 1.12eV). Approximately 19% of the incident
power is not absorbed (i.e. transmitted), whereas ~ 32% is lost due to thermalization. (B) Detailed balance
limit as a function of the bandgap calculated with the AM1.5g spectrum and a global temperature of
300 K. The theoretical achievable power conversion efficiency with silicon (Eg=1.12 V) as absorbing
material is ~ 33.4% and is close to the global maximum of 33.7% for a bandgap of 1.34 eV. The gray area
indicates the bandgap range between 1.20 eV and 1.75 eV that is considered for perovskites in single- or
multijunction applications.[31]

recombination, there exist different types of adverse non-radiative recombination. The total recombination
rate Ry is calculated as the sum of all recombination rates:[25]

Ryt =) Ri (2.28)
7

For all recombination processes, the recombination rate R; is defined by the ratio of excess charge carrier
density An and the charge carrier lifetime 7;:[25]

An
T

R; (2.29)

In the following, the different recombination processes will be described.

Radiative Recombination

Radiative recombination is the inverse process of charge carrier generation by illumination. Excited electrons
in the conduction band recombine with holes in the valence band and emit the released energy as photons.
As the charge carriers typically recombine from the conduction band minimum and valence band maximum,
the energy of the released photons is equal to the bandgap energy. This process is more likely to happen in
direct semiconductors. For indirect semiconductors, additional momentum is needed for this recombination
type, which makes it unlikely. This process is proportional to the electron density n and hole density p.
Taking equation 2.15 into account, the radiative recombination rate is given as

EFn - EFp )
kT
where £ is the radiative recombination constant, which represents a volume rate constant and Gy is the

generation rate in equilibrium.[25, 26] Equation 2.30 demonstrates that radiative recombination increases
with larger carrier density (Ryaq x n2) and thus larger QFLS.[26]

Ry.a=pnp =Gy exp( (2.30)

12



Shockley-Read-Hall Recombination

The bandgap defines an energetic region, where no electronic states should be present and thus available.
However, impurities or defects in the material may create electronic states within the bandgap which are
called trap states. An electron can be trapped at such defect and consequently recombine with a hole that is
attracted by the trapped electron. This Shockley-Read-Hall (SRH) recombination is typically non-radiative
and the excess energy dissipates into heat.[32, 33] The recombination rate depends on several properties
of the defect and material such as trap concentration N, capture cross sections o, thermal velocity v and
energetic position of the trap level E1 in the bandgap:

np— nl2
RSRH " n+Ncexp(—(Ec—Er)(ET)) + p+Nyexp(—(Ep—Ev)/(ET)) (2.31)
Nro,v, Nro,v,

While for silicon, it is of great importance to avoid the inclusion of contaminants,[34] hybrid perovskites are
rather tolerant against crystal defects and impurities.[12, 35] SRH recombination is also called monomolecu-
lar recombination, as a free charge carrier recombines with a localized, trapped charge, and it roughly holds
Rgry o n. [26]

Auger Recombination

Similar to radiative recombination, charge carriers recombine from band edge to band edge. However, the
excess energy is transferred to another charge carrier (electron or hole) which is excited to a higher energy
level without moving to another energy band. Excited charge carriers can lose their excess energy in thermal
vibrations. If the energy is transferred to an electron, one hole and two electrons are involved in this process.
The recombination rate Reep is proportional to n2 and p. If the excess energy is transferred to a hole, the
recombination rate Repp is proportional to p? and n. The overall Auger recombination is then given as the
sum of both processes [25]

Raug = Reeh + Rehn = Cn(n2p)+Cp(np2) (2.32)

where Cp, and C, are Auger capture probabilities that are strongly dependent on the temperature.[25]
Since this is a three particle process with R, being proportional to n3, this recombination becomes more
important in non-equilibrium conditions where the carrier concentration is high.[25]

Interface Recombination

All of the above mentioned recombination types can happen inside of the bulk material. However, the
surface of a semiconductor represents a special case as it causes a sudden discontinuation of the crystal
structure. Hence, trap states occur, which enhance recombination of charge carriers. Not just the bare
surface of a material, but also the interface to adjacent materials such as contact layers can introduce
trap states and hence, evoke SHR recombination. Typically, the surface recombination is quantified by the
surface recombination velocity Sy.[25] For state-of-the-art perovskite solar cells, this interface recombination
dominates the non-radiative loss, which reduces the quasi-Fermi level splitting and open-circuit voltage of
these cells.[36]

2.9 Tandem Solar Cells

The power conversion efficiency of single-junction solar cells is limited by the laws of thermodynamics. The
maximum achievable PCE with one absorbing material is ~33.7%, as calculated in section 2.7, which is
limited by losses due to thermalization and transmission. One way to improve the utilization of the spectrum
is to split the spectrum into different energy ranges and convert each part of the spectrum with a solar cell
with an appropriate bandgap. It was realized that spectral filtering could be achieved by stacking cells on
top of one another. If the various bandgaps are ordered in a descending order with the widest bandgap facing
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Figure 5: Visualization of the usable energy in a tandem solar cell. (A) AM1.5g spectrum and the
part of the spectrum which can be used if a wide bandgap material with Eg = 1.7V is stacked onto a
material with Eg = 1.12eV such as silicon. Compared to a single silicon absorber as shown in Figure 4,
the amount of thermalization is reduced to 19%, whereas the transmission loss is the same (19%).

the light source, not absorbed light in the wide bandgap material will be transmitted to the cell with the
next narrower bandgap.[37] These devices are commonly termed multijunction solar cells. In the specific
case of two absorbing materials, the devices are termed tandem solar cells.

In the following sections, the efficiency limits of the most prominent tandem solar cell architectures,
namely two-terminal and four-terminal tandem solar cells, are calculated. Subsequently, both technologies
are briefly contrasted, followed by a section addressing special characteristics of two-terminal tandem solar
cells.

2.9.1 Efficiency Limit of Tandem Solar Cells

Similar to the calculations presented in section 2.7, the amount of thermalization and transmission can be
calculated for multijunction, or as presented here, tandem solar cells. The first material (i.e. wide bandgap
absorber) absorbs all photons in the range of 0 < A < Ag1, where Ag; is the wavelength corresponding the
the bandgap of the first material. The second material absorbs all photons in the wavelength range of
Ag1 <A < Agg with Agg as the wavelength corresponding to the bandgap of the second material. Figure 5
shows the utilizable spectrum if two materials with bandgaps of 1.7eV and 1.12 eV are used. As the lower
bandgap is the same as calculated as an example for single-junction solar cells, the amount of transmission
loss is identical to the single-junction cell. However, the high energetic photons which would lead to severe
thermalization losses will be absorbed and converted in the wide bandgap material. Hence, the loss due to
thermalization is reduced to ~19% as a larger fraction of the incident power density can be used.

Likewise, the detailed balance limit is not just restricted to single-junction solar cells but can be applied
to multijunction solar cells. [38-42] Figure 6A shows the detailed balance limit of a tandem solar cell as a
function of the top and bottom cell bandgap. It is assumed that each subcell can operate at its individual
maximum power point. The power density of the tandem solar cell is then given as

Pyr=P1+Po=V1J1+Vado (2.33)

with the subscripts 1 and 2 denoting the different subcells. Thus, four terminals would be necessary to
contact the tandem solar cell. Therefore, these devices are termed four-terminal or 4T tandem solar cells.
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The maximum achievable efficiency in this configuration is 46.1% if absorbers with bandgaps of 1.73 eV and
0.93 eV are combined. If silicon with a bandgap of 1.12eV is used as a bottom cell, the highest efficiency of
45.2% is achieved if the top cell has a bandgap of 1.82 eV. If the subcells are connected in series, e.g. if the
tandem cell is fabricated monolithically, the subcells cannot be operated at each individual maximum power
point because the same current flows through both subcells. The power of the series connected tandem solar
cell is then given as

Por =(V1+Va)d (2.34)

This will be explained in more detail in section 2.9.3. In this case, the PCE of a monolithic tandem solar cell,
commonly also named two-terminal or 2T tandem solar cell, is more sensitive to variations of the bandgap or
more generally to the current-voltage characteristics of the subcells. Although the bandgap window in which
high efficiencies can be achieved is smaller compared to a 4T tandem cell, the maximum PCE is with 45.7%
similarly high (see Figure 6B). To achieve this, materials with bandgaps of 1.60 eV and 0.94 eV need to be
combined. If silicon is used as bottom cell, the highest efficiency of 45.0% is achieved when combining it
with a material with Eg = 1.73 eV. There are several effects which may change the optimum combination of
bandgaps and the respective maximum achievable PCE. The results presented here assume for example a
perfect reflector at the rear side. Thus, photons generated by radiative recombination will be emitted just at
the front side of the tandem cell. As described by de Vos et al., the photons emitted by one subcell can get
absorbed in the other subcell, enhancing its photogenerated current density. However, these effects will not
substantially change the results.[37, 38, 40]

As previously discussed, there are various ways to realize tandem solar cells. The most prominent
architectures are the four-terminal and two-terminal tandem solar cells. Recently, also the three-terminal
design attracted attention. However, this will not be addressed in this work and the reader is referred to
other reports for three-terminal tandem solar cells.[43, 44] In the following section, the advantages and
disadvantages of 4T and 2T tandem solar cells will be briefly discussed. For the latter, the fundamental
device physics will be addressed in more detail. Most of the fundamentals can be applied generally for series
connected multijunction solar cell (i.e. more than two photoactive materials).

The detailed balance limit gets higher if more subcells are combined. As calculated by Marti et al. a
multijunction solar cell consisting of an infinite number of subcells can reach a PCE of 65.4% with a cell
temperature of 300 K and AM1.5 direct normal irradiance. If the light is maximal concentrated, a theoretical
PCE of 85.0% is calculated.[45]

2.9.2 Two-Terminal and Four-Terminal Tandem Solar Cells

As described above, there are two prominent ways to realize tandem solar cells: The two-terminal and
four-terminal approach.

In the four-terminal configuration, the top and bottom cell are stacked mechanically. This allows to
fabricate each subcell individually, hence enabling optimized fabrication processes for each of them. Thus,
there are no design or process restrictions when fabricating the subcells. As each subcell can be driven
individually, the four-terminal approach gives highest operational flexibility. The PCE of the tandem solar
cell can be easily maximized by operating each subcell at their respective maximum power point. For this
reason, the bandgap window to achieve high efficiencies is large (see Figure 6). Nonetheless, the individual
operation also has its drawback as more peripheral equipment such as cables and inverters are needed,
making the four-terminal approach more expensive on the system level. Additionally, four-terminal tandem
solar cells require four electrodes of which 3 need to be transparent, i.e. two more transparent electrodes
than a two-terminal cell. These additional transparent electrodes will lead to increased parasitic absorption
and manufacturing costs.[47—49]

In two-terminal tandem solar cells, the top and bottom cells are fabricated directly on top of each other.
Typically, the narrow bandgap bottom cell is fabricated at first and the wide bandgap top cell is added
onto this bottom cell. However, it is possible to make it the other way round. Therefore, this architecture
has strict process-compatibility requirements as the fabrication of the top cell should not deteriorate the
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Figure 6: Detailed balance limit of tandem solar cells (A) Power conversion efficiency of a tandem solar
cell if both subcells are independently operated at their respective maximum power point (4-Terminal).
The generated power density is calculated according to 2.33. (B) Power conversion efficiency limit of a
tandem solar cell if both subcells are connected in series (2-Terminal). Consequently, the current density
flowing through both subcells is equal. The power density is calculated according to 2.34.

performance of the bottom cell. Among others, this includes the utilization of solvents and restriction in
process temperatures. In contrast to the 4T tandem design, the monolithic integration of subcells only
requires one transparent conductive electrode, which reduces costs and parasitic absorption losses. On the
other hand, the interconnecting layer in the 2T tandem design plays an essential role in charge carrier
collection and needs to be designed properly to enable a good contact to both subcells.[50] The monolithic
design makes system integration simple because no additional equipment is needed. As the subcells are
fabricated on top of each other and only two terminals are present, the subcells are connected in series (see
Figure 7). Therefore, the same current flows through both subcells. For optimal operation of two-terminal
tandem (or more generally: series connected multijunction) solar cells, the photogenerated currents in the
subcells need to be adjusted. As the photogenerated current density in each subcell depends among others
on the bandgaps, the bandgap window to achieve high efficiencies is smaller than for the 4T configuration
(see Figure 6). More on this current restriction and operation of 2T tandem solar cells will be discussed in
section 2.9.3 and section 6.1.

2.9.3 Operation of Two-Terminal Tandem Solar Cells

The optimal operation of two-terminal tandem solar cells is more complicated than in the four-terminal case
because of serial connection of the subcells (see Figure 7). As described in section 2.6, a solar cell can be
electrically described with a one-diode model. Thus, the simplest way to describe a two-terminal tandem
solar cell is to connect two one-diode models in series as shown in Figure 8A.[51] This is valid when assuming
that the interconnecting layer does not have any electrical contribution. The same current flows through
both subcells. If the amount of generated charge carriers is different between both cells, the subcell with the
lower Jpy, will guide the Jgc of the tandem solar cell. According to Kirchhoff’s voltage law,[46] the voltage of
the tandem solar cell Vrangem at each given current density o/ is the sum of the voltage of its subcells V; and
Vg:

Vor(J) = Vi(J) + Va(J) (2.35)

Following this equation, it is possible that the short-circuit current density Jgc of the tandem solar
cell can be higher than the minimum photogenerated current density of the subcells. This is preliminary
the case when the limiting subcell (i.e. the subcell with lower JJpy,) has a low shunt resistance Rgy, as for
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Figure 7: Tandem solar cell architectures (A) Schematic of a four-terminal tandem solar cell. The
wide bandgap top cell absorbs the high energetic part of the spectrum, whereas the low energetic part is
transmitted to the narrow bandgap bottom cell. Each subcell can be fabricated and operated individually.
Thus, the power of the tandem solar cell is the sum of the power generated by the subcells. (B) Schematic
structure of a monolithic two-terminal tandem solar cell. The subcells are fabricated on top of each other.
Both subcells are connected in series enabling operation with just two terminals. According to Kirchhoff’s
voltage law,[46] the voltage of the tandem solar cell is the sum of the voltages of both subcells. The
subcells are connected via an interconnecting layer.

example presented in Figure 8B. Under short-circuit conditions, the limiting subcell is operated in reverse
bias-voltage, whereas the non-limiting subcell is operated with the same value in forward bias-voltage.[52]
However, if the Rgy of the limiting subcell is sufficiently good, it is valid to assume that the Jgc of the
tandem solar cell is equal to the Jp}, of the limiting subcell, as displayed in Figure 8C.

The power density of a two-terminal tandem solar cell is given by the product of the voltage and current
density. Due to the same current flowing through both subcells, the power density is given by

Por=Vor-J =(V1+Vo)d =Vid + Vod (2.36)

In order to maximize the power density and with that the PCE of the tandem solar cell, it is necessary to
maximize both, ViJ and ViJ. Thus, per definition, both subcells should be operated at their respective
maximum power point. With the same current flowing through both subcells, it follows that the maximum
power density of the tandem solar cell is achieved if the current of the maximum power point Jypp is
equal for both subcells. This condition is called power matching.[53] In contrast, current matching describes
the condition if the photogenerated current densities Jpy, of both subcells are equal. Thus, depending on
the performance of the subcells, the maximum power of a tandem solar cell may be achieved if a current
mismatch (i.e. different Jpy, values for the subcells) is present. This is for example shown in Figure 8C,
where the Jypp is equal for both subcells but the Jpy, values differ.

The inability to measure the performance of the subcells individually, makes it difficult to extract the
Jumpp values of the subcells. This problem will be addressed later in the publications in section 6.2. However,
for good subcells, especially if the Rgy values are similarly good, it is valid to assume that current matching
conditions simultaneously result in power matching conditions.

Equations 2.35 and 2.36 can be easily extended for multijunction solar cells with more than two absorbing
materials.
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Figure 8: Electrical circuit of tandem solar cells. (A) Equivalent circuit diagram of a two-terminal
tandem solar cell using one-diode models for the top and bottom cell, respectively. (B) Simulated tandem
solar cell with a low Rgy of the bottom cell. This demonstrates that the Jgc of the tandem solar cell can
be higher than the Jp}, of the limiting cell. (C) Simulated tandem solar cell with a low Rsy 1op and high
RsH Bottom- Consequently, to achieve the same Jypp (indicated as spheres) in both subcells, a mismatch
of Jpp is necessary. Furthermore, this simulation demonstrates that the Jgc of the tandem solar cell is
equal to the Jpy of the limiting cell if its shunt resistance is high.

3 Current Status of Silicon- and Perovskite-based
Solar Cells

In this section, the current status of different photovoltaic technologies will be discussed. Firstly, an overview
of the well-established crystalline silicon technology with a focus on silicon heterojunction solar cells will
be provided. Secondly, metal-halide perovskites will be introduced, followed by an overview of important
milestones, achieved during the development of solar cells based on this material. Lastly, this section will
cover recent developments of the conjunction of these materials, namely perovskite/silicon tandem solar
cells.

3.1 Silicon Solar Cells

In 1839 Alexandre Edmond Becquerel discovered the photovoltaic effect. Since then it took 115 years until
1954, where Chapin, Fuller and Pearson from the Bell Telephone Laboratories presented a silicon solar
cell with a PCE of ~ 6% based on a p-n homojunction.[54] Since then, silicon solar cells attracted a lot of
interest, which came along with myriads of publications and a thorough understanding of this technology.
Compared with other PV materials, crystalline silicon (c-Si) with a bandgap energy of 1.12 eV is one of the
most appropriate candidates for building multijunction cells owing to its suitable bandgap, high efficiency,
cost competitiveness, non-toxicity, and good stability.[55]
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The conventional (c-Si) cell with full area aluminum back surface field (Al-BSF) is still the most
common approach due to its simplicity, low cost and high reliability. However, the full area Al-BSF
only provides moderate passivation quality of the rear surface limiting the PCE to ~20%.[56] To overcome
the disadvantages of the full-area Al-BSF, a rear dielectric passivation scheme is added to the PERC
(passivated emitter and rear cell) device followed by the formation of local Al-BSF, which enabled a PCE
of ~24.0%.[17, 55] To further improve the PCE, a local diffusion of boron in the rear contact areas, which
reduces the minority carrier density in these regions and hence reduces unwanted recombination, was
introduced. This enabled the reduction of spacing at the rear contact points and resulted in an improved fill
factor. These cells are called ‘passivated emitter and rear locally diffused’ (PERL) and achieved PCE values
of 25%.[55, 57] However, these homojunction solar cells show typically a maximum V¢ of 700 mV.[55]

As for series connected tandem solar cells the voltage is a crucial parameter, silicon heterojunction (SHdJ)
cells may be better suited for the application in tandem solar cells as they can reach high lifetimes of ~10 ms
and V¢ values of up to 750 mV.[58] The heterojunction contact simultaneously acts as a passivating and
contact layer.[69] In the beginning, amorphous silicon (a-Si:H) was used as a contact. The n-type silicon
wafer with a p-doped a-Si:H emitter had a performance of 12% with a moderate FF.[60] This was mainly
a result of high reverse saturation current caused by interface defect states. The introduction of a thin
intrinsic a-Si:H layer between the wafer and doped emitter reduced the amount of interface states[61] and
enabled a PCE of 14.5%. Today, SHJ solar cells achieve a PCE of 26.7%,[7] which is the highest efficiency
reached with crystalline silicon (non-concentrating).[9, 17]

Usually, short lifetimes in the doped and intrinsic layers of SHJ solar cells lead mostly to parasitic
absorption. However, in tandem solar cells, the UV and visible wavelength range is in any case absorbed
in the top cell, reducing the relevance for this problem. SHdJ cells are typically fabricated at temperatures
around 200 °C which reduces energy costs compared to traditional homojunction solar cells. On the other
hand, at temperatures above 200 °C the passivation of the intrinsic amorphous layer will deteriorate and
reduce the performance of the solar cell. This is an important aspect when this technology will be used for
tandem solar cells.

From the 95% market share of c¢-Si solar cells, most of the silicon solar cells are based on the BSF and
PERC/PERL technology. The heterojunction technology holds just a small fraction of the world market share
but it is expected that this share will gain a market share of about 10% in 2024 and 17% in 2030.[5]

3.2 Perovskite Solar Cells

A comparably new material class for photovoltaic application belongs to the class of perovskites. The
name for this crystal structure was introduced by Gustav Rose in 1839 by, who named it after the Russian
mineralogist Lev Perovski.[18, 62] The mineral which was investigated by Rose was CaTiO3. More generally,
the perovskite structure is characterized the chemical formula ABX3. Not all materials with perovskite
crystal structure exhibit photovoltaic activities. The first report on a photoactive perovskite from 1978
described the fundamental material properties of hybrid organic-inorganic lead halide perovskites.[63]
Nonetheless, it took more than three decades to realize solar cells based on this material. In 2009, Kojima et
al. reported the first solar cell based on methylammonium lead triiodide (CH3NH3Pbls; MAPbI3) with a PCE
of 3.8%.[10] Since then, worldwide research activities on perovskite solar cells skyrocketed its PCE within
just more then 10 years to 25.5%, approaching the PCE of well-engineered silicon solar cells and surpassing
the PCE of other thin film technologies such as CIGS, CdTe, dye sensitized or organic solar cells.[17] Instead
of competing with other technologies, the excellent solar cell related properties of perovskite including a
tunable bandgap makes this technology suitable for multijunction application.

In the following, the fundamentals of perovskite and perovskite solar cells will be discussed with the
focus on bandgap engineering for application as a top cell in tandem solar cells.
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Compositional Engineering and Deposition Methods

The general chemical formula of perovskite is ABX3. If X is a halogen, the A and B sites of the perovskite
structure are monovalent and divalent cations, respectively. As described above, originally, MAPbI3 was
used to demonstrate a perovskite solar cell. However, other materials can be used to form a perovskite.
The formability of various types of perovskite is determined by a dimensionless number called Goldschmidt
tolerance factor ¢,[64] which is an indicant of crystal stability and its structure deformity and is given by

raA+rx

t= —mmM— 3.1)
V2(rg +rx)

where r denotes the ionic radii of the cations A and B and the anion X. To form a stable photoactive perovskite
structure, the tolerance factor should be between 0.8 and 1.[65]

Over the years, myriads of compositions were predicted, investigated and tested to improve the PCE
and/or stability. The most prominent A-site cations are methylammonium (MA), formamidinium (FA),
cesium (Cs) and rubidium (Rb). For the B-site, typically lead (Pb) and tin (Sn) are used, whereas the X-site is
typically filled with halides such as bromide (Br), iodide (I) and chloride (Cl). It should be noted that each site
can be a pure element/molecule or a mixture of different components. The variety of compositions enables
to tune the bandgap of the perovskite in a wide range between 1 and 3 eV.[13, 66—68] With respect to the
bandgap of MAPDbI;3 (1.55eV), the bandgap should be decreased in order to get the single-junction detailed
balance maximum at 1.34 eV. On the contrary, as calculated in section 2.9, an optimum bandgap of ~1.7eV is
necessary if the perovskite is used as a top cell in a two-terminal perovskite/silicon tandem solar cell. Besides
the bandgap tunability, perovskite layers show excellent charge carrier lifetimes of several microseconds
[69] and high defect tolerances[35]. Furthermore, the direct bandgap of commonly used perovskites enable a
sharp absorption edge at the bandgap energy. The low absorption coefficient below the bandgap energy and
hence the small so-called Urbach energy [70] is a likely reason for the high V¢ values which can be achieved
in perovskite solar cells. Due to the high absorption coefficient at energies above the bandgap, a thin layer is
sufficient to absorb a large amount of light.[11] In opaque single-junction solar cells, a metal on the rear side
reflects not absorbed light, which increases the optical path length. Therefore, several hundred nanometer
thick perovskite layers are sufficient to absorb a large amount of light. However, in semitransparent and
tandem solar cells (with perovskite as wide bandgap subcell), not absorbed light will be transmitted and is
lost or absorbed in the narrow bandgap cell, respectively. Thus, the perovskite needs to be thicker to enable
sufficient absorption. To still maintain good charge extraction, the diffusion length in the perovskite needs
to be large enough that the charge carriers can reach the terminals. Motivated by this problem, Chen et
al. demonstrated an approach to enable electron diffusion length of up to 2.3 um.[71] More impressively, a
diffusion length of >25 um was demonstrated in micrometer-thick MAPbIg films.[72]

Perovskite solar cells are fabricated either in p-i-n or n-i-p configuration. The notation is given by the
order of fabrication of the contact layers and perovskite material. In the p-i-n case, first the hole-selective
(p) contact is deposited. Subsequently, the intrinsic (i) perovskite and electron-selective (n) contact are
deposited. For n-i-p cells, the n-contact is deposited first, followed by the perovskite (i) and the p-contact.[65]
Single-junction perovskite solar cells are typically fabricated in superstrate configuration, where the light
enters the solar cell from the glass (or foil) side. Thus, the light passes the contact which is first deposited
(e.g. n-contact in n-i-p configuration) before being absorbed in the perovskite. In monolithic tandem solar
cells it is the other way round: Due to the substrate configuration, the light will pass the contact which is
deposited at last (e.g. p-contact for n-i-p configuration) before being absorbed in the perovskite.

The highest PCE values of perovskite single-junction cells are achieved in the n-i-p configuration.[73, 74]
However, with the prospect to use perovskite solar cells as a top cell in tandem solar cells, the n-i-p
configuration has two drawbacks: (i) Typically titanium dioxide TiO; is used as n-contact. The deposition
requires temperatures as high as 500 °C,[74] which makes it impractical if SHJ solar cells are used, which
tolerate temperatures below 200 °C. SnOgq is an efficient alternative and can be deposited at SHJ-suitable
temperatures.[73] (i1) For high-efficiency n-i-p solar cells, molecularly doped spiro-OMeTAD is usually used
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as p-contact. It is well known, that this material induces high parasitic absorption losses if used in tandem
solar cells, thus reducing the Jpy, especially in the perovskite subcell.

Although the PCE values of p-i-n perovskite solar cells are still lower for single-junction cells (maximum
PCE: 22.3%)[75] as compared to n-i-p counterparts (25.5%), the p-i-n device polarity shows superior properties
in tandem solar cells, as will be discussed in section 3.3.

Although highest efficiencies for single-junction perovskite solar cells are reached with ~1.5eV bandgaps
based on FAPbIg compositions,[74, 76] wide bandgap compositions with bandgaps larger than ~ 1.65eV are
needed for tandem applications. Such wide bandgap materials were first investigated in 2013 by Noh et al.
and Eperon et al. who analyzed MAPb(I1.xBry) and FAPb(I;.xBry), respectively.[13, 67] It was demonstrated
that the bandgap could be gradually tuned from 1.5eV for x=0 (i.e. pure MAPbI3) to 2.3 eV for x=1 (i.e.
pure MAPbBr3) and from 1.48 eV for pure FAPDbI3 to 2.23 eV for pure FAPbBr3. While the proven bandgap
tunability is attractive for tandem solar cells, the PCE suffered from photoinstability. In 2016, McMeekin
et al. presented a perovskite using a mixture of Cs and FA as A-site cation enabling higher photostability
than compositions containing MA. With a bandgap of 1.74 eV, the perovskite solar cells had a PCE of 17.1%.
[77] In the same year, Saliba et al. presented a perovskite composition containing Cs, FA and MA as A-site
cations and a halogen mix of Br and I at the X-site. This composition has a slightly lower bandgap of 1.63 eV
but showed superior phase stability and a high PCE of 21.1%.[78] Although many different compositions
and additives were investigated over the past years, the above described compositions are still widely used
and will be labeled as CsFA and CsMAFA (also termed ¢riple cation).

While the widening of the perovskite bandgap was demonstrated for example by increasing the bromide
content, the Vo did not follow the bandgap enlargement by the same amount but is capped instead.[79] Thus,
the Vo deficit (E g/q—Voc) increases. On the one hand a low-energy peak was observed in photoluminescence
spectroscopy which was explained with a photo-induced phase segregation. Especially the formation of
iodine-rich domains leads to a reduction of the Vgc. This effect is commonly termed 'Hoke effect’.[79, 80]
However, photoluminescence measurements of wide-bandgap perovskite films, which were never exposed to
light showed substantial non-radiative recombination, thus limiting the Vpc. It highlights that the emission
from iodide-rich domains is not the dominant factor determining the Vpc but that it is rather the high
interfacial defect density in the mixed halide phase.[81]

Originally, the perovskite is deposited from a solution via spin coating. Today, this deposition technique
is still the method enabling highest efficiencies and is practical for laboratory devices (i.e. small devices)
as it is fast and no complex tools are needed. Therefore, the perovskite is deposited via spin coating for
this work. However, different ways were developed or deployed to deposit perovskite films. The main
incitement was to find a deposition technique which is able to deposit high-quality perovskite on a large
scale. These deposition methods can be divided into two types, solution-based and vapor-based processing.
Among the solution-based processing techniques such as inkjet printing, blade coating, slot-die coating and
spray coating can be found.[82—84] A challenge for solution-based techniques is the drying of the wet film
and the simultaneous crystallization of the perovskite. This can be done by quenching of the wet film, i.e.
driving out solvent and thereby initiating crystallization, with vacuum[85], gas[86] or antisolvent[87]. The
latter is used in this work. The introduction of the antisolvent onto the precursor solution film deposited on a
substrate can induce fast supersaturation and precipitation of the perovskite precursor film by removing the
solvent from the precursor solution. To enable this, the antisolvent must not be miscible with the perovskite
deposition solvent and an insolubility of the perovskite in the antisolvent is required.[84]

On the other hand, deposition from the vapor-phase does not require utilization of potentially toxic
solvents. The perovskite layer is formed by co-evaporation of various materials, which enables advantages
such as precise control of the thickness, conformal deposition to cover uneven substrates like textured
silicon[88] and homogeneous deposition for large area solar cells.[89] With this method, PCE values above
20% were achieved.[89] However, this was achieved with MAPbI3, which is not suitable for tandem solar
cells due to a too low bandgap. The deposition of wide bandgap material is yet rarely reported.

The hybrid deposition which utilizes evaporation of the inorganic components and solution-based de-
position of the organic component combines the flexibility of compositional engineering and conformal
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deposition on textured substrates.[90, 91] Although the advantage of conformal deposition was presented
in multijunction solar cells using textured silicon,[92-94] highest PCE values in perovskite/silicon tandem
solar cells to date are still reached via spin coating.

3.3 Two-Terminal Perovskite/Silicon Tandem Solar Cells
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Figure 9: Evolution of two-terminal perovskite/silicon tandem solar cells. (A) Progress of two-
terminal tandem solar cells shown as generic structures. The key inventions are given below each cell.
(B) Presentation of PCE-development of two-terminal tandem solar cells consisting of p-i-n perovskite top
cells and silicon heterojunction bottom cells. The record efficiencies of perovskite (25.5%), silicon (26.7%)
and gallium arsenide (29.1%) single-junction solar cells are given as horizontal reference lines.[17] The
blue dots represent the work which is presented in this dissertation. The tabulated data can be found in
appendix B

As described in the previous sections, perovskite with its superior optoelectronic properties such as high
absorption coefficient, sharp absorption edge and low sub-bandgap absorption is an excellent material for
multijunction solar cells. The bandgap tunability makes it adjustable to various multijunction technologies.
Narrow-bandgap perovskite compositions such as Sn-Pb mixtures with bandgaps of ~1.2 eV can be used as
a bottom cell,[95] whereas wide-bandgap perovskites are well-suited for the application as top cells. This
ability was experimentally demonstrated for various high efficiency monolithic tandem technologies such as
perovskite/perovskite (24.8%)[95], perovskite/CIGS (24.2%)[9] and perovskite/silicon (29.5%)[9].

This section will summarize the development and key inventions of monolithic 2T perovskite/silicon
tandem solar cells. Figure 9A illustrates some of these key inventions. The development of the PCE is shown
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in Figure 9B.

The first functional 2T tandem solar cell was published by Mailoa et al. in 2015. The combination of a
standard n-type back surface field (BSF) silicon cell with a perovskite (MAPbI3) top cell in n-i-p configuration
enabled a PCE of 13.7%. The high parasitic absorption of the spiro-OMeTAD, which was used as p-contact in
the perovskite top cell strongly limited the Jgc.[15] Furthermore, the lower voltage of silicon homojunctions
compared to SHJ makes them unfavorable for the 2T tandem technology but the high process temperature
(500 °C) of the n-type contact, TiOg, in the top cell is not compatible with SHd, as described in section 3.1.

Later in 2015, Albrecht et al. used SnOg deposited via atomic layer deposition (ALD) as n-contact, which
was deposited at temperatures below 120 °C. This allows to fabricate tandem solar cells with SHJ as bottom
cells. The so fabricated tandem solar cell improved the PCE to stabilized values of 18.1%.[96] Since this
achievement, the majority of highly efficient (>25%) tandem solar cells is fabricated with SHJ solar cells.
Therefore, in this section only SHJ solar cells will be considered.

Also in 2015, Werner et al. fabricated a tandem solar cell with MAPDbI3 as top cell and a SHdJ as a bottom
cell. The planar surfaces of the silicon bottom cell, which enable solution processing of the perovskite, induce
severe interference patterns in the EQE, reducing the Jgc. The utilization of a micro-textured anti-reflective
foil enhanced the Jgc and improved the PCE of the tandem solar cell to 21.2%.[97] The PCE was strongly
limited by the parasitic absorption of spiro-OMeTAD, the p-contact of the perovskite top cell.

Optically, the p-i-n configuration is favorable but the n-contact in this configuration, which is typically
fabricated using organic materials such as Cgo/BCP (Bathocuproine) or the fullerene derivative PCBM
([6,6]-Phenyl-C61-butyric acid methyl ester), is not able to withstand the subsequent sputtering of the
transparent conductive oxide (TCO). Driven by this problem, Bush et al. presented a tandem architecture
enabling the utilization of a p-i-n top cell in 2017. They added ALD-deposited SnO9 onto the organic
n-contact, which serves as a buffer layer to protect from sputter damage when subsequently sputtering a
TCO such as indium tin oxide (ITO) on top. The low deposition temperature of the top cell below 120 °C also
enabled to use a SHJ bottom cell. With this design, non-encapsulated single-junction solar cells with the
CsFA perovskite were stable over 1000 h continuous operation (relative humidity: ~40%, cell temperature:
35°C). The corresponding tandem solar cell reached a certified PCE of 23.6% and was stable over a 30
minutes MPP-track.[16] Until today, the organic n-contact covered by SnOg is used in highly efficient tandem
solar cells. However, due to the impossibility to deposit ALD SnOs directly on top of the perovskite,[98] the
organic n-contact is still used, which limits the Vo due to induced interface defects.[99, 100] Although ALD
enables large area conformal deposition and is already used in industry already, it is time-consuming and
may be replaced or quicken for mass production.

Usually, silicon bottom cells have textured surfaces to reduce reflection losses. However, the several
micrometer high pyramids are not compatible with solution processing of the perovskite, which is an order
of magnitude thinner than these pyramids. Sahli e al. presented a deposition method for perovskite, which
enables the utilization of silicon bottom cells with textured front sides. First, the inorganic part is deposited
via thermal evaporation. Although the organic part is solution processed afterwards, a conformal perovskite
film is formed. The reduced reflection enabled high photogenerated current densities in the subcells and with
that a high Jgc in the tandem solar cell. Furthermore, the utilization of a tunnel recombination junction
instead of a TCO recombination layer was demonstrated. The certified 25.2% were published in 2018.[92]

Also in 2018, Mazzarella et al. optimized the silicon bottom cell (again with planar front side). As
described by the Fresnel equation (equation 2.4) large steps of refractive indices enhance the reflection at
the respective interface. To reduce reflection of infrared light at the n-contact of the silicon bottom cell,
nanocrystalline silicon oxide (nc-SiOy:H) was introduced used as a n-contact, which allowed for precise
tailoring of the thickness and refractive index that gradually increases from around 2 for perovskite to
2.7 for the nc-SiOx:H towards 4 for the crystalline Si. The PCE of the optimized tandem solar cell was
independently certified and amounted to 25.2% as well.[101].

At the same time in 2018, Oxford PV announced a certified PCE of 27.3%. However, no details are known
about this solar cell.[102]

Instead of using textured silicon bottom cells, Jost et al. used a textured anti-reflective light management
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foil to improve the optical performance of tandem solar cells. Besides the experimental realization, which
demonstrated a 25.5% efficient tandem solar cell in 2018, optical simulations were performed for tandem
solar cells using flat or textured interfaces or a light management foil. Although double side textured
tandem solar cells showed highest photocurrents and thus performance in the simulation, a flat front side
with a textured light management foil presents a good alternative, especially for high energy yield under
non-perpendicular light incidence.[31]

In 2018, Oxford PV surpassed their own record with a certified PCE of 28.0%, again without disclosing
any information about the cell.[103]

In 2019, precise adjustments of certain layers such as the thickness of the perovskite, deposition
temperature of ALD-deposited SnOg2 and the thicknesses of the TCO as well as the previously mentioned
nc-SiOx:H improved the PCE from 25.0% to 26.0%, as reported by the author of this dissertation. This study
came along with a thorough analysis of the performance of the tandem solar cell as a function of the current
mismatch.[104] More details will be found in section 6.1 as the publication is part of this dissertation.

To overcome the difficulty of efficient solution processing on top of textured silicon, Chen et al. adjusted
the silicon surface as well as the perovskite thickness. The optimized texturing process of the silicon front
side reduced the pyramid height to the sub micrometer range while maintaining sufficient anti-reflective
characteristics. Simultaneously, the blade-coating process to deposit the perovskite is adjusted to obtain thick
perovskite layers to cover the pyramids. However, it needs to be thin enough to collect photogenerated charge
carriers. As solution-based blade coating is not a conformal process and the film thickness remains larger
than the mild texture, the top surface of the perovskite becomes flat. The utilization of an anti-reflective foil
further reduced reflection losses yielding a tandem solar cell with a PCE of 26.1% in early 2020.[105]

With a newly designed hole-selective layer for the perovskite top cell, the author of this dissertation
achieved a certified PCE of 29.15%, which was announced in January 2020 and thus, set a new world
record. It approaches the theoretical limit of silicon solar cells (see section 2.7). The hole-selective layer, a
self-assembling monolayer (SAM) enabled reduced non-radiative recombination and fast charge extraction
which led to improved FF and V¢ values.[99] This publication will be addressed later in this dissertation as
a basis of section 6.2.

Instead of optimizing the selective contacts, Xu and Boyd et al. focused on improving the perovskite
composition, which was published in March 2020. In contrast to other publications, where chlorine was
used to improve morphology or surface passivation, this publication demonstrated the incorporation of Cl
into the lattice, changing the perovskite’s bandgap. With this, the amount of Br in the CsFA perovskite
could be reduced by partial substitution with Cl, which improved photostability. The latter is demonstrated
with a 1000 h MPP-track of a semitransparent perovskite single-junction at around 60 °C in nitrogen which
degraded less than 4%. With the new perovskite composition, commonly also called triple-halide perovskite,
a tandem PCE of 27.0% was achieved.[106]

On the same date in March 2020, Hou, Aydin, Bastiani et al. demonstrated a perovskite/silicon tandem
solar cell on fully textured silicon. The adjusted spin-coating recipe enabled micrometer thick layers which
fully covered the pyramids without the need to smoothen the texture. To improve the charge carrier diffusion
length and hence enable proper carrier collection, the perovskite was covered by a self-limiting passivant,
which -importantly- also suppressed phase segregation. The enhanced stability of the tandem solar cells
with a certified PCE of 25.7% was demonstrated with encapsulated cells. Regular J — V measurements of
cells stored at 85 °C and cells which were continuously MPP-tracked at 40 °C showed no degradation after
400h.[107]

In the mean time, the work on tandem solar cells with a silicon homojunction was continued. To
circumvent the high absorption of spiro-OMeTAD in the n-i-p configuration, a down-shifting material was
used to convert UV light, which is otherwise parasitically absorbed, into green light which can effectively be
absorbed in the perovskite. Simultaneously, this material acts as a anti-reflective layer. However, the Voc
and Jgc is still much lower compared to SHJ-based tandem cells and limits the efficiency to 23.0%.[108]

The impressive improvement of the PCE and stability for perovskite/silicon tandem solar cells is yet
unique among all solar cell technologies. However, ultimately these cells need prove their excellent properties
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under real conditions i.e. conditions differing from the standard test conditions. This includes effects such as
changing illumination spectra as will be discussed in section 6.1 and various cell temperatures. Although
the effect of temperature on the performance of perovskite as well as silicon single-junction solar cell
were already investigated,[109, 110] the outdoor performance of perovskite/silicon tandem solar cells is
yet to be investigated. Therefore, Aydin et al. analyzed the performance of tandem solar cells outdoor
in a hot sunny climate. The elevated cell temperature in this study reached up to ~60°C and led to a
widening of the bandgap of the perovskite subcell while simultaneously narrowing the bandgap of the silicon
subcell. Hence, a current mismatch occurs as the photogenerated current in the perovskite subcell decreases
whereas the current in the silicon subcell increases. Thus, the optimum perovskite bandgap will shift
towards lower energies for elevated cell temperatures, which relaxes the need for wide-bandgap perovskite
compositions.[94]

Another way to reduce the perovskite’s bandgap while maintaining current-matching conditions is to
fabricate a bifacial perovskite/silicon tandem solar cell. Light reflected from the ground will enter the solar
cell from the rear side and thus increase the photogenerated current density in the silicon bottom cell. As
reported by Bastiani et al., the optimum perovskite bandgap depends on the amount of additional light
entering the solar cell from the rear side. Additional 20 mW cm™? are sufficient to achieve current matching
conditions when a perovskite bandgap of 1.59 eV is used. This is beneficial in terms of long term stability
of the perovskite. Besides the laboratory measurements, this study adds thorough outdoor measurements
of monofacial and bifacial tandem solar cells with different ground materials. In both cases, outdoor and
indoor, the bifacial solar cell outperforms the monofacial configuration.[111]

End of 2020, 11 month after release of our world record, Oxford PV announced a certified tandem solar
cell with a PCE of 29.5% which surpassed for the first time the theoretical limit of silicon single-junction
solar cells and simultaneously surpassed the highest single-junction solar cell (GaAs).[9]

This impressive improvement in PCE in such a short time attracts increasing attention. However,
there are several issues which still need to be addressed to realize commercialization of this technology.
The above mentioned high efficiency tandem solar cells have a laboratory-typical active area of ~ 1lem?.
Thus, upscaling is necessary, ideally without suffering from lower PCE. First attempts are experimentally
demonstrated.[112, 113] This will bring new challenges to industry-relevant metallization such as screen
printing and tabbing of the wires.

The higher PCE for tandem solar cells compared to single-junction solar cells needs to remain for a long
time. Thus, the stability of the perovskite top cells needs to be improved to ultimately pass the IEC tests,
which are intended for standardization of solar modules.

Furthermore, most of the tandem solar cells mentioned above use thick floatzone silicon (FZ-Si) bottom
cells. This is not compatible with industrial production as the typical industry-relevant thickness much
smaller than used in lab-scale devices and czochralski silicon will remain the main method to fabricate
silicon ingots.[5] Therefore, tandem solar cells on industry-compatible silicon bottom cells were fabricated
and compared to tandem solar cells based on thick FZ-Si. The study will be discussed in section 6.3.

As no perovskite-based solar cells are commercially available yet, the calculation of the economical
benefit of perovskite/silicon tandem solar cells is difficult to evaluate. Calculations reveal that the tandem
modules need to approach 30% to reduce the levelized cost of electricity by ~ 11%.[14]

Due to the many worldwide activities in the field of perovskite solar cells, the above mentioned challenges
are likely to be addressed soon to facilitate commercialization.
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4 Sample and Solar Cell Fabrication

The technological development of monolithic perovskite/silicon tandem solar cells from first working tandem
cells in the newly established Innovation Lab HySPRINT in 2017 towards the certified world record in
early 2020 is a key element of this thesis. Therefore, the fabrication of perovskite single-junction solar
cells, silicon bottom cells and the resulting perovskite/silicon tandem solar cell will be described in this
section for the baseline fabrication processes. Note that this is the baseline recipe and some of the steps
were adjusted in the different publications. The specific changes towards baseline solar cells devices will
be declared in the respective sections (alternatively: See original studies in appendix E, F' and G) and the
proper characterization as well as electrical and optical simulation of the samples will be explained in the
next chapter. For several characterization methods, entire solar cell or tandem device stacks were fabricated
and developed. For other characterization methods only selected layers were implemented into the device
stack as will be described below.

4.1 Perovskite Single-Junction Solar Cells

This section describes the fabrication of baseline p-i-n perovskite single-junction solar cells as used in this
work.

Materials

Anhydrous (anh.) DMSO (dimethyl sulfoxide), anh. DMF (dimethylformamide), anh. anisole, ethylacetate,
PTAA (poly[bis(4-phenyl)(2,5,6-trimentlyphenyl)amine]) and LiF (lithium fluoride; purity=99.99%) were pur-
chased from Sigma Aldrich. Cgg (sublimed) was bought from CreaPhys GmbH. FAI (formamidinium iodide)
and MABr (methylammonium bromide) were purchased from Dyenamo. Pbls and PbBrys were provided by
Tokyo Chemical Industry Co., Ltd. (T'CI). CsI (cesium iodide; 99.999%) was purchased from abecr GmbH.
The ceramic 2-inch IZO target (90%y IngO3 and 10%4,+ ZnO was purchased from FHR Anlagenbau GmbH.
The self-assembled monolayer (SAM) MeO-2PACz ([2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyllphosphonic
acid) and 2PACz ([2-(9H-carbazol-9-yl)ethyllphosphonic acid) were synthesized by TCI. Me-4PACz ([4-(3,6-
dimethyl-9H-carbazol-9-yl)butyllphosphonic acid) is synthesized at Kaunas University of technology and
detailed described in the publication of Al-Ashouri and Kohnen et al.[99] ethanol (anh.) for the SAMs
was bought from VWR. TDMASnN (Tetrakis(dimethylamino)tin(IV); precursor for SnOsg, 99.99% Sn) was
purchased from STREM Chemicals, Inc.

Solar Cell Fabrication

The perovskite solar cell was deposited on indium tin oxide (ITO)-covered glass (Automated Research GmbH,
15 Ohm sq ! sheet resistance), which was cleaned with Mucasol (Schiilke; 2% in DI-water), DI-water, acetone
and isopropanol, each for 15 minutes in an ultrasonic bath. Afterwards the substrates were cleaned 10-15
minutes in an UVOH 150 LAB (FHR) tabletop UV-ozone cleaner. The single-junction cell configuration is
ITO/HSL/Perovskite/(LiF)/Cgo/SnO9/Ag, where the hole-selective layer (HSL) is PTAA, MeO-2PACz, 2PACz
or Me-4PACz, the optional LiF is lithium fluoride, SnOs is tin oxide and Ag is silver. All the spin-coating layer
deposition steps were conducted in a nitrogen atmosphere. The hole-transport material PTAA (2mgml~!
in toluene) was deposited using spin coating (5000 rpm for 30s, 5s acceleration), followed by heating for
10 min at 100 °C. The rotation was reduced for the SAM-solutions to 3000 rpm (used concentration of the
SAM solutions=1mmoll™!, or ~0.3mgml ! in anhydrous ethanol). The perovskite was prepared following
the typical triple cation process.[78] In short, 1.5 M nominal Pbly and PbBry in DMF:DMSO = 4:1 volume
were first prepared as stock solutions (shook overnight at 60 °C) and then added to FAI and MABr with 9%
PbX, excess, respectively (X = I or Br). The so obtained FAPbI3 and MAPbBrs with a nominal concentration
of 1.24 mol 17! were then mixed in 83:17 volume ratio to obtain the baseline perovskite (Eg =1.63 eV). For the
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wide bandgap (Eg =1.68 eV) a volume ratio for FAPbIs to MAPbBr3 of 77:23 was used. Finally, 5%y, of 1.5 M
nominal CsI in DMSO was added to the perovskite precursor. 100 pl of perovskite solution was then spread
on the substrate and spun with a SC-210 (MBraun) spin coater using one step spin-coating process (4000 rpm
for 35, 5 acceleration). 25s after starting the program, 500 ul ethylacetate (for section 6.1 and 6.3) or
250 ul anisole (for section 6.2) as the antisolvent was dripped on the film. The films were then annealed at
100 °C for 60 min (section 6.1) or 20 min (section 6.2 and 6.3) on a PZ28-2 hotplate (Préazitherm). Afterwards,
20 nm of Cgp were thermally evaporated with a ProVap T5 or EcoVap (MBraun) at a rate of 0.15 As™! onto
the perovskite film. Optionally, as indicated, a 1 nm thick LiF interlayer was deposited between Cgg and
perovskite, evaporated at a rate of 0.05 A s~1, within the same vacuum run as the Cgp layer. 20 nm of SnO»
were then deposited by thermal ALD in an Arradiance GEMStar reactor. Tetrakis(dimethylamino)tin(IV)
(TDMASN) was used as the Sn precursor and was held at 60 °C in a stainless-steel container. Water was
used as an oxidant, and was delivered from a stainless-steel container without active heating, whereas the
precursor delivery manifold was heated to 115 °C. Initially, the depositions were done at 120 °C (see section
6.1). However, after reduction to 80 °C, the TDMASn/purgel/HoO/purge2 times were 1s/10s/0.2 /15 s with
corresponding nitrogen flows of 30 scem/90 scem/90 scem/90 scem. With this, 140 cycles lead to 20 nm tin
oxide. Finally, 100 nm Ag films were deposited by thermal evaporation in a ProVap T5 or EcoVap (MBraun)
at a rate of 1 As™1. The substrates were designed in a way that 6 electrical independent solar cells with an
active area of 0.16 cm? are fabricated on one substrate. The schematic stack and device layout is shown in
Figure 10A and B.

4.2 Monolithic Perovskite/Silicon Tandem Solar Cells

In this section, the fabrication of monolithic perovskite/silicon tandem solar cells is described.

4.2.1 Silicon Bottom Cell

For the studies described in 6.1, 6.2 and 6.3, the silicon heterojunction (SHJ)-bottom cell was fabricated
from a 280 um thick, ~3 () cm polished FZ <100> n-type crystalline silicon (c-Si) wafer in a rear-junction
configuration. Additionally, for the results in section 6.3, <100>-oriented 130 um thick (as-cut) n-type CZ
silicon with saw damage etched front side was used. The front surface of the wafer was left unchanged
by capping with a PECVD deposited SiO9 prior to wet texturing to obtain random pyramids with <111>
facets. After removal of the capping in HF another final RCA clean and HF dip (1% dilution in water) were
done and an approx. 5nm thick, intrinsic (i) amorphous silicon (a-Si:H) layer stack was grown on both
sides of the c-Si wafer in order to passivate the c-Si surface. On the textured rear-side, an approx. 5nm
thick, p-doped a-Si:H layer stack was deposited to form the hole contact (junction). On the polished front
side, a 20 nm thick, n-doped nanocrystalline silicon oxide layer (nc-SiOx:H) with a refractive index, n, of
2.7 at 633 nm was used as the electron contact of the SHJ bottom cell and the optical intermediate layer
between the top and the bottom cells. Note that after a first optimization in section 6.1 the thickness was
increased to 90 nm. The a- and nc-Si layers were deposited with an Applied Materials (AKT1600) plasma
enhanced chemical vapor deposition (PECVD) cluster tool. In order to contact the bottom cell a ZnO:Al/Ag
layer stack was deposited on the textured rear side and a 20 nm (70 nm thick for single-junction references)
thick ITO layer was deposited on the polished front side on top of the nc-SiOx:H interlayer. Both depositions
were DC-sputtered in an in-line sputter tool from Leybold Optics using Ar/Og gas mixtures. For the ITO
a tube target with 95/5 doping ratio and for the AZO a tube target with 1% Al2Og in ZnO was used. The
ITO on the front side as well as the AZO/Ag on the rear side were deposited using aligned shadow masks
with an opening of 1.0cmx1.0 cm (2 cmx2 cm for single-junction reference cells). Note that this changed
to 1.13cmx1.13 cm after the first publication in section 6.1 to obtain a larger active area for certified and
acknowledged tandem solar cells. For single-junction reference cells with an aperture area of 2cmx2 cm, an
Ag grid was screen-printed on top of the front ITO. For single-junction silicon solar cells in section 6.1, a IZO
layer is deposited on top of the ITO to obtain a thick TCO and hence better series resistance. Subsequently,
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a metal frame for charge collection is evaporated as described in the next section. For the top cell fabrication,
the wafers were laser-cut into 2.5 cmx2.5 cm pieces

4.2.2 Perovskite Top Cell

The as-fabricated bottom cells were blown with No and ethanol was spin coated at 3000 rpm to remove dust
particles. Subsequently, the bottom cells were UV-Ogs-treated for 15 minutes. The same HSL, perovskite,
(LiF), Cgo and SnOq deposition as described above was conducted on the silicon bottom cells. Subsequently,
before any optimization, 130 nm IZO (Roth&Rau MicroSys 200 PVD) were deposited by sputtering. After
optimization in section 6.1, the thickness was reduced to 90. At a RF-power of 70 W the cells oscillated
with an angle of +15° under the target to have a uniform deposition. After initial optimization (section 6.1),
the amount of oxygen in the chamber was set to 0.2%y,,1. A 100 nm silver frame was thermally evaporated
through a shadow mask to collect the charge carriers without a need of grid fingers. Lastly, 100nm LiF
were evaporated as an anti-reflective coating by thermal evaporation. The cell area was defined by the inner
metal frame and is ~ 0.78 cm? for the first publication in section 6.1 and ~ 1 cm? for all other publications
(section 6.2 and 6.3).

However, as the evaporation mask consisting of one part can not create a complete ring in a single
evaporation process but a split ring-type busbar as shown in Figure 10D, the illumination area is not
perfectly defined by the metal. Two solutions were used to designate the active area. Either, a laser-cut
black paper mask (also shown in Figure 10D) was used, just smaller as the inner metal frame to define the
illumination area or two evaporation runs were carried out with the masks being rotated by 90° to obtain a
complete ring (see Figure 10E). The latter approach took longer for fabrication but did not require precise
alignment of the aperture mask to cover the part of the substrate outside of the metal frame. The active
area was then measured with a digital optical microscope.
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Figure 10: Single-junction and tandem solar cells (A) Schematic device layout of perovskite single-
junction solar cells used in this work. The device design enables 6 independent solar cells on one substrate.
The active area is defined by the overlap of the separated ITO area and silver stripe. (B) Schematic stack
of perovskite single-junction solar cells used in this work. (C) Schematic stack of the tandem solar cells
used in this work. (D) Tandem solar cell placed on a brass chuck in the light of the solar simulator. Two
gold needles with sphere-shaped tips are used to contact the front side. (E) Tandem solar cell with a
complete metal frame which defines the active area precisely.
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5 Characterization and Simulation

To develop and optimize solar cells, advanced characterization methods are necessary to understand the
loss mechanisms and fundamental principles of the device operation. Especially for two-terminal tandem
solar cells, where the individual subcell properties are not easily accessible, these methods are of highest
importance. The gained knowledge from the detailed characterization can be used for electrical and optical
simulations to thoroughly understand the device physics. This section will address the characterization
methods to analyze single-junction and tandem solar cells. In addition, the fundamentals of electrical and
optical simulations are covered.

5.1 External Quantum Efficiency

The external quantum efficiency (EQE) spectra of a solar cell gives information about the optical performance
of the solar cell as a function of the incident wavelength. It gives information about how efficiently photons
are converted into electron-hole pairs. An EQE of 1 (or 100%) means that every incident photon at that
specific wavelength generates an electron-hole pair and that these charges can be collected at the electrodes
and the given bias condition (typically short-circuit). Thus, as previously already addressed, it is connected to
the photogenerated current density /py, which can be calculated according to equation 2.10. In combination
with the spectrally resolved reflection it is possible to disentangle losses stemming from reflection, parasitic
absorption (e.g. in contact layers) or ineffective charge collection.[20] As typically the Jgc of a single-junction
is close to the Jpy (see section 2.6), this characterization can give a verification of correct measurement
settings such as active area and/or illumination intensity. The EQE is also necessary to establish accurate
power conversion efficiencies, because it determines the spectral mismatch between light from the solar
simulator and tabulated AM1.5g spectrum.[52] More details to this procedure will be found in section
5.2. The method is especially important for monolithic multijunction solar cells to separately measure the
photogenerated current densities of the subcells. However, to measure multijunction solar cells, a slightly
advanced setup is needed.[52] Metrologically, the spectral response (SR) is measured,[20] which is given as
the ratio of current extracted from the solar cell to the power incident on the solar cell. The SR and EQE are
connected via

EQE) = SR(/’L)E (5.1)
gl

In the following two sections, the method to characterize single-junction solar cells and tandem solar cells
are covered separately.

5.1.1 Perovskite Single-Junction Solar Cells

EQE spectra of perovskite single-junction solar cells were recorded with an Oriel Instruments QEPVSI-b
system with a Newport 300 W xenon arc lamp, controlled by TracQ-Basic software. The light was chopped at
a frequency of 78 Hz and a Newport Cornerstone 260 monochromator was used to generate monochromatic
light. The increment amounted to 10nm. The system is calibrated using a silicon reference cell with
known spectral response before every measurement session. The electrical response of the device under
test is measured with a Stanford Research SR830 Lock-In amplifier and evaluated in TracQ software. All
measurements were conducted in nitrogen atmosphere.

5.1.2 Tandem Solar Cells

Measuring the EQE spectra of series-connected tandem solar cells becomes more difficult as the cell is
only able to pass current properly when both, wide-bandgap top cell and narrow-bandgap bottom cell
are simultaneously excited with light. As described previously (section 2.9.3), the extracted current is
determined by the subcell with a lower current generation. Hence, the subcell under investigation needs
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to be current limiting in the entire wavelength range. To achieve this, bias light with proper wavelength
is used to generate charge carriers in either the top cell or the bottom cell (in the following termed flooded
cell) and no or very low amount of charge carriers in the non-biased cell (in the following termed cell under
investigation). The choice of bias light depends on the absorption characteristics of the subcells.[52] To flood
the silicon bottom cell (but not the perovskite top cell), we use an LED with a peak emission wavelength of
850 nm (corresponding to a photon energy below the bandgap of the perovskite top cell). For the selective
illumination of the perovskite top cell, an LED with a wavelength of 455 nm is chosen (corresponding to a
photon energy well above the bandgap of the perovskite top cell).

Usually, the EQE is measured at short-circuit conditions. However, if one subcell (e.g. silicon) is
illuminated to measure the response of the cell under investigation (e.g. perovskite), the flooded cell will
generate a photovoltage. As the outer terminals will be kept at a fixed bias, i.e. short-circuit, the cell
under investigation will operate at approximately —Voc of the flooded cell. The amount of photovoltage
generated by the flooded cell from bias illumination depends on the cell type but also on the intensity of the
illumination. Note that, as the Vg scales logartihmically with intensity (see equation 2.22) and the bias
light needs to be intense to fulfill flooding, the photovoltage approaches Voc close to values under AM1.5g
illumination conditions. Depending on the performance of the subcell under investigation (especially on the
characteristics around V = 0) this can lead to overestimation of the EQE. To compensate this voltage, an
electrical bias-voltage is necessary in order to measure the EQE at short-circuit conditions for the cell under
investigation. Gilot et al. gives a guide how to determine the amount of voltage that has to be applied to
compensate for this effect.[52] In our case, the voltage is chosen to be 80-90% of the V¢ expected under
1-sun AM1.5g illumination. Thus, if the perovskite subcell is investigated, the silicon bottom cell is flooded
with near-infrared (NIR) light and an additional voltage of 0.6V is applied. To measure the EQE of the
silicon bottom cell, the perovskite subcell is flooded with blue light and the bias-voltage amounts to 0.9-1V.

Note that, as the photocurrent of the silicon and perovskite sub-cells are rather linear with intensity in
the flooding regime, no light intensity correction was applied.[52] All measurements were done in ambient
conditions.

5.2 Solar Simulator Calibration and Mismatch Correction

The correct illumination of solar cells is a crucial requirement to evaluate the performance correctly. As
the light generated from solar simulators typically differs from the AM1.5g standard spectrum, corrections
need to be applied in order to simulate AM1.5g conditions and thus, correctly measure the solar cells. These
mismatch corrections can be different for single-junction and tandem solar cells.

For single-junction solar cells, a calibrated reference solar cell is used to calibrate the intensity of the light
source. With the knowledge of the spectral response of the reference cell and of the cell under investigation,
as well as the knowledge of the reference AM1.5g spectrum and the spectrum emitted by the solar simulator,
the spectral mismatch factor can be calculated.[114]

In our case, a Oriel LCS-100 light source is used to illuminate the single-junction solar cells. As the
reference cell, a KG3 filtered silicon cell calibrated by Fraunhofer ISE CalLab, provides almost the same
spectral response as the perovskite cells under investigation, the mismatch factor is with 0.997 close to unity
and thus, the intensity was simply calibrated to the reference cell.

For tandem solar cells, the spectral mismatch correction becomes more difficult but also more important
as not just the Jgc depends on the illumination, but also the FF is affected by the current mismatch (see
Emery et al.[115] and section 6.1). Although it is possible to apply the same mismatch correction for each
subcell as is done for single-junction solar cells, this method is time-consuming. Thus, Meusel et al. proposed
a faster way to perform spectral mismatch correction.[116] To do so, a multi-source solar simulator is
necessary to adjust the spectrum in different wavelength ranges. For tandem solar cells, it is sufficient to
have two individual adjustable light sources. Ideally, the light sources are chosen such that the current
generation in each subcell is mainly caused by one of the light sources. Additionally, at least one reference
cell which covers the spectral sensitivity range of both subcells is needed. To reduce uncertainty, it is
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beneficial to use two reference cells with spectral sensitivities matching with the subcells of the tandem
solar cell. For the mismatch calibration it is necessary to know the relative spectra of the two light sources
as well as the relative spectral responses of each subcell and reference cell. Ultimately, the short-circuit
current densities of the reference cells are calculated and corrected by the mismatch factor calculation[114]
and the corresponding light sources are set to obtain the correct illumination for the tandem solar cell.[116]

Under certain circumstances it is possible to simplify the calibration process without the need to know
the exact spectrum and use calibrated reference solar cells. For sufficiently high shunt resistances of the
subcells, the tandem Jgc is determined by the photogenerated current density of the limiting subcell. If
light sources which can tune the photogenerated current density of one subcell without changing the J/py
of the other subcell, are available, the correct Jpy, values of both subcells can be obtained by the following
procedure.

If we assume a perovskite/silicon tandem solar cell with silicon as the limiting subcell, we expect the
Jgc of the tandem solar cell to be equal to the Jpy, of the silicon subcell obtained by integration of the EQE
spectrum according to equation 2.10. To access the Jpy, of the perovskite subcell, the LED intensity in the
infrared wavelength range is increased until the tandem solar cell Jgc is perovskite limited. Thus, then
the Jgc is determined by the perovskite subcell. Now, the intensity in the visible wavelength range can
be adjusted until the tandem Jgc is equal to the Jpy of the perovskite top cell, obtained from the EQE
integration (and AM1.5¢g illumination). Subsequently, the intensity of the visible wavelength range is fixed
and in the infrared range decreased again until silicon bottom cell is the limiting subcell and the Jg¢ of the
tandem solar cell matches with the Jpy, of the silicon obtained from EQE integration. Similarly, this can be
done for perovskite limited or current matched tandem cells.

It is of highest importance that the last step (in this example: changing the NIR intensity) will not affect
the current in the perovskite subcell, i.e. the intensity in the visible range. Hence, a light source with a
wavelength range should be chosen where the EQE of the perovskite subcell is zero.

To reduce uncertainties, the initial spectrum should be close to the AM1.5g spectrum.

For the J — V measurements conducted for tandem solar cells in this dissertation, a Wavelabs Sinus-70
solar simulator is used, which is rated class AAA and exceeds the spectral class A significantly. The 21
spectrally different LED types enable the previously mentioned calibration method. To obtain the initial
spectrum, which is close to the AM1.5g spectrum, the internal spectrometer including the feedback loop is
utilized.

5.3 Current Density - Voltage Characteristics

To measure the current density - voltage (J — V) characteristic of a perovskite single-junction solar cells,
the light is calibrated as described in section 5.2. The J —V curve is then recorded using a Keithley 2400
source-measure unit, controlled by a custom LabView program. JJ —V scans and MPP-tracks were performed
in a nitrogen filled glovebox using two-wire sensing. The typical step size was 20 mV, with an integration
time of 20 ms and settling time of 20 ms (250 mV s~1). MPP-tracks were recorded using voltage perturbation.

To measure the J —V characteristics and MPP-tracks of tandem solar cells in air, the solar simulator
was calibrated as described in section 5.2. The backside of the cell was contacted with a metal vacuum chuck
at 25 °C, whereas the front side was contacted with two Au probes. A black laser-cut aperture mask covered
the substrate outside of the active area. The typical voltage step size was 20 mV, with an integration time of
20 ms and settling time of 20 ms (250 mV s~1). MPP-tracks were recorded using voltage perturbation.

5.4 Reflection, Transmission and Absorption

The spectrally resolved reflection and transmission measurements were conducted with a Perkin Elmer
Lambda — 1050 UV/vis/NIR spectrophotometer using an integrating sphere. Reflection and transmission
were measured as a function of wavelength from 300 to 1200 nm with an increment of 10 nm. The instrument
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was calibrated with a white spectralon reflection standard. The absorption can be calculated according to
equation 2.9

5.5 Photoluminescence and Electroluminescence

In the following, three methods will be described which are used to measure the radiative recombination
and thus, the QFLS.

5.5.1 Absolute Photoluminescence

Photoluminescence of the perovskite top and the silicon bottom cell was recorded under selective excitation
using a 445 nm or 808 nm CW laser from Insaneware (for the measurements on tandem solar cells presented
in section 6.3). For the measurements of perovskite single-junction solar cells, a 520 nm laser from In-
saneware is used. The lasers were coupled through an optical fiber into an integrating sphere. The intensity
of the lasers was adjusted to a one sun equivalent intensity, which matched the current density generated
within each subcell. The photoluminescence was then detected via a second optical fiber that coupled the
output of the integrating sphere to an Andor SR393i-B spectrometer equipped with an Andor iDus silicon
CCD camera and an iDus InGaAs (1.7 um) detector array. Photoluminescence from the perovskite was then
measured with the silicon CCD, while the silicon bottom cell PL. was measured with the InGaAs detector.
The system was calibrated using a calibrated halogen lamp with specified spectral irradiance, which was
directed into the integrating sphere. For each detector array, a spectral correction factor was calculated to
match the detector’s spectral output to the calibrated spectral irradiance of the lamp. The spectral photon
density was obtained from the corrected detector signal (spectral irradiance) by division through the photon
energy (hv), and the photon numbers of the excitation and emission obtained from numerical integration
using Matlab. We corroborated the accuracy of derived PLQY values for the Si detector by measuring three
fluorescent test samples with high specified PLQY (~70%) supplied from Hamamatsu Photonics, where the
specified value could be accurately reproduced within a small relative error of <5%. The accuracy of PLQY
values measured with the InGaAs detector was double-checked with the Si detector.

The QFLS was then calculated in the individual subcells by using the Shockley-Queisser equation, which
links the radiative recombination current density of free charges (JJ;,q) With the chemical potential per free
electron-hole pair (u) or the quasi-Fermi level splitting (QFLS) in the respective active material.[28, 117]

QFLS

Jrad = JO,rad'e(W] (5.2)

with J raq calculated as in equation 2.27. If radiative recombination comes only from free charges, the
radiative recombination current is identical to the photoluminescence yield times the elementary charge,
that is Jyaq = ¢pr,. Moreover, we can define the photoluminescence quantum yield (PLQY) as the ratio of
radiative to total recombination (Jg s:) current density.[25] At open-circuit conditions, no net current is
flowing and thus the total recombination current density equals the photogenerated current density:

Jrad J, rad
PLQY=—=— (5.3)
JRtot  JPh
The QFLS is then given by
J
QFLS=£TIn (PLQY Ph ) (5.4)
0,rad

with T'= 300K and Jpy, approximated with the photogenerated current density of a complete solar cell under
AM1.5¢g illumination. Equation 5.3 is only valid if the spectral dependence of ;44 is identical to Jg raq,
meaning recombination goes through the same channels regardless of the QFLS.
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5.5.2 Hyperspectral Absolute Photoluminescence Imaging

Absolute PL imaging measurements of tandem solar cells were performed with two 450 nm LEDs for the
perovskite subcell and with an 850 nm LED for the excitation of the silicon subcell. The excitation intensities
for both measurements were set to 1.4 x 1021 m~2 s™1. The photoluminescence image detection was performed
with a charge-coupled device (CCD) camera (Allied Vision) for the perovskite subcell and with an InGaAs
based camera for the Si subcell. Both cameras were coupled with a liquid crystal tunable filter unit. The
systems were calibrated to absolute photon numbers.

The QFLS was then calculated by fitting the high-energy wing of the PL emission spectra.[118]

5.5.3 Hyperspectral Absolute Electroluminescence Imaging

Quantitative electroluminescence (EL) imaging in section 6.2 was performed by sweeping a voltage between
1.4 and 2.0V with a 2mV voltage step and 0.5s dwell time. The dark current Jg,,x Was recorded for the
sweeps. To avoid large data collection a luminescence image at every step for every subcell was recorded
at the energy of maximum emission. The intensity of the images was scaled to absolute photon numbers
with a full hyperspectral image collected at a given injection. This results in a data set containing the
electroluminescence yield of each subcell (i) (/)}EL(Jdark) as a function of the injected current density. The
radiative current density of every subcell Jia 4 1s calculated by ¢ QbigL(Jdark)- Finally, the QFLS values of the
subcells are calculated with . .
) JE 4}
QFLS! = £TIn (M)
(l),rad

(5.5)

5.6 Variable Angle Spectral Ellipsometry

The optical constants n and %, so the complex refractive index, was determined by variable angle spectral
ellipsometry. Measurements were performed in air using a Sentech SE 850 DUV ellipsometer. For 1ZO
a triple Tauc-Lorentz oscillator with a Drude term was used as proposed in [119]. For SnOg, a double
Tauc-Lorentz and Cauchy for the native oxide underneath was used. To extract the optical properties of
a perovskite, a film deposited directly on a fused quartz substrate was measured at 35-70° with 5° steps.
Fitting was performed point-by-point, without using dispersion models. The film and surface roughness
thicknesses were determined by minimizing the sum of all errors for each wavelength. The procedure is
described in detail in [120].

5.7 X-Ray Diffraction

For the X-Ray diffraction patterns a Bruker D8 diffractometer in Bragg-Brentano geometry was used. The
X-Ray tube was operated at 40 mA and 40 kV acceleration voltage, emitting Cu K-alpha radiation. All X-Ray
diffraction patterns were recorded at room temperature using a self-constructed nitrogen filled sample
holder.

5.8 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a practical method to obtain images from thin films.[118] In this
method, an electron beam is focused on the surface of the sample from which a part of the electrons are
reflected elastically and another part of them releases secondary electrons from the material of the sample.
The reflected as well as the released electrons are perceived at their respective detector and the system
processes their intensities to yield brightness levels. When the whole sample has been scanned with the
electron beam, a two dimensional image of the scanned surface can be developed.

The measurements were carried out in a MERLIN microscopy system by Zeiss.
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5.9 Electrical Simulation
5.9.1 SPICE Simulation

To simulate the electrical behavior of solar cells, a equivalent circuit diagram is created via SPICE (Sim-
ulation Program with Integrated Circuit Emphasis) with the simulation tool LTspice.[121] The electrical
simulations for section 6.1 were done as follows:

For the electrical parametrization, single-junction silicon and perovskite solar cells were fabricated with
comparable contact design as used in the tandem stack; both cells are then measured at different intensities
to extract the ideality factors np. This is done by plotting V¢ against In(Jgc) and calculating the slope.
The saturation current Jj is adjusted in a way that the experimental and simulated Voc coincide. The
series and shunt resistances Rg and Rgy are adjusted in a way that the slope around V =Vgc and V =0
of the simulated J —V curves fit to the experimental results. To simulate the tandem JJ —V curves, both
parameterized reference subcells are connected in series. As the V¢ of the monolithic tandem solar cell is
slightly lower than the sum of the single-junction solar cells, which most likely stems from a lower Vg of
the perovskite sub-cell, the Jj of the perovskite is slightly adjusted until the simulated and experimentally
measured tandem V¢ matched.

The SPICE simulations were conducted similarly for the study discussed in section 6.2. However, to
access the parameter for the perovskite and silicon subcell, the reconstructed subcell J —V curves were fitted
using a one-diode model. Subsequently, the tandem solar cell was again constructed by series connection of
both one-diode equivalent circuits.

5.9.2 AQuokka Simulation

To simulate the J —V parameters of the silicon heterojunction solar cells used for bottom devices in section
6.3, the Quokka3 simulation tool was utilized.[122] Most parameters are equal for CZ and FZ wafers in this
case except for the wafer resistivity which was acquired via quasi steady-state photo conductance decay
(QSSPC) measurements from the experimental wafers using a WCT-120 tester by Sinton Instruments. A
short flash pulse creates excess electron-hole pairs in the silicon bulk generating photo induced conductance.
From the measured photo conductance decay, the effective minority carrier lifetime can be extracted.[123]
The obtained wafer resistivities (oW) were 7 and 3 Q) cm for the CZ and the FZ wafer, respectively. Apart
from this parameter, the wafers differ on their electron and hole lifetime (7, 7)) which were set to 3000 and
6000 ps for the CZ and the FZ wafer, respectively. The wafer thickness was varied from 100 to 340 um to
highlight the behavior of the J —V parameters of the bottom cells in dependence of this parameter.

5.10 Optical Simulations

Optical simulations were performed using the Matlab based software GenPro4. It is based on the extended
net-radiation method in which ray optics and wave optics are combined in a computationally efficient
way.[124] The first and last layers are set to be incoherent (i.e. thick compared to the coherence length of the
incident sunlight of ~1 um) infinitely-thick air. Additionally, the silicon wafer is treated incoherently, as the
thickness of several hundred pm exceeds the coherence length of the sunlight, too. All other layers were
treated coherently (i.e. interference does play a role). Just as in the manufactured devices, the rear side of
the silicon bottom cell, including all layers deposited on the rear side of the silicon wafer, is textured using
an AFM measured topography image as input. All other interfaces were considered to be optically flat. The
refractive indices n and extinction coefficients % are obtained either by spectral ellipsometry measurements
(IZO, SnOg, Cgp, ITO, nc-SiOy and AZO) or taken from standard literature. For the results presented in
section 6.1, the optical data for the perovskite was taken from literature[125] but adjusted in n and % to
match with the correct bandgap, as it was previously used by Albrecht et al.[126]

For the results in section 6.3, the optical parameters of the perovskite were extracted from in-house
fabricated triple-cation (Csg g5(MAg.17FAg 83)Pb(Brg 1710.83)3) perovskite layers and subsequently shifted in
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n and k& around the absorption onset to cover a perovskite bandgap range of 1.63eV to 1.78 eV.
From the absorption spectra A; obtained from the GenPro4 simulations, the photogenerated current
density absorbed in each layer (i) is calculated with

JPh,i =QfAi(/1)®ph,Ad/1 (5.6)

Without substantial charge collection losses, the absorption in the perovskite and silicon will be equal to the
their respective EQE spectra. Hence, equation 5.6 and 2.10 will be equal.
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6 Results

This section will introduce several innovations and thorough investigations related to perovskite/silicon
tandem solar cells. It is divided into three parts based on the three studies which were published in
peer-reviewed journals.

1. The first publication addresses the optical optimization of two-terminal monolithic perovskite/silicon
tandem solar cells. The improved deposition processes increased the PCE from certified 25.0% to
26.0%. However, the improved current-mismatch conditions reduced the FF of the optimized solar cell.
A thorough analysis of the current-mismatch conditions on the performance of tandem solar cells is
presented, which includes the measurement of tandem solar cells with various illumination spectra
and continuative electrical simulations.

The publication can be found in appendix E.

¢ Publication:
Eike Kohnen, Marko Jost, Anna Belen Morales-Vilches, Philipp Tockhorn, Amran Al-Ashouri,
Bart Macco, Lukas Kegelmann, Lars Korte, Bernd Rech, Rutger Schlatmann, Bernd Stannowski,
and Steve Albrecht. Highly efficient monolithic perovskite silicon tandem solar cells: analyz-
ing the influence of current mismatch on device performance. Sustainable Energy & Fuels,
3(8):1995-2005, 2019. https://doi.org/10.1039/CISE00120D.

¢ Author contribution:

EK., MJ, PT, AA. and Lu.K. developed and optimized the perovskite solar cell fabrication
process; E.K. fabricated the perovskite top cell, performed the J-V, EQE, Hall and UV-Vis mea-
surements and optimized the top contact; A.B.M.V., La.K. and B.S. developed and optimized the
silicon-heterojunction solar cell fabrication process and fabricated bottom cells; B.M. and E.K. op-
timized the SnOg process and performed and analyzed spectroscopic ellipsometry measurements;
E.K, PT. and A.A. performed the optical and electrical simulations; E.K. drafted the manuscript;
All authors participated in proofreading and correcting; B.R., R.S., B.S. and S.A. initiated and
supervised the project.

2. The second publication presents a newly designed hole-selective layer (HSL) for p-i-n perovskite
solar cells. The combination of an excellent interface, which enables high V¢ values and fast charge
extraction leading to high FF values and improved photostability makes the self-assembled monolayer
Me-4PACz advantageous compared to other HSL. The utilization in tandem solar cells enabled PCE
values up to certified 29.15%, which was a world record at that time. The presentation of high PCE
values is accompanied by long-term MPP-tracks of tandem solar cells using various HSL. Furthermore,
detailed analysis using hyperspectral absolute electroluminescence imaging enabled the reconstruction
and evaluation of the individual subcell performances. The extracted parameters are used to simulate
the tandem solar cell electrically and reveal its PCE potential.

The accepted version can be found in appendix F.

¢ Publication:

Amran Al-Ashouri, Eike Kéhnen, Bor Li, Artiom Magomedov, Hannes Hempel, Pietro Caprioglio,
José A Marquez, Anna Belen Morales Vilches, Ernestas Kasparavicius, Joel A. Smith, Nga Phung,
Dorothee Menzel, Max Grischek, Lukas Kegelmann, Dieter Skroblin, Christian Gollwitzer, Tadas
Malinauskas, Marko Jost, Gasper Mati¢, Bernd Rech, Rutger Schlatmann, Marko Topi¢, Lars
Korte, Antonio Abate, Bernd Stannowski, Dieter Neher, Martin Stolterfoht, Thomas Unold,
Vytautas Getautis, and Steve Albrecht. Monolithic perovskite/silicon tandem solar cell with >29%
efficiency by enhanced hole extraction. Science, 370(6522):1300-1309, 2020. https://doi.org/10.
1126/science.abd4016.
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https://doi.org/10.1039/C9SE00120D
https://doi.org/10.1126/science.abd4016
https://doi.org/10.1126/science.abd4016

¢ Author contribution:

A.A.-A. and Ei.K. contributed equally, A.A.-A., Ei.K., and S.A. planned the experiments, coor-
dinated the work and prepared the figures; Er.K., A.M., and T.M. designed and synthesized
the Me-4PACz SAM and the (Me-)nPACz series; A.A.-A. and B.L. processed the single-junction
cells and optimized the SAM deposition; A.B.M.V. processed the Si bottom cells and measured
Si single-junction solar cells; Ei.K. and B.L. processed the perovskite top cells; Ei.K. planned
the analysis of the tandem solar cells, measured J — V, EQE and reflection of all tandem solar
cells and performed short-term (incl. elevated temperature) MPP-tracking; A.A.-A., H.H., and
J.A.M. conducted and analyzed the PL experiments; Ei.K., JJA.M. and A.A.-A. conducted and
analyzed the EL studies; Ei.K. performed the subcell fitting and electrical simulations; H.H.
recorded the terahertz measurements and performed the data analysis; P.C., M.G., and M.S.
conducted the pseudo—J —V and FF-Vg( loss analysis (intensity-dependent Voc and QFLS) of
films and single-junction solar cells; D.M. performed the photoelectron spectroscopy; J.A.S., D.S.,
and N.P. performed crystallographic analysis; G.M., M.J., B.L., and Ei.K. designed and built the
tandem aging setup and recorded the long-term MPP-tracks; All authors contributed to data
interpretation; Ei.K and A.A.-A. drafted the manuscript; All authors participated in proofreading
and correcting; S.A., V.G., M.S., T.U,, TM., C.G., R.S., M.T,, La.K., A A., DN, B.S,, and B.R.
supervised the projects.

3. The third study presents the utilization of industry-compatible silicon bottom cells. Especially, the
reduced thickness compared to bottom cells which are typically used in laboratory cells affects the
performance of the tandem solar cells. The high PCE values of up to 27.9% are just below 28.15%
enabled on standardly used bottom cells. The reduction of the bottom cell thickness requires changing
the perovskite bandgap if current matching should be maintained. We quantify the required bandgap
change by optical simulations. The exact perovskite bandgap for industrial-compatible tandem solar
cells will be higher as previously utilized and this has a strong influence towards further improvements
and understanding as the compositional tuning to achieve this higher bandgap has to consider halide
segregation and contact optimization further.

The publication can be found in appendix G.

* Publication:
Eike Kohnen, Philipp Wagner, Felix Lang, Alexandros Cruz, Bor Li, Marcel Rof3, Marko Jost,
Anna B. Morales Vilches, Marko Topi¢, Martin Stolterfoht, Dieter Neher, Lars Korte, Bernd
Rech, Rutger Schlatmann, Bernd Stannowski and Steve Albrecht. 27.9% Efficient Monolithic
Perovskite/Silicon Tandem Solar Cells on Industry Compatible Bottom Cells. Solar RRL,
5:2100244, 2021. https://doi.org/10.1002/s0lr.202100244.

¢ Author contribution:

E.K. fabricated the perovskite top cell, measured the EQE, J —V and UV-Vis and performed the
optical simulations; PW., A.B.M.V., L.K. and B.S. developed and fabricated the silicon bottom cell;
E.K.,ABM.V,PW, B.S. and S.A. planned the experiments. E.K. and F.L. conducted and analyzed
the PL measurements; A.C. performed the silicon single-junction solar cell simulations; M.R.
conducted and analyzed the XRD measurements; E.K., M.J. ,B.L.. and M.T. designed fabricated
and built-up the tandem aging setup; E.K. drafted the manuscript; All authors participated in
proofreading and correcting; M.T., D.N., L.K., B.R., R.S., B.S. and S.A. supervised the projects.
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6.1 Highly efficient monolithic perovskite silicon tandem solar cells: an-
alyzing the influence of current mismatch on device performance

This section is based on the work 'Highly efficient monolithic perovskite silicon tandem solar
cells: analyzing the influence of current mismatch on device performance’ published by Eike
Kohnen, Marko Jost, Anna Belen Morales-Vilches, Philipp Tockhorn, Amran Al-Ashouri, Bart Macco,
Lukas Kegelmann, Lars Korte, Bernd Rech, Rutger Schlatmann, Bernd Stannowski, and Steve Albrecht in
Sustainable Energy & Fuels, 3(8):1995-2005, 2019. doi: 10.1039/C9SE00120D.

In this study we thoroughly address the optical but also electrical optimization of our tandem solar cells,
which reduces not just the amount of reflected light but redistributes the photogenerated current densities
to enable reduced current mismatch.

As the optimized tandem solar cell shows a reduced fill factor, we analyze the effect of the mismatch
on the fill factor by illuminating the tandem solar cell with various spectra to induce various mismatch
conditions.

Ultimately, we verify our findings with electrical simulations and give an outlook which PCE values are
potentially achievable based on the realistic experimental input parameters collected before.

With that we have triggered the first report about current versus maximum power point matching and a
more precise understanding of monolithic perovskite/silicon tandem solar cells.

6.1.1 Introduction

To overcome the theoretical limit of silicon single-junction solar cells of 29.4%,[8] silicon and perovskite
solar cells can be combined to monolithic tandem solar cells with a theoretical limit of ~45% (see section
2.9). As a bottom cell, silicon heterojunction (SHdJ) solar cells are suited due to their well-passivated c-Si
surface enabling high V¢ values. Furthermore, the top layer of this architecture is a transparent conductive
oxide (TCO), which makes the deposition of the perovskite top cell simple as perovskite single-junction
solar cells are fabricated on TCOs, too. Tandem solar cells with a p-i-n perovskite top cell has proven to
be advantageous as the n-type window layer is much more transparent compared to the p-type window
layer in n-i-p architecture.[16, 127] At the time of this publication, the certified record PCE for monolithic
perovskite/silicon tandem solar cells was 28% achieved by Oxford PV.[103] No further details are acquainted
as this value was announced in a press release instead of an scientific article. Therefore, the best performing
tandem solar cell published in a scientific article had a PCE of 25.5%, which was enabled by Jost et al.
utilizing a light management foil to reduce reflection losses.[31]

Although optically a textured front side would be beneficial, the perovskite deposition on textures
remains still challenging. Devices with a flat front side still suffer from immense losses due to high reflection.
We optimized preliminarily the optical properties of our tandem solar cells which enhanced the PCE from
certified 25.0% to 26.0%. Further optical improvement enabled a cumulative photogenerated current density
of more than 40 mA cm™2 and is thus comparable to textured devices. However, the high photogenerated
current density was achieved with thin front contact layers that reduced electrical performance to a PCE of
25.3%. The highest efficiency of 26.0% was realized by a trade-off between optical and electrical properties of
the front contact stack to achieve almost current matching between both subcells but simultaneously the fill
factor (FF) decreased, which is already known from other tandem technologies.[116, 128] To analyze the
origin of the reduced FF, the optimized tandem solar cell is measured under various illumination spectra
based on an LED solar simulator to artificially change the current mismatch. The result strongly suggests
that the change in FF stems from the reduced current mismatch.

To verify our results, we performed electrical simulations. These electrical simulations revealed the
PCE limit which can be achieved with this tandem solar cell design. However, a difference between the
simulations and measurements demonstrated that further investigation is needed to get a better matching
between experiment and simulation and hence gain knowledge about the device operation.
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6.1.2 Optimization of Tandem Solar Cells

One crucial layer in monolithic perovskite/silicon tandem solar cells, especially in the p-i-n top cell polarity,
for the FF as well as for the Jpy, is the top TCO in which the generated charge carriers are collected and
transported laterally to e.g. the metal grid or busbar (here a ring-type metal frame is utilized). The typical
tandem device structure used in this work is shown in Figure 10. The top TCO layer should be as transparent
as possible while enabling low resistive losses. By adding oxygen to the sputtering chamber during deposition
of the TCO, the amount of oxygen vacancies and with that the transparency and electrical conductivity of
the layer can be tuned. These vacancies typically contribute two electrons per defect. The added oxygen will
occupy these vacancies.[129, 130] The lower carrier density leads to a reduction of the free carrier absorption
especially in the NIR, but also to narrowing of the optical bandgap due to the Burstein-Moss effect.[129]
Hall measurements verified these theories (Figure 11A). Simultaneously, the mobility increases with an
increasing amount of oxygen, most likely due to structural changes in the film, as explained by Martins
et al.[131] We found that the resulting resistivity is almost constant if the fraction x of the oxygen in the
argon/oxygen mixture ranges from 0.05 to 0.25 volume percent. Therefore the optimum amount of oxygen
was chosen by the lowest absorption in the relvant wavelength range from 300 to 1200 nm. We found the
best value for x=0.2% where just 1.18 mA cm ™2 are lost due to parasitic absorption when integrating the
absorption spectra multiplied with the AM1.5g spectrum over the wavelength range (see equation 5.6).
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Figure 11: Optimization of the front transparent conductive oxide, here indium zink oxide
(IZO). (A) Carrier density, mobility and resistivity of IZO layers deposited on glass with various fractions
(given in volume percent) of oxygen added to the sputter chamber. The values are obtained from hall
measurements. (B) Absorption of equally thick IZO layers deposited on glass obtained by absorption
and reflection spectroscopy. The equivalent current density which is lost due to parasitic absorption is
calculated using equation 5.6 and AM1.5g illumination. This figure is adapted with permission from
[104] - Published by The Royal Society of Chemistry.

Using the optimized IZO layer to enable the best trade-off between sheet resistance and parasitic
absoprtion, together with a tin oxide (SnO9) buffer layer, which is deposited via atomic layer deposition, it
forms a transparent n-type contact. A tandem solar cell PCE of 25.0% was achieved, which was independently
certified by the calibration laboratory at Fraunhofer ISE (CalLab) and is shown in Figure 13C. The certificate
can be found in appendix C. Although the FF of this device was as high as 78.6%, the low short-circuit current
density (Jgc) of just 17.8 mA cm ™2 strongly limited the PCE. This low Jgc was a result of highly mismatched
subcells, as shown in Figure 13A. With a photogenerated current density (Jpp) of 17.85mAcm™2 and
20.69 mA cm~2 in the silicon and perovskite subcell, respectively, the mismatch was more than 2.8 mA cm™2.
The major reason for the low cumulative Jpy, of 38.54 mA cm ™2 was the immense reflection in the infrared
wavelength range. The current loss due to reflection amounted to 4.65 mA cm™2. As the Jgc of a monolithic
tandem solar cell is guided by the minimum photogenerated current density (Jpn) of the both cells (see
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section 2.9.3), it is desirable to achieve approximately short-circuit current matching conditions.

In order to enable better current matching conditions and less reflection losses, further optimizations
were performed. The 20 nm nc-SiOy:H which is the n-type contact of the bottom cell was previously optimized
for silicon single-junction solar cells.[132] For tandem solar cells, however, just the long wavelengths are
important for the silicon bottom cell. Hence, the thickness was increased to around ~90nm in order to
improve the infrared response of the silicon bottom cell and with that increase its Jpy.[101]

Additionally, the front TCO has a significant impact on the parasitic absorption especially in the UV
and infrared wavelength range (see Figure 11). Thus, optically a very thin TCO is desired to minimize
the parasitic absorption. Optical simulations revealed a gain of 0.32mA cm when reducing the thickness
from the used 130 nm to 90 nm. However, further reduction would increase the resistance of the TCO and
worsen the electrical performance of the solar cell. Thus, 90 nm were used in the optimized cell. To precisely
determine the optimum between optical and electrical properties, optoelectronical simulations would be
necessary but are not conducted here. To redistribute the Jpy, of the subcells more advantageously, the
perovskite thickness was adjusted by changing the spin-coating speed. The faster spinning led to thinner
perovskite layers making it more transparent especially in the range with a lower absorption coefficient, i.e.
above ~500 nm. Consequently, more light is transmitted to the silicon bottom cell. The faster speed enabled
a reduction of the perovskite thickness from 580 to 460 nm.
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Figure 12: Optimization of tin oxide (Sn0;) depostied via atomic layer deposition. (A) Refractive
index n and extinction coefficient £ of SnOy deposited at temperatures ranging from 80 °C to 200 °C in
20 °C steps. The data were extracted from ellipsometry measurements. The arrows indicate the direction
for increasing temperature. (B) Simulated EQE spectra of monoltihic perovskite/silicon tandem solar cells
using optical data of SnOg9 displayed in (A). All other layers in the tandem stack were kept the same. The
arrows indicate the direction for increasing temperature. (C) Fill factor and power converion efficiency of
opaque perovskite single-junction solar cells with SnO9 deposited at 80, 100 and 120 °C. This Figure is
adapted with permission from [104] - Published by The Royal Society of Chemistry.

During the deposition of 20 nm SnOg, the perovskite is exposed to 100 °C for about 1 hour, which might
reduce the performance of the top cell. Hence, SnOq layers deposited at various temperatures were analyzed
optically. Figure 12A shows that higher SnO9 deposition temperatures increase the absorption in the UV
range, whereas the refractive index n is increased in the entire wavelength range. Optical simulations shown
in Figure 12B demonstrate that the J/py, of the perovskite and silicon subcell are barely affected within the
temperature range of 80 to 200 °C for the SnOg deposition and resulting changes in the optical properties of
SnOy. This is because the EQE of the perovskite above 370 nm increases with higher temperature, whereas
the higher absorption coefficient below 370 nm reduces the EQE. Due to the temperature sensitivity of
perovskite solar cells, we decided to fabricate perovskite single-junction solar cells with SnOg being deposited
at temperatures between 80 and 120 °C. Figure 12C highlights that the lower temperature enabled higher
PCE values mainly due to an increased FF. The reduced refractive indices for lower deposition temperatures
indicate a lower density. However, as described by Elam et al., this leads to an increase in resistivity.[133]
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Thus, this cannot explain the improved FF. As described by Mullings et al., the deposition temperature has
an effect on the bandgap of the SnO9.[134] The band alignment for layers deposited at lower temperatures
might be beneficial for this application. However, the improved properties may not be related to a difference
in the SnOg itself but can be an effect of the reduced temperature to which the perovskite layer is exposed,
namely there is a trade-off between optoeletric properties of SnOg and perovskite degradation at higher
reaction temperatures.

All above mentioned optimizations were implemented into tandem solar cells. The EQE (incl. reflec-
tion) is shown in Figure 13B, as well as the resulting J —V in Figure 13C. As intended, the loss due to
reflection decreased by approximately 1mA cm™2, enhancing also the cumulative Jpy, by the same amount
to0 39.46mA cm 2. Till today this cumulative Jp}, is one of the highest value for tandem solar cells with a
planar front side. It is even comparable to the values achieved by tandem solar cells using solution processed
perovskite on top of textured silicon,[105, 107] and approaches the values of some cells using textured silicon
with conformally deposited perovskite.[94, 135] However, the impressive value of 40.4 mA cm™2 achieved by
Sahli et al. with a conformally deposited perovskite on textured silicon demonstrates that this approach can
be beneficial in terms of optical properties.
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Figure 13: Performance of the initial and optimized tandem solar cell. (A-B) In-house measured
EQE and reflection (denoted as 1-R) of the initial (A) and optimized (B) tandem solar cell. The Jpy
values and their respective sum, parasitic absorption, and loss due to reflection are given in mA ¢cm™2 for
AM1.5g illumination. (C) Corresponding o/ —V curves of the initial and optimized tandem solar cell with
certified 25% and in-house measured 26%, respectively. This Figure is adapted with permission from
[104] - Published by The Royal Society of Chemistry.

In addition to the improvement of the cumulative Jpy,, the Jpy, values of the subcells were successfully
redistributed. The increased Jpp of the silicon subcell reduced the mismatch between the subcells to
0.9mA cm~2. Thus, the subcells are still not perfectly current matched. Ideally the bandgap of the perovskite
can be widened to reduce the Jpp, perovskite While increasing Jpy, silicon- Simultaneously, the wider bandgap
should enable higher V¢ values. However, wider bandgaps are usually achieved by increasing the amount of
bromide, which can result in unwanted halide segregation.[136] We will address the topic of wider bandgaps
in section 6.2.

Nonetheless, the reduced mismatch increased the Jgc of the tandem solar cell by about 1.4mA cm ™2 to
19.22 mA cm 2. Together with a FF of 76.6% and V¢ of 1.77 V this cell had a PCE of 26.0%. At that time,
this value was the highest PCE giving all scientific details in a peer reviewed journal.

Guided by optical simulations, further reduction of the IZO thickness enabled a cumulative current
density of 40mA cm~2, which is a remarkable value for devices with a planar front side and comparable to the
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above mentioned experimentally realized double-side textured devices presented by Sahli et al.[92] However,
the reduced TCO thickness increased the series resistive losses and deteriorated the overall performance.
This device reached a stabilized PCE of just 25.3%, which is nonetheless higher than achieved with fully
textured devices.[92, 94, 135]

The long-term stability of a tandem device with the design which enabled 26% was measured using
a glass-glass encapsulation with a UV-curable edge-sealant. During 1000 hours, the device was stored in
ambient conditions and regularly MPP-tracked for at least 30 minutes. The performance was remarkably
stable with relative PCE drop of less than 1% for the last measurement after 1000 hours.

Obviously, the tandem solar cells need to perform on a high level when being in continuous operation.
However, as we will describe in more detail in section 6.2, a proper light source is necessary to correctly
measure the tandem solar cells as the performance can depend on the current mismatch. The latter effect
will be investigated in more detail in the next section.

6.1.3 Influence of the Current Mismatch on the Solar Cell Performance

Comparing the FF values of the initial and optimized tandem cells, the latter shows a reduced FF by more
than two percentage points. As reported for other tandem technologies, the mismatch conditions can affect
the FF of the solar cells.[63, 116, 128, 137, 138] As a thorough understanding of the influence of non-current
matching conditions is important for device understanding and energy yield analysis, the influence of the
mismatch conditions on the performance of perovskite/silicon tandem solar cells was analyzed. The optimized
tandem cell was illuminated with various spectra. By changing the intensity of the blue wavelength range,
the Jpyp of the perovskite subcell was changed, whereas the Jpy, of the silicon subcell was kept constant.
With this, the mismatch conditions were changed artificially and for each condition, the performance of the
tandem solar cell was recorded. The utilized spectra as well as the AM1.5g standard spectrum are shown in
Figure 14A. With these spectra and the spectral responses of the subcells, the Jpy, values of the subcells
were calculated according to equation 2.10.

For the case of a very high Jp;, in the perovskite, the silicon subcell was limiting and the Jgc of the
tandem solar cell was constant. For reduced Jpy, in the perovskite subcell, the tandem solar cell became
perovskite limited and the Jgc started to decrease (see Figure 14B). It is typically reported that the FF is
lowest when the tandem solar cell is operated close to the current matching point.[53, 128, 137]. However, it
is not necessarily exactly at the current matching point and depends on the performance of the individual
subcells.[138] In this study, the FF reached its minimum when the silicon subcell is slightly limiting (see
Figure 14C). To verify that the change in FF after optimization stems solely from a reduced current mismatch,
the slope on the left side of the FF minimum was calculated and amounts to -1.31% FF per mA cm™~2. Thus,
with a current mismatch of —2.8mA cm™2, as obtained from the certified cell, a FF of ~79% is expected.
This predicted FF is in very good agreement with the value of the certified cell, strongly indicating that the
change in FF arose from the change in mismatch conditions. The benefit of ALD optimization (increased FF)
and enhanced resistive losses from thinner front IZO seemed to counterbalance here. On the right side of
the FF minimum, the slope amounts to 0.93% FF per mA cm 2.

Even though the Jgc decreases, the simultaneous increase of the FF partially compensates a loss
in PCE. Therefore, the PCE of monolithic tandem solar cells are barely sensitive to small changes in
current-mismatch conditions. The low sensitivity is reflected in a broad peak around the PCE maximum in
Figure 14D. If the currents would be equally distributed (i.e. current matching conditions), the PCE would
amount to 26.34%.

The described characteristic is important for energy yield analysis especially when comparing two-
terminal and four-terminal tandem solar cells. One of the arguments in favor for four-terminal tandem
solar cells is to avoid decrease in performance due to current reduction if current mismatch occurs. This
mismatch can occur for example over the course of the day, when the intensity of the blue light is reduced in
the morning and evening due to Rayleigh scattering, as shown in Figure 1.[139] To estimate the amount of
current mismatch happening during the day we simulated an EQE with Jpp, siticon and Jph perovskite Values at
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Figure 14: Performance of monolithic perovskite/silicon tandem solar cells as a function of the
current mismatch between the subcells. (A) Utilized spectra to change the current density mismatch
between the perovskite and silicon subcell. The change in blue intensity alters the photogenerated current
density in the perovskite, whereas it stays constant for the silicon subcell. (B) Short-circuit current
density, (C) fill factor and (D) power conversion efficiency of the tandem solar cell as a function of the
current density mismatch (Jpp Siticon — J/Ph,Perovskite)- This figure is adapted with permission from [104] -
Published by The Royal Society of Chemistry.

AM1.5g illumination of 19.61 and 19.67 mA cm ™2, respectively. When using the spectra shown in Figure 1B,
the silicon subcell generates 0.78 mA cm™2 less than the perovskite subcell at 12:00. In the evening at
19:00 the perovskite subcell is limiting by 4.7 mA cm ™2 due to the strongly reduced intensity in the visible
wavelength range. However, as demonstrated by Aydin et al., the Jpy, values are furthermore affected by
the cell temperature.[94] Typically, the cells are warmer during noon. Towards evening, the temperature
decreases which leads to a reduction of the Jpp, sjlicon and a increase in Jpp perovskite- Consequently, the above
mentioned mismatch in the evening will be reduced due to reduced cell temperature.

6.1.4 Electrical Simulations

To validate the experimental results, electrical simulations were performed using the electronic design
automation software LTspice.[121] As discussed in section 2.9.3, the simplest way to describe a tandem
solar cell is to connect two one-diode models representing the top and bottom cell in series. To access the
electrical parameters for the subcells, perovskite and silicon single-junction solar cells were fabricated and
measured at various intensities. From the intensity dependent V¢ values, the ideality factor np and
reverse saturation current density Jy were extracted. The series resistance values Rg and shunt resistance
values Rgy were extracted from the slope around V = Vg and V =0, respectively.
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Figure 15: Verification of electrical simulations for tandem solar cells. (A) Measured and simulated
silicon single-junction solar cell at various intensities. The experimental data were fitted using a one-diode
model. (B) Measured and simulated perovskite single-junction solar cell at various intensities. The
experimental data were fitted using a one-diode model. (C) Experimental and simulated fill factor of a
tandem solar cell as a function of the current density mismatch. The tandem solar cell is simulated by
connecting the one-diode models of the perovskite and silicon cells in series. The white circles are the
simulated FF values, whereas the colored circles are the measured FF values as shown in Figure 14C. (D)
Simulated and measured JJ — V characteristics for the highly perovskite and highly silicon limited case
(i.e. the very left and very right data points in (C)). This figure is adapted with permission from [104] -
Published by The Royal Society of Chemistry.

Due to different geometries and hence different series resistances, the Rg value in the tandem solar cell
was adjusted in a way that the slopes around V = V¢ of the simulated and measured tandem solar cell
matched. In addition, the sum of the V¢ values of the single-junction solar cells was slightly lower than the
Voc measured in the tandem solar cell, which we accounted to a difference in the perovskite top cell. Thus,
the Jy value was slightly adjusted until the measured and simulated Voc values matched.

For the simulated tandem solar cell, the same Jp;, values were used as in the measured tandem solar
cell. We found the same V¢ and Jgc bahaviour as for the measured tandem solar cell. For the FF values,
which are shown in Figure 15C, we found a similar shape as for the measured tandem solar cell, verifying
our experimental data. However, the values for the simulated tandem solar cell were much higher than the
measured values. The individual J —V curves revealed that the main difference between simulated and
measured curves appeared around the MPP (see Figure 15D) although this behavior is not present in the
single-junction solar cells.

One possible explanation is that the recombination layer might behave in a non-ohmic manner, thus
another electrical component such as a diode needs to be implemented in the simulation to achieve a good
matching between simulation and measurement. However, for the single-junction solar cells the same
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contact stack is present. In the silicon subcell as well as in the silicon single-junction cell, the electrons will
be extracted via the nc-SiOx:H(n)/ITO interface, which forms a low resistive contact.[50] Also the extraction
of the holes from the perovskite is the same in perovskite single-junction cells and the perovskite subcells in
the tandems. Another possible explanation may be the difference between the semitransparent perovskite
top cell in the tandem solar cell and the opaque perovskite single-junction cell. The sputtering of the TCO for
the semitransparent cells might alter the perovskite performance.[140-142] In addition the size of the active
area was just 0.16 cm? for the single-junction cells, whereas it was 0.78 cm? for the tandem solar cell, which
may led to an increased number of pinholes and non-uniformities of the spin-coated perovskite layer.[47]
These pinholes (i.e. direct contact of the hole- and electron-selective contact) can lead to non-linear diode-like
behavior and thus affect the maximum power point while not affecting the low-voltage range.[143]

Further investigation is needed to exactly reconstruct the monolithic tandem solar cell in an electrical
simulation and with this, gain knowledge about the device physics and ideally improve the PCE.

If the difficulties with the reduced FF can be solved, a PCE of 27.6% under AM1.5g illumination is
achievable. If the series resistance can be optimized, for example by implementation of grid fingers and
negligence of bulk an contact resistance, the maximum achievable PCE increases to 29.0%.

6.1.5 Conclusion

In this work, we optimized monolithic perovskite/silicon tandem solar cells especially optically. The initial
PCE of 25.0% was certified independently by the Fraunhofer ISE CalLab. The current mismatch of more
than 2.8 mA cm™2 of the subcells enabled a high FF of 78.6% but a low short-circuit current density of
just 17.8 mA cm~2. The latter was also low because of high reflection. To increase the Jgc, we reduced
the amount of reflected light from ~4.7 to ~3.5mA cm™2 as well as the mismatch of the Jp,, values from
~2.8 to ~0.9mA cm~2. This was enabled by increasing the thickness of the nc-SiOy:H layer, reducing the
thickness of the IZO and reducing the thickness of the perovskite absorber. Furthermore, the SnOy deposition
temperature was reduced from 100 to 80 °C which improved the FF in single-junction devices, likely by
reduction of process-induced degradation.

The optimized tandem solar cell reached a PCE of 26.0%. Although the Jgc indeed increased, we found a
reduction in the FF.

To analyze this in more detail, we measured the tandem solar cell with different illumination spectra to
achieve different mismatch conditions. The FF changed strongly with the mismatch. A minimum of 76%
appeared close to current matching conditions, whereas it increased when the mismatch increased. This
effect partially compensates the reduced Jgc if the subcells are mismatched. Consequently, the tandem solar
cells are barely sensitive against small mismatch conditions.

To validate this, we performed electrical simulations. Although the simulated single-junction solar cells
match very well with the measured cells at different illumination conditions, the resulting tandem solar cell
showed a higher FF. The larger area for the tandem solar cell in comparison to the perovskite single-junction
utilized for extraction of diode model paramters may have increased the amount of pinholes inducing a
non-ohmic current path and thus lowering the top cell FF in the tandem solar cell.

However, if the reduced power extraction around MPP could be eliminated, a PCE of 27.6% should be
achievable. By additional optimization of the series resistance (i.e. Rg = 0) we simulated a PCE of 29.0%.

More sophisticated characterization methods are needed to analyze the single-junction solar cells or even
better the subcells in order to understand and solve the mismatch between simulations and experiment.
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6.2 Monolithic perovskite/silicon tandem solar cell with >29% efficiency
by enhanced hole extraction

This section is based on the work 'Monolithic perovskite/silicon tandem solar cell with >29% efficiency
by enhanced hole extraction’ published by Amran Al-Ashouri, Eike Kohnen, Bor Li, Artiom Magomedoyv,
Hannes Hempel, Pietro Caprioglio, José A Marquez, Anna Belen Morales Vilches, Ernestas Kasparavicius,
Joel A. Smith, Nga Phung, Dorothee Menzel, Max Grischek, Lukas Kegelmann, Dieter Skroblin, Christian
Gollwitzer, Tadas Malinauskas, Marko Jost, Gasper Mati¢, Bernd Rech, Rutger Schlatmann, Marko Topic,
Lars Korte, Antonio Abate, Bernd Stannowski, Dieter Neher, Martin Stolterfoht, Thomas Unold, Vytautas
Getautis, and Steve Albrecht in Science, 370(6522):1300-1309, 2020. doi: 10.1126/science.abd4016.

In this study, we present a new hole-selective self-assembled monolayer (SAM) material with the
nomenclature Me-4PACz ([4-(3,6-dimethyl-9H-carbazol-9-yl)butyllphosphonic acid). We use advanced charac-
terization techniques to analyze the properties of perovskite films deposited on top of this SAM and correlate
these film and charge carrier dynamic properties to the performance of single-junction devices with different
hole-selective layers (HSL).

For the first time, we use SAMs in perovskite/silicon tandem solar cells. The advantages of the new
SAM such as fast hole extraction, proper passivation and thereby enabling photostability of a 1.68eV
wide-bandgap perovskite could be transferred effectively into tandem solar cells. That enabled a certified
PCE 0f 29.15%, a world record at that time.

To measure the long-term stability of the tandem solar cells, we used a newly designed setup which
enables precise control of the photogenerated current densities in the subcells to properly imitate AM1.5g
matching conditions.

Driven by the problem to evaluate the performance of the individual subcells in monolithic tandem solar
cells, we used injection-dependent electroluminescence to access the subcell J —V characteristics. With the
extracted subcell properties we simulated the tandem solar cells used in this publication and calculated its
efficiency potential.

6.2.1 Introduction

Previously in section 6.1, we precisely optimized the deposition of several layers. Especially the optical proper-
ties were improved enabling high cumulative Jpy, values of 39.46 mA cm~2 and Jgc values of 19.22 mA cm™2.
Despite the improved optical properties, there is still room for improvement of the PCE due to moderate V¢
and FF values.

A lot of effort is done to passivate the interfaces between the perovskite and contact layers to reduce
non-radiative recombination and hence, increase the Vgc. For p-i-n perovskite solar cells, Al-Ashouri et al.
presented self-assembled monolayer (SAM) which enabled low non-radiative recombination resulting in
high Vo values. Compared to the typically used polymer PTAA (poly[bis(4-phenyl) (2,5,6-trimentlyphenyl)
amine]), the utilization of the SAM 2PACz ([2-(9H-carbazol-9-yl)ethyllphosphonic acid) enhanced the Vo
by more than 60 mV. Due to the self-assembling nature of the material, it enables conformal coverage of
rough surfaces, too, which was demonstrated with the application on rough CIGS bottom cells to fabricate
perovskite/CIGS tandem solar cells. The certified tandem solar cell PCE of 23.26% was a world record
at that time.[144] By further improvement, a higher certified record of 24.2% was achieved.[17] Using
these hole-selective self-organized monolayers for perovskite solar cells was patented by HZB together
with the Kaunas University of Technology (see appendix A). Moreover, the SAMs 2PACz and MeO-2PACz
([2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyllphosphonic acid) used in the above mentioned publication were
made available by commercialization.[145, 146] Although the superior V¢ improves the efficiency, the FF of
p-i-n perovskite solar cells are still far below the theoretically achievable values calculated with the detailed
balance limit and as shown in the previous chapter, below expectations from electrical simulations.

Here we present a newly designed SAM molecule which combines an equally high level of passivation
but a faster charge extraction and thus, enabling an increased FF and reduced phase segregation. This can
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still be realized by using Csg. 05(MAg.23FAq.77)Pb(Brg 2319 77)3 perovskite composition with increased amount
of bromide to obtain a tandem relevant bandgap of 1.68 eV. The benefits are demonstrated in single-junction
and tandem solar cells, which were compared to devices with other hole-selective layers such as other SAMs
or the standardly used polymer PTAA. To measure the long-term stability of tandem solar cells, we designed
a new setup which enables proper illumination. The tracked tandem solar cells comprising different HSL
demonstrates the superior stability of the new SAM. Ultimately, we analyze the performance of the subcells
using injection-dependent electroluminescence.

6.2.2 Stabilization of wide-bandgap perovskite with the hole-selective layer

As described in section 2.9.1, the theoretical ideal top cell bandgap in combination with a silicon bottom cell
is 1.73 eV. However, practically due to non-perfect absorption edges and parasitic absorption, a bandgap of
1.68 to 1.7 eV is desired to achieve high Vg values while maintaining power matching conditions (see section
2.9.3).[31] These wide bandgaps often feature a Br/I ratio of >20%, which can lead to phase instabilities
caused by light-induced phase segregation, most strikingly evident from photoluminescence (PL) spectra
that show a double-peak formation under continuous illumination.[80, 147]

We show that both fast charge extraction and good passivation at the selective contacts can effectively
suppress this double-peak formation while simultaneously enabling high Vo and FF values.

Instead of optimizing the perovskite composition, we used the well-known "triple cation" perovskite con-
sisting of cesium, formamidinium (FA) and methylammonium (MA) as monovalent cations, lead as divalent
cation and a halogen mix of iodide and bromide.[78] Typically, a bandgap of ~1.63 eV is enabled with ~17%
Br, which we used for the results in section 6.1. However, with this compsition, we obtained a silicon limiting
tandem solar cell with a moderate Vgc. To address these problems, we widened the bandgap to 1.68 eV by
increasing the fraction of Br to 23%. Thus, the nominal composition is Csg.g5(MAg.23FAg. 77)Pb(Brg 2319.77)3.

First, we compare the QFLS values of the perovskite deposited on quarz glass and various HSL using
absolute PL with a 1-sun illumination.

In recently published high-PCE p-i-n single-junction and tandem solar cells, PTAA or the comparable
polyTPD (poly[N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)-benzidine]) is typically used.[75, 106, 148, 149]
Alternatively, SAMs based on carbazole, such as MeO-2PACz and 2PACz, can form passivated interfaces
while allowing for low transport losses because they are ultra thin (<1 nm).[144]

The introduction of a methyl-group (Me) substitution to the already presented 2PACz led to a optimized
energy alignment with the valence band of the perovskite and with a similar dipole moment (~ 1.7 D). The
aliphatic chain length (n) was optimized in actual solar cells. For nPACz and Me-nPACz an optimum of n=2
and n=4 was found, respectively. Hence, for the rest of this study, Me-4PACz is analyzed and compared to
the commercially available SAMs 2PACz and MeO-2PACz as well as the standardly used PTAA.

The QFLS values of the bare perovskite deposited on glass/ITO/HSL shows that the perovskite on
Me-4PACz and 2PACz enables the same high values of 1.25eV as on quartz glass, which is commonly
regarded as a perfectly passivated substrate.[150] In contrast, PTAA and MeO-2PACz show a lower QFLS
suggesting a lower level of passivation with higher losses from surface recombination.

Perovskite compositions with high bromide content typically segregate into iodide-rich phases indicated
by increased PL intensity at lower photon energies, here at a wavelength of 780 nm.[80] The emergence of this
additional signal is for example shown in Figure 16A, where the perovskite is deposited on glass/ITO/PTAA,
and measured for 10 minutes. The same evolution is visible on MeO-2PACz. In contrast, the perovskite
deposited on Me-4PACz, shown in Figure 16B, and 2PACz do not show this behavior.

To create more harsh conditions, the excitation flux was increased to a 30-suns equivalent illumination.
Under these conditions, also 2PACz shows signs of segregation, whereas the perovskite on Me-4PACz
remains stable.

We experimentally demonstrate that the phase segregation is inhibited if both, fast charge extraction
and a high level of passivation is present by comparing the PL spectra of the Me-4PACz/perovskite deposited
on either a insulating or conductive substrate. Despite the good passivation of Me-4PACz, a signal around
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Figure 16: Analysis of various hole-selective layers for phase stability and various recombination
losses. (A-B) Time-dependent photoluminescence spectra of the perovskite (Eg = 1.68 eV) deposited
on glass/ITO/PTAA (A) and glass/ITO/Me-4PACz (B). (C) Comparison of fill factor values of perovskite
solar cells with the stack glass/ITO/HSL/perovskite/Cgy/SnO2/Ag, where the perovskite is a triple-cation
perovskite absorber with 1.68eV bandgap. All data are from cells made from the same perovskite
precursor and contact processing batch. The boxes indicate the 25/75 percentiles; the whiskers indicate
the 10/90 percentiles. (D) Distribution of loss mechanisms lowering the cell’s FF below the detailed
balance limit, comparing PTAA and Me-4PACz cells. From [99]. Reprinted with permission from AAAS.

780 nm (iodide-rich domains) appears in the case of the insulating substrate. In contrast, the PL spectrum
on the conductive substrate shows a sharp peak at 740 nm (neat perovskite).

To analyze the charge extraction speed, we used transient photoluminescence (TrPL). The full decay
is governed by nonradiative, trap-assisted surface/bulk recombination (mostly monoexponential decay),
radiative recombination (“bimolecular,” second-order decay), and charge transfer effects, which can be
disentangled if these time constants differ sufficiently from each other.[151]

With MeO-2PACz and PTAA it was not possible to clearly differentiate between charge extraction and
trap-assisted recombination because the nonradiative recombination was high (as evidenced by lower QFLS
values relative to quartz glass) and because transients did not saturate toward one process. Comparing
the TrPL measuremnts on 2PACz and Me-4PACz we found that the latter one demonstrates faster charge
extraction.

As solar cells also comprise a electron-selective contact, it is improtant to know the properties of the
perovskite/Cgo interface. To extract the electron extraction speed at the perovskite/Cgg interface, we combined
time-resolved terahertz photoconductivity measurements with TrPL measurements. We found a electron
transfer time of ~1ns, substentially faster than the hole transfer at the hole-selective interface.

6.2.3 Performance of Perovskite Single-Junction Solar Cells

The advantage of this new SAM shall be evaluated in perovskite single-junction solar cells. Therefore, we
fabricated standard p-i-n solar cells in the following configuration: ITO/HSL/Perovskite/Cgy/SnOo/Ag. As
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the charge extraction on the electron selective interface is much faster, we expect that the difference in
hole-extraction speed will be visible in the single-junction devices.

With the standardly used PTAA, a maximum FF of 80% was achieved (see Figure 16C). 2PACz and
MeO-2PACz enabled a maximum value of 82%, whereas the top values are achieved with Me-4PACz and
amount to 84%, which we account for the fast hole-extraction speed as well as the high level of passivation.

To analyze the FF values in more detail and without the influence of the series resistance, we measured
the Ve of complete devices as a function of the illumination intensity (Suns-Vpc) and the QFLS of the
neat perovskite on the different HSL as a function of the illumination intensity (Suns-PL).[100] From these
measurements we were able to disentangle different loss mechanisms. The comparison between cells with
PTAA or Me-4PACz is shown in Figure 16D. We found no loss due to non-radiative recombination at the
interface and a lower transport loss when using Me-4PACz as HSL.

Furthermore, from intensity dependent Voc measurements, the ideality factor nip was extracted. For
PTAA the ideality factor amounts to 1.55, which is in agreement with values reported for similar device
architectures.[100] For MeO-2PACz the nip is 1.51. For the other SAMS the nip decreases to 1.42 in the
case of 2PACz and impressive 1.26 for Me-4PACz.

6.2.4 Integration into Tandem Solar Cells
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Figure 17: Performance of tandem solar cells for various hole-selective contacts and lithium-
fluoride interlayers. Performance metrics of tandem solar cells using hole-selective layers as indicated
in the top left graph. Tandem solar cells with and without LiF interlayer were fabricated when PTAA or
Me-4PACz were used as HSL. The graphs include parameters from forward and reverse measurements.
The boxes indicate the 25/75 percentiles and the whiskers mark the 10/90 percentiles. The line in the
plots mark the respective average value. From [99]. Reprinted with permission from AAAS.
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Efficient passivation in combination with fast hole extraction of Me-4PACz in perovskite single-junctions
could be transferred into monolithic tandem solar cells, which led to higher FF, V¢, and stability.

The performance of tandem solar cells using different hole-selective layers is shown in Figure 17. The
arithmetic mean value, indicated by the horizontal line, reveals a similar FF behavior as for the single-
junction solar cells shown in Figure 16C. With PTAA the lowest FF values are achieved, whereas MeO-2PACz
and 2PACz lead to almost the same FF values. For Me-4PACz higher FF values are expected. However,
as can be seen from the boxplot, the spread of the FF values is larger compared to the other HSL. This
stems mostly from a poorer wetting of the perovskite on Me-4PACz, which leads to an increased spread of
the performance metrics of tandem solar cells. However, the maximum achievable FF is with ~81% higher
than for the other HSL despite almost all cells being perovskite limited. Because the shape of the J -V,
especially for voltages below Vypp, is mostly determined by the limiting subcell, the high FF highlights the
good performance of the perovskite top cell. The average values for the Jgc and Vo are very similar for all
variations. Consequently, the PCE follows the same pattern as the FF: PTAA leads to the lowest PCE with
an average value of 25.3%. It should be noted that the highest PCE with PTAA, 27.0%, is on the same level
as the best scientifically published tandem solar cell.[106] For tandem solar cells with MeO-2PACz, 2PACz
and Me-4PACz, the average PCE values are similar and amount to 26.2%, 26.6% and 26.3%. However, the
highest PCE values are achieved with Me-4PACz.

To improve the PCE further, it is reported that a LiF interlayer between the perovskite and Cgg is
beneficial and should increase the Vpc.[36] Thus, we additionally fabricated tandem solar cells using
this LiF interlayer for PTAA- and Me-4PACz-based tandem solar cells (denoted as ’LiF’ in Figure 17). It
indeed increases the Vg¢ strongly. For cells with PTAA, the average Vo increased from 1.82V to 1.85V.
Unfortunately, cells with LiF and PTAA tend to degrade faster leading to a reduced Jsc and PCE. We will
discuss this later in more detail. For Me-4PACz the interlayer improves the Voc strongly. The average values
increase from 1.82V to 1.88 V with a maximum V¢ of 1.92V. In contrast, the FF and the Jgc decreases
slightly, leading in the end to a similar PCE distribution as without LiF. However, as mentioned before the
interlayer induces instabilities which will be shown later.

The best tandem solar cell at that time, which was a cell with Me-4PACz and LiF interlayer, was sent
to Fraunhofer ISE CalLab for independent certification. With a Vg of 1.9V, FF of 79.4% and a Jgc of
19.23 mA cm 2 the cell had a PCE of 29.01%, similar to our in-house  —V measurements. The certified value,
which is defined by the MPP-track of the cell, amounts to 29.15% and was a world record from January 2020
to December 2020. This value entered the well-known "Best Research-Cell Efficiency Chart" by the National
Renewable Energy Laboratory (NREL) as well as the "Solar cell efficiency tables".[9, 17] The certificate can
be found in appendix D. This PCE is on par with the highest single-junction solar cell (GaAs) with the same
area of ~1 cm? and approaches the theoretical limit of silicon single-junction solar cells.[8] Figure 18A shows
the J — V measured at Fraunofer ISE CalLab and for comparison the best  — V achieved with PTAA (i.e.
without LiF interlayer).

The photogenerated current densities, extracted from EQE measurements (Figure 18B), reveal that the
cell is perovskite limited with Jpp perovskite = 19.41 mA em™2 and JPh,Silicon = 20.18 mA cm~2. However, as
described in section 6.1, the loss in PCE due to the reduced Jgc is partially compensated by a higher FF. The
high cumulative current density of 39.59 mA cm~2 and low reflection loss of 2.57 mA cm™2 is a result of the
optical optimization thoroughly described in section 6.1.
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Figure 18: Performance and operational stability of tandem solar cells. (A) J -V curve of the best
tandem solar cell with PTAA and Me-4PACz(+LiF). The latter was measured at Fraunhofer ISE. (B)
External quantum efficiency spectrum of the certified tandem solar cell including the reflection (denoted
as 1-R). The values given in mA cm ™2 are calculated using AM15g illumination. (C) Long-term MPP-track
of non-encapsulated tandem solar cells measured in air. The given numbers denote the efficiency after
300h or 90 h (for PTAA+LiF). From [99]. Reprinted with permission from AAAS.

After certification we continued fabricating devices and achieved a slightly higher PCE with Me-4PACz
without LiF interlayer. As expected, the Voc of 1.87V is lower without the LiF interlayer but the high FF
of 81% enabled a stabilized efficiency of 29.32% (see Figure 17). Thus the record efficiency (though yet not
certified) could also be realized without the LiF interlayer.

As described above, we found stable PL spectra if the perovskite is deposited on 2PACz and Me-4PACz,
whereas the latter shows a stable spectrum even at high intensities. To evaluate whether the stability of the
film can be transferred to a higher operational stability of tandem solar cells, we measured the performance
of different tandem solar cells for 300 hours. In order to measure the long-term stability of tandem solar
cells, a proper light source is necessary. However, typical setups make use of single white light sources,
which do not represent the AM1.5g spectrum sufficiently. Although we elaborated in section 6.1 that the
PCE is not too sensitive to current-mismatch conditions, for stability measurements it is important to have
the correct and stable conditions over the long period of tracking to ensure similar mismatch conditions.
Elsewise, the wrong subcell might be limiting, which can affect the long-term stability. In the worst case,
a usually (under perfect AM1.5g illumination) perovskite limited tandem solar cell would be tracked by
illuminating the cell with a light source with low NIR intensity, rendering the silicon cell limiting. Thus, a
degradation of the perovskite might be underestimated and could lead to wrong conclusions. With the single
white light sources, it is not possible to adjust the photogenerated current density in the subcells to imitate
AM1.5g illumination. To address this problem, we, in corporation with the University Ljubljana, developed a

52



bichromatic LED light source to enable full control of the illumination spectrum. The light source consists
of two different LED types. Blue LEDs with a peak emission wavelength of 470 nm will generate charge
carriers in the perovskite without affecting the silicon subcell. NIR LEDs with a peak emission wavelength
of 940 nm will generate a photocurrent in the silicon subcell without affecting the perovskite subcell. To
enable homogeneous illumination over an area of 7.5 cmx7.5 cm, an LED array of 144 blue and 49 NIR LEDs
were simulated, designed and fabricated. The intensity can be controlled individually and is set as described
in section 5.2. To account for any intensity fluctuations, the intensity is measured for each LED type with
selective photodiodes.

The non-encapsulated tandem solar cells are placed in ambient conditions on a vacuum copper block
which is cooled to 25 °C. The maximum power point was tracked using voltage perturbation and is recorded
every 5 minutes. However, to account for measurement noise, the following PCE values are average values
over 60 minutes (i.e. initial values are the average values of 0 min to 60 min, whereas the values after 300 h
are the average values of the points recorded between 299 h and 300 h). The relative humidity was tracked
as well and amounted to 30% to 40%.

As described previously, tandem solar cells with PTAA and LiF interlayer degrade fast, which is also
represented in this MPP-track. After only 90 h the PCE decreased to 74.5% of its initial value. With 2PACz,
the tandem solar cell operated after 300 h still at 87.6% of its initial PCE. As expected, the tandem solar
cell with Me-4PACz shows the best stability after 300 h with still 95.5% of the initial PCE. Comparing
this result to state-of-the-art stability tests of non-encapsulated tandem solar cells in ambient conditions,
where the cells retained 90% of initial PCE after 61 hours[92] and 92% after 100 hours[105], our Me-4PACz
tandem solar cell showed a superior operational stability. However, there are some reports demonstrating
excellent tandem stability of encapsulated tandem solar cells even under harsh conditions such as elevated
temperatures or high relative humidity.[92, 107]

Additionally, we tracked a tandem solar cell with Me-4PACz and LiF interlayer. Unambiguously, the LiF
interlayer worsens the long-term stability. As described in other reports, the decrease in stability might be
caused by deterioration of the electrodes and Cgg interface upon migration of Li* and F~ ions.[152—155]

In addition to the long-term MPP-tracks, we tracked a tandem solar cell with Me-4PACz (without LiF
interlayer) at elevated temperatures. Following the procedure carried out by Jost et al., the temperature was
successively increased from 25 °C to 85 °C and back to 25 °C in 15 °C steps. At each temperature the cell was
held for at least 15 minutes. After this procedure, which took approx. 200 min, the cell had the same PCE as
before, despite the increased Br content in the perovskite.

6.2.5 Extraction of Subcell Performance

One downside of monolithic tandem solar cells is that the subcells are not individually measurable. Thus, it
is difficult to give information about the performance of the subcells, especially in the exact tandem config-
uration with e.g. fixed bottom cell surface topography. EQE spectra are the only measurement disclosing
information about the subcells which is used in nearly all multijunction publications. In addition, we used
hyperspectral absolute photoluminescence imaging to access the QFLS of the individual subcells.[156] The
evaluation of the PL spectra reveals that the silicon and perovskite subcell delivers a QFLS of 0.72eV
and 1.18 eV, respectively. This is in excellent agreement with the V¢ of 1.90V obtained by a J —V mea-
surement. Figure 19A and B show the integrated photon flux of the perovskite and silicon subcell under
1-sun illumination using excitation wavelengths of 455 nm and 850 nm for the perovskite and silicon subcell,
respectively.

Although this gives slightly more insight into the performance of the subcells, the maximum power
point and FF for example are still unknown. Ideally the FF values of both subcells are equally high to have
simultaneously current matching an power matching (c¢f. section 2.9.3). Hence, it is desirable to measure
the Jypp.

To evaluate the performance of the subcells in more detail, we measured injection-dependent elec-
troluminescence (EL). The injected current, which flows equally through both subcells, cause radiative
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Figure 19: Subcell analysis by photoluminescence and injection-dependent electroluminescence
(A-B) Integrated photon flux from photoluminescence imaging of the perovskite (A) and silicon (B) subcell
at 1-sun intensity. The excitation wavelengths are 455 nm and 850 nm for the perovskite and silicon
subcell, respectively. (C) Reconstructed subcell J —V characteristics generated from injection-dependent
electroluminescence measurements. To cover the entire voltage range, the perovskite subcell was fitted
using a one-diode model. Furthermore, the reconstructed and measured tandem JJ —V curve is shown.
The parameters of each curve are given. (D) Simulated / — V curves according to equation 2.21 with
different series resistance values as given in the legend. The circles represent the maximum power points.
(A-C) From [99]. Reprinted with permission from AAAS.

recombination from which the QFLS (corresponds to the voltage) can be calculated. This was done for a
series of injected currents. The so generated current density - voltage pairs assemble reconstructed dark
J —V curves for the perovskite and silicon subcell. Reconstructed light JJ — V¢, curves were then generated
by shifting the dark J —V curves of the perovskite and silicon subcell by the respective J/py,. Caution needs
to be taken as a series resistance will generate a difference between the shifted dark J -V and the J -V
curve measured under illumination.[157] Especially the Vo of the shifted dark J — V will be overestimated
then. However, the performed method to reconstruct the dark J —V does not include the series resistance
as the internal voltage is used instead of the external voltage. The reconstructed subcell J — V. curves
are shown in Figure 19C as open symbols. To access the entire range, the perovskite subcell was fitted
with a one-diode model using the ideality factor nip = 1.26 as extracted from the Suns-Vpc measurements
described above. With this, we are able to access the performance of the individual subcells excluding the
series resistance. The reconstructed tandem J —V is generated by adding the voltages of the subcells for
each current density (as explained in section 2.9.3). The comparison of the reconstructed and under the solar
simulator measured tandem </ —V curve shows mainly two differences: (i) The reconstructed curve shows a
slightly higher shunt resistance. On the one hand this might be an effect of very small pinholes which affect
the measured J —V curve differently than the injection dependent EL measurements. In the EL images
these tiny shunts might not be visible and therefore they would not affect the reconstructed  — V. On the
other hand, the curve at voltages below Vypp is reconstructed by injecting low currents (reminder: the curve
was generated by shifting the dark / — V). The low current leads to a low amount of emitted photons and
thus, to a larger measurement error. Additionally, metrologically induced fluctuations in the injected current
may occur, increasing the measurement error as well. (ii) In the measured J —V, the series resistance is
included, whereas it is not included in the reconstructed curve. Therefore, the PCE of 31.7% and FF of 87.8%
for the reconstructed curve can be seen as the maximum value which can be achieved if the series resistance
can be optimized until it does not have a substantial contribution anymore.

54



As the series resistance does not have a major effect on the Jypp (see Figure 19D; For comparison: The
slope around V = V¢ of the measured tandem solar cell is ~5 () cm), it is possible to extract the Jypp for
the subcells with sufficient precision. The Jypp values of the perovskite and silicon subcell amount to 17.99
and 19.31 mA cm 2. Hence, adjustments such as increasing the current density in the perovskite while
decreasing the current density in the silicon are necessary to enable the same Jypp.

Although there might be a small error for the Jypp values due to the difference in the shunt resistance
between the measured and reconstructed tandem / —V curve, the error should be small enough to get
sufficient precision.

To estimate the PCE potential, we conducted SPICE (Simulation Program with Integrated Circuit
Emphasis) simulations with one-diode models for each subcell as we have done in section 6.1. The parameters
were extracted by fitting the reconstructed subcell J —V curves.

Assuming the same cumulative current density of 39.3mA cm™2 as obtained by EQE and AM1.5g
illumination, we found a maximum PCE of 32.43% if the subcells are current matched. However, as
elaborated in section 6.1 and apparent from these simulations, the PCE is not too sensitive to small
mismatch conditions. Even if the mismatch amounts to +1.2mA cm™2, the PCE is still above 32%.
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Figure 20: Electrical simulation to identify optimum performance conditions. Simulations are
based on Simulation Program with Integrated Circuit Emphasis (SPICE) and two one-diode models were
connected in series to create the tandem solar cell model. The parameters for the subcells were extracted
by fitting the subcell J —V curves shown in Figure 19C. The ideality factor for the perovskite was fixed to
1.26, obtained by Suns-Voc measurements described previously. From [99]. Reprinted with permission
from AAAS.

6.2.6 Conclusion

In summary we presented Me-4PACz, a new superior self-assembled monolayer molecule which shows a high
level of interface passivation leading to a high PLQY and thus V¢ and a fast hole-extraction speed enabling
high FF values. The new hole-selective contact provides improved phase stability demonstrated with
prolonged photoluminescence measurements at high illumination intensities, despite using a wide-bandgap
perovskite (Eg=1.68 eV) with increased amount of bromide.
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These advantages are transferred to into monolithic perovskite/silicon tandem solar cells, where different
hole-selective layers are compared. As expected from the superior properties in single-junction solar cells,
also in tandem solar cells, Me-4PACz leads to highest efficiencies. We achieved high FF values of up to 81%
and high V¢ values up to 1.92V. Consequently, with a certified PCE of 29.15% we set a new world record
for this kind of solar cell.

We demonstrated the improved phase stability using a newly designed aging setup to properly measure
long-term MPP-tracks of tandem solar cells. The non-encapsulated tandem solar cell with Me-4PACz
retained 95.5% of its initial PCE after 300 hours continuous operation.

To evaluate the performance of the individual subcells, we used injection-dependent electroluminescence.
This advanced characterization method enables us to reconstruct and analyze the subcell J —V curves
without the influence of the series resistance. To validate the method, we calculated the tandem J —V from
the reconstructed subcell J —V curves and found good agreement between the measured and reconstructed
tandem solar cell. However, a slight difference of the reconstructed and measured curve in the range of
1<V <1.7 occurs which leaves some room for improvement of this characterization method.

Ultimately we used the reconstructed subcell J —V curves to estimate the potential of this tandem solar
cell design. Electrical simulations using the parameters extracted from the reconstructed subcell curves
reveal that a PCE of 32.43% is achievable in the absence of serial losses for the herein used material and
layer stack.
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6.3 27.9% Efficient Monolithic Perovskite/Silicon Tandems on Industry
Compatible Bottom Cells

This section is based on the work 27.9% Efficient Monolithic Perovskite/Silicon Tandem Solar Cells on
Industry Compatible Bottom Cells’ published by Eike Kohnen, Philipp Wagner, Felix Lang, Alexandros
Cruz, Bor Li, Marcel Rol3, Marko Jost, Anna B. Morales Vilches, Marko Topi¢, Martin Stolterfoht, Dieter
Neher, Lars Korte, Bernd Rech, Rutger Schlatmann, Bernd Stannowski and Steve Albrecht in Solar RRL,
5:2100244, 2021. doi:10.1002/s01r.202100244.

In this study, we demonstrate monolithic perovskite/silicon tandem solar cells on bottom cells which are
more compatible to industrial production. These bottom cells are based on czochralski silicon, are ~3-fold
thinner compared to typical laboratory cells and have a rough front side as no chemical-mechanical polishing
is applied. We compare the results of these bottom cells to laboratory-typical bottom cells. The thinner
bottom cells necessitate to change the bandgap or thickness of the top cell if current matching conditions
should be maintained. On the one hand, a wider bandgap can enable higher Vo values. On the other hand,
widening the perovskite’s bandgap comes typically along with reduced stability due to halide segregation.
Systematic optical simulations reveal the optimum balance of perovskite thickness, bandgap and bottom cell
thickness to enable maximum Jg¢ values for flat and textured front sides.

6.3.1 Introduction

As described in section 3.3 and demonstrated in section 6.1 and 6.2, perovskite/silicon tandem solar cells have
experienced an excellent improvement of the PCE in a very short time. Nonetheless, this technology is not
commercially available, yet. There are well-known hurdles which are addressed with an increasing interest
such as upscaling and long-term stability. However, all in section 3.3 listed tandem solar cells (where data is
available), make use of silicon bottom cells which are not relevant for industrial production. The bottom
cells used in these laboratory tandem cells are made from floatzone (FZ) silicon with mostly mechanically
polished front sides and thicknesses above 250 um which is not industry relevant for three reasons: (i) FZ
silicon is not used in industry. Instead, the czochralski method will remain the main method for growing
silicon ingots.[5] (ii) Chemical-mechanical polishing (CMP) to planarize the front side is time consuming
and expensive. Hence, this step should be omitted by using saw damage etched or textured surfaces. The
latter is favorable due to optical advantages and is addressed in a couple of publications.[92, 94, 107, 111]
However, typical spin-coated devices (which is not compatible with regular texture) enable still higher PCE
values (see section 3.3 and 6.2). (iii) The absorption of silicon for photon energies just above the bandgap, i.e.
in the infrared (IR) part of the spectrum, is relatively poor. For tandem cells however, where the top cell will
absorb most of the higher energy photons, the IR response of the bottom cells is crucial.[101, 158] Hence,
the bottom cell thickness in most publications on perovskite/silicon tandem solar cells is 260 pum to 300 pwm,
whereas according to current market forecasts, the industry-relevant thickness for n-type monocrystalline
silicon is just 140 um to 150 um (as cut) in 2022.[5]

Therefore, we demonstrate monolithic perovskite/silicon tandem solar cells based on thin non-polished
n-type CZ silicon. More precisely, we used (100)-oriented 130 um thick (as-cut) saw damage etched n-type
CZ-silicon wafers with a specified resistivity of ~5 () cm (in the following termed “CZ-based "). As a reference,
we use (100)-oriented 280+20 um thick FZ wafers with a CMP front side and a resistivity of ~3 () cm (in the
following termed "FZ-based ). The complete FZ and CZ-based bottom cells had thicknesses of 280 um and
100 um, respectively. See section 4 for more details.

6.3.2 Tandem Solar Cells with Different Bottom Cells

The topography of the bottom cells was measured using confocal 3D laser scanning microscope (CLSM) for
the CZ bottom cell to aquire a large area. Because of the very flat surface for the FZ-based bottom cell,
the CLSM leads to visual artifacts. Hence, we used atomic force microscopy to analyze the surface of the
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FZ-based bottom cells. The root mean square roughness values amount to 1 nm and 736 nm, whereas the
maximum height values are 9nm and 7.7 um for the polished FZ and non-polished CZ based bottom cell,
respectively. Although the maximum height of 7.7 um is more than 10 times higher than the thickness of the
perovskite absorber (500-700 nm), the lateral dimension of the features is large enough (typically several 10
to 100 um) to enable complete coverage during spin coating.

Because of higher reproducibility (see section 6.2), we used 2PACz as hole-selective layer. The perovskite
with a nominal composition of Csg ¢5(MAg.23FAg 77)Pb(Brg 231p.77)3 has a bandgap of 1.68 V. As the tandem
solar cells have been perovskite limited in the study presented in section 6.2, we increased the thickness of
the perovskite by using ethylacetate instead of anisole as antisolvent. To achieve highest V¢ values, we
utilized a LiF interlayer between the perovskite and Cgg. The top cell is fabricated identically on both types
of bottom cells. More details on the fabrication can be found in section 4. The generic stack of the complete
tandem cell is shown in Figure 10C.

To monitor the process, opaque perovskite single-junction solar cells with an active area of 0.16 cm? were
fabricated together with the tandem solar cells. The median performance values (10 devices) for opaque
perovskite single-junctions are 78.5% for the fill factor (FF), 20.3mA cm™2 for the short-circuit current
density (Jsc), 1.2V for the open-circuit voltage (Vo) and 19.3% for the PCE. A maximum efficiency of 19.9%
with a V¢ of 1.21V was obtained in this p-i-n type configuration, which is among the highest PCE and
Voc values for perovskite cells typically used as top cells in two-terminal perovskite/silicon tandem solar
cells.[159]
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Figure 21: Tandem solar cells based on czochralski and floatzone silicon (A) External quantum
efficiency (EQE) and reflection (denoted as 1-R) spectra of the best tandem solar cells utilizing floatzone
(FZ) and czochralski (CZ) silicon for the bottom cells. The perovskite top cell is fabricated identically on
both types of bottom cells. Furthermore, photogenerated current densities Jpy, calculated with AM1.5¢g
illumination are given. (B) J —V characteristics of the respective tandem solar cells under AM1.5¢g
illumination including the PV parameter for J — V scanning in both bias directions.

The EQE spectra in Figure 21A shows an identical response for the perovskite subcell on both types of
bottom cells. Hence, the Jpp, perovskite Values of 19.56 and 19.44 mA cm ™2 for the CZ- and FZ-based devices
are almost the same. In contrast, the utilization of a thinner bottom cell reduces the response in the
near-infrared wavelength range. As a result, the Jpy silicon of the CZ-based device is with 17.81 mA cm ™2
lower than the value for the FZ-based device (19.08 mA cm™2).! Consequently, the expected Jgc will be
lower for the CZ-based device. The lower absorption of NIR light in the thin silicon bottom cell increases
the amount of light which is reflected at the rear side of the tandem cell. As elaborated in section 6.1, the

iThese Jpp, values differ from the values presented in section 6.2, because a new IZO target was used which was not optimized
when the samples were fabricated.
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increased current mismatch will increase the FF. Furthermore, thinner silicon wafers lead to higher Vp¢
values due to a decreasing total recombination current density.[8]

To quantify the gain in Vg¢ due to thinner silicon bottom cells, we simulated silicon single-junction solar
cells with both types of utilized wafers with the program Quokka3. The Jpy, is used as typically achieved in
tandem solar cells. The simulated improvement in Vgc amounts to 17 mV when using thinner CZ-based
bottom cells. Even though the FF is also affected by the thickness and grow method, based on the simulations
the configurations used in this study should deliver the same FF of 82.5% to 83%, .

Summarizing, the tandem solar cells with CZ-based bottom cells are expected to have lower Jgc due to
thinner wafer and lower NIR response, higher Vo due to lower recombination current density and higher
FF due to increased current mismatch.

The J —V characteristics of the best devices (in terms of PCE) shown in Figure 21B verify our expectations.
The reference cell based on FZ-Si has a Jgc of 19.13mA cm ™2, Voc of 1.89V, and FF up to 78.0% and as a
result a PCE of 28.15%. The tandem solar cell based on thin CZ-Si shows a high FF value of 80.89%, which
partially compensates the lower Jgc of 17.81 mA cm™~2. Together with an increased Vo which amounts up to
1.94V, the CZ-based tandem solar cell has a PCE of 27.89%. Thus, this value is just 0.26 percentage points
below the reference cell. The maximum FF achieved with the CZ-based tandem solar cell is 81.15%, which
is to the best of our knowledge the highest reported value for this tandem technology. Three CZ- and four
FZ-based tandem solar cells reveal the same median PCE of 27.8% for both types.

The V¢ difference of 30 to 40 mV for the devices shown in Figure 21B is slightly higher than expected
from the simulations of the silicon bottom cells. To analyze the V¢ in more detail, we measured absolute PL
and extracted the QFLS for the perovskite and silicon subcells. The intensity of the laser which selectively
illuminates the top or bottom cell was set to match with the Jpy, values of the respective subcell. The
perovskite subcell delivers the same QFLS on both bottom cell types and amount to 1.20 eV, which is
consistent with the Vg of the perovskite single-junction reference cells. The QFLS of the silicon subcell in
the FZ-based device is ~690 meV. The resulting sum of the perovskite and silicon subcell amounts to 1.89 eV,
which matches well with the Vgoc of 1.90V to 1.91V measured for this specific sample. The QFLS of the
silicon bottom cell in the CZ-based device is ~710 eV. The enhancement of ~20 meV agrees well with the
simulated increase of 17 mV. The cumulative QFLS of ~1.91 eV matches with the measured V¢ of 1.92 to
1.92V. Therefore, we account the previously mentioned improvement of up to 40 mV to a sample-to-sample
variation. To elaborate more on this, a larger amount of cells would be needed to improve the statistical
evaluation but this will not be covered in thus study.

To exclude any structural changes in the perovskite due to different surface topographies of the bot-
tom cells, X-Ray diffraction (XRD) measurements were conducted. The XRD patterns acquired for the
HSL/perovskite stack deposited on the different bottom cells reveal similar crystallization of the perovskite
films on both surfaces. A minor difference appears around 32.8°, which we attribute to the IngO3 recombina-
tion layer instead of the perovskite layer.

To analyze the improvement in FF for the CZ-based devices in more detail, we measured both, FZ-
and CZ-based devices with the exactly same mismatch. To enable this, the intensity in the near-infrared
wavelength range for the CZ-based device was increased to enhance the Jpy, silicon. Thus, the Jpp Perovskite
and Jpy, silicon for the CZ-based device match with the values from the FZ-based device obtained by EQE
(and AM1.5g illumination). The similar FF values for both device types under the same mismatch conditions
strongly suggests that the enhancement in FF under AM1.5¢g illumination mostly stems from the difference
in mismatch conditions.

An advanced way to analyze the subcells in more detail was presented in section 6.2 using injection-
dependent EL. However, this would be beyond the scope of this study as the combination of the EQE and PL
is sufficient (for this work) to gain knowledge about the subcell performance.

We tracked the long-term stability of one CZ- and two FZ-based devices for 1000 h using the home-built
tandem aging setup as described in section 6.2. Initially, the PCE values were 27.6% (CZ), 28.15%(FZ)
and 27.4% (FZ). As all cells are initially perovskite photocurrent-limited and we assume that mainly the
perovskite is degrading, we expect that all cells will behave similarly. Besides the Jypp and Vypp from
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Figure 22: Performance of tandem solar cells under same mismatch conditions. (A) J -V char-
acteristics of CZ- and FZ-based tandem solar cells under the same mismatch conditions. The FZ-based
tandem solar cells is illuminated with the standard AM1.5g spectrum (i.e. same curve as in Figure
21B). The CZ-based tandem solar cell is illuminated with a NIR-enhanced spectrum to achieve the same
Jph,Silicon as in the FZ-based device. Hence, the Jpp, silicon and Jph perovskite Values in both cells are ~19.1
and ~19.5mA cm™2.

which we calculated the absolute PCE and normalized PCE, we added the measured cell temperature as
well as the measured relative humidity (RH). After 1000 h the cells operated at 67% (CZ), 70% (FZ) and 67%
(FZ) of their respective initial PCE values. As previously described in section 6.2, the LiF interlayer which
increases the Vg is not beneficial for long-term stability. The long-term stability could be enhanced using
MA-free perovskite compositions and/or incorporating chloride, as presented by Xu and Boyd et al.[106]
Interestingly, all tandem solar cells regardless of the bottom cell type seem to stabilize after ~500 h, mainly
because of a steady J\pp. Although these values do not represent the best stability, this is to date the longest
MPP-track for perovskite/silicon tandem solar cells. Additionally, this track should be a good example of
reporting long-term MPP-Tracks as it includes the cell temperature and RH. In the ideal case, the intensity
of the different LED types (blue and NIR) will be provided. Yet, there are challenges which need to be
addressed but in the near future we will be able to add the intensity of each LED type to have a measure for
the mismatch.

6.3.3 Optical Simulations

The reduced Jpp silicon for thinner bottom cells necessitates adjustments if current matching (or power
matching) should be maintained. Although we demonstrated in this study and in section 6.1 that the PCE is
not too sensitive to small mismatch conditions, it makes sense to keep current matching under standard
test conditions (STC). On the one hand, reducing the mismatch by increasing the perovskite’s bandgap will
ideally increase the PCE due to increased Vo leading in the end eventually to the exactly same PCE for
thin and thick bottom cells. On the other hand, as demonstrated by Aydin et al., the temperature of the solar
cell will alter the mismatch conditions, too. Hence, if the cell will be mismatched under STC, the mismatch
might increase further for elevated cell temperatures, reducing the PCE

To achieve these matching conditions, the thickness of the perovskite can be reduced to enable more light
being transmitted to the silicon subcell. Efficiency-wise the more favorable way is to increase the perovskite’s
bandgap as this would simultaneously result in higher V¢ values. However, caution needs to be exercised
as the wider bandgap typically leads to reduced stability due to phase segregation.[80, 136] To quantify the
needed bandgap and/or thickness, we performed optical simulations for 100 um and 280 um thick silicon
bottom cells. The optical parameters for the perovskite were extracted from spectral ellipsometry for a
perovskite composition with a bandgap of 1.63 eV. To cover a bandgap range from 1.63eV to 1.78 eV, the
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Figure 23: Long-term MPP track. Performance of FZ- and CZ-based tandem solar cells tracked for
1000 hours. The cells were continuously illuminated and tracked using the tandem ageing setup described
in section 6.2. Besides the performance of the tandem solar cells, the tracked cell temperature and
relative humidity is given. During the measurement, the setup had to be stopped for 10 min and moved,
which caused the data noise around 680 h (labeled with "Transfer’).

refractive index n and extinction coefficient 2 were shifted along the wavelength axis as it was done in
previous publications.[126, 127] For each bandgap, the thickness was varied between 700 and 1500 nm
as the perovskite thickness should be thick enough to enable current matching with wide bandgaps and
with that high V¢ values. Highly efficient solar cells with such thick perovskite layers have already been
reported.[72, 105, 107, 160]

Figure 24 shows which top cell bandgap is needed to obtain current matching conditions as a function
of the perovskite thickness and bottom cell thickness. If the perovskite’s thickness is increased from
700 to 1500 nm, the top cell bandgap needs to be widened by 0.047 eV for both bottom cell thicknesses.
Additionally, we found that a reduction of the bottom cell thickness from 280 um to 100 um, as experimentally
presented in this study, requires to widen the perovskite’s bandgap by 0.02 eV, regardless of the perovskite
thickness. Simultaneously, the Jpp matched, Which is equal in the top and bottom cell, is reduced from 19.64
to 19.14 mA cm ™2, independent of the perovskite thickness. This means for example that the perovskite’s
bandgap (if its thickness is 700 nm) needs to increase from 1.69eV to 1.71 eV if the thinner bottom cell is
used. The higher Vg from both, bottom and top cell (40 to 50 mV) will exactly compensate the reduced
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Figure 24: Optical simulation of tandem solar cells. Ideal perovskite bandgap which is needed to obtain
current matching conditions as a function of the perovskite thickness. The simulations were performed
for 100 um and 280 pm thick silicon.

Jsc (when assuming that Jpy matched = Jsc). To maintain the same PCE, the FF needs to stay constant
regardless of the perovskite’s thickness. Ultimately, a trade-off between high Jg¢ (thick silicon, low top cell
bandgap) and high Vg (thin silicon, high top cell bandgap) needs to be made. Finding the optimum bottom
cell thickness will be subject for future work.

We performed the same simulations using double-side textured silicon with a conformally deposited top
cell. As previously simulated and experimentally demonstrated,[31, 92, 94, 135] the additional front-side
texture reduces reflection and removes interference patterns, enabling higher Jp}, and Jgc values. The exact
same pattern was found, as shown in Figure 24: The utilization of 100 um silicon instead of 280 um requires
to widen the top cell bandgap by ~0.02 eV while the Jg¢ will decrease from ~20.44 to 19.95 mA cm 2.

6.3.4 Conclusion

We demonstrated perovskite/silicon tandem solar cells based on industry-relevant silicon bottom cells,
namely 100 um thin CZ-wafers with a saw damage etched front side (i.e. without chemical-mechanical
polishing) and a textured rear side. For comparison, we fabricated tandem cells based on 280 pm thick
FZ-wafers with a chemical-mechanical polished front side, which are commonly used in laboratory-scale
tandem devices. The CZ-based tandem cells have PCE values of up to 27.89%, which is just slightly below
the maximum value of 28.15% for FZ-based tandem cells. However, the median PCE of 27.8% indicates
equal performance for both bottom cell types. The median Vpc increases from 1.89V (max. 1.91V) for the
FZ-based cells to 1.92V (max. 1.94V) for the CZ-based cells, explained by the higher Vo of the thin CZ
bottom cell. Simultaneously, thinner silicon bottom cells present a lower EQE in the infrared region, leading
to a lower photogenerated current density and, thus, a lower Jgc (19.1 vs. 17.8 mA cm™2). The increased
mismatch, when using an identical top cell, results in improved FF values (77.2 vs. 80.9%) with a maximum
FF of 81.15%.

Long-term MPP-tracking demonstrates that the non-encapsulated tandem solar cells perform at 67%
(CZ) and 67 to 70% (FZ) of their initial PCE values after 1000 h. Although this is not the highest stability,
it is the first MPP-track of perovskite/silicon tandem solar cells which lasted for 1000 h in air and sets a
first benchmark. We performed optical simulations to find current matching conditions for the 100 um
and 280 um silicon bottom cells with planar and textured front sides. The perovskite bandgap needs to be
widened by ~0.02 eV when using a 100 um thin silicon wafer instead of the commonly used thickness of
280 um. Simultaneously, the expected Jgc reduces by ~0.5mA cm™2. The higher V¢ from both top and
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bottom cell together (40 to 50 mV) will exactly compensate the reduction in Jgc.

Although we give a guide for the design of the perovskite thickness and bandgap depending on the
thickness of the silicon bottom cell, there exist other effects, which alter the practical optimum top cell
bandgap. On the one hand, a highly luminescent perovskite top cell will emit photons due to radiative
recombination, which will be absorbed in the silicon bottom cell enhancing the Jpp silicon and leads to
a relaxed requirement for current-matching conditions.[161] Furthermore, in outdoor application, the
temperature of the tandem solar cell will differ from the 25 °C used as standard test condition (STC). The
optical bandgap of both perovskite and silicon will change depending on the temperature. It was found that
a lower top cell bandgap (at STC) is required if the cell operates at elevated temperatures.[94] Another effect
which decreases the perovskite’s bandgap is the transition from a monofacial to a bifacial solar cell. The
additional light which enters the solar cell from the rear side, will be absorbed in the silicon bottom cell
enhancing its Jpn. Thus, every bit of additional light will decrease the optimum top cell bandgap.[111]

Hence, we cannot give a general optimum perovskite bandgap as it depends on several conditions.
However, here we give a further effect which needs to be taken into account with care when designing
monolithic perovskite/silicon tandem solar cells.
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7 Summary & Outlook

This thesis was motivated by the emergence of perovskite solar cells, which explored an impressive improve-
ment in PCE but also in scalability and stability since the first publication in 2009 with a PCE of 3.8%. Just
11 years later, in 2020, the PCE increased to 25.5% in laboratory scale, approaching the same level as the
silicon technology.

Instead of competing with well-developed silicon solar cells, perovskite, with its excellent optoelectronic
properties such as the tunable bandgap can be combined with silicon to tandem solar cells. These tandem
solar cells can surpass the fundamental efficiency limit of single-junction solar cells. As the perovskite cell
can potentially be fabricated inexpensively, this technology gives the oportunity to reduce the levelized cost
of electricity and makes photovoltaic even cheaper and more attractive.

In 2015, the first perovskite/silicon tandem solar cell was presented with a PCE of 13.7%. Two years
later, in 2017, when the work on this dissertation started, the PCE was already increased to 23.6%.

In this dissertation the PCE of monolithic perovskite/silicon tandem solar cell using a p-i-n perovskite
top cell and a silicon heterojunction bottom cell was further improved to a world record level and on the way,
the stability was improved, too. To enable this, advanced characterization methods were used to thoroughly
analyze complete tandem solar cells, single-junction solar cells or just parts of a solar cell such as individual
interfaces. To measure long-term stability of tandem solar cells properly, a new setup was designed and
fabricated.

In the following, the main conclusions of the studies will be presented and discussed. The last section
will address the prospective of this technology and will give a brief overview on what needs to be addressed
to improve the technology further and enable commercialization.

7.1 Summary

In section 6.1, we presented thoroughly the optical optimization of tandem solar cells with a p-i-n perovskite
top cell and a front-side polished silicon heterojunction bottom cell. The initial efficiency of 25.0% was
certified independently. However, the PCE was limited by a low Jgc because of high reflection and substential
mismatch of the subcell current densities. The nanocrystalline silicon oxide, the n-type contact of the silicon
bottom cell, was initially optimized for silicon single-junction solar cells. However, as in tandem solar cells
just the near infrared part of the spectrum is absorbed in the silicon bottom cell, we adjusted the thickness
of the layer to improve the response in the tandem-relevant wavelength range. To reduce the parasitic
absorption and with that increase the amount of light which can be absorbed in the photoactive materials,
we reduced the thickness of the front TCO. However, to maintain good conductivity, the thickness must
stay above a certain value to ensure the necessary sheet resistance. By adjusting the spin-coating speed,
we were able to reduce the photogenerated current density in the perovskite while increasing it in the
silicon subcell. With that we reduced the current mismatch. Lastly, the deposition temperature of the tin
oxide was reduced to enable less harmful conditions for the perovskite. Implementing all optimizations
enabled a PCE of 26.0% with a high cumulative photogenerated current density of 39.5 mA cm =2, which
approached the value of double-side textured tandem solar cells. While the Jg¢ indeed increased due to
reduced reflection and current mismatch, the fill factor was reduced substantially, too. To analyze this in
more detail, we illuminated the optimized tandem solar cell with various spectra using an LED based solar
simulator to enable different current-matching conditions. We found that the FF had a minimum close to
current-matching conditions. Hence, mismatched subcells reduced the Jgc but the increased FF partially
compensated the loss in PCE, which made these devices less sensitive to small current mismatches. We
validated our findings by electrical simulations. Although we found a good agreement between simulated
and experimental data for perovskite and silicon single-junction solar cells, the simulated tandem solar cell
revealed a higher FF compared to the measured tandem solar cell. More sophisticated characterization
methods are needed to analyze the performance of the subcells in tandem solar cells and to simulate these

64



devices properly. However, if the tandem solar cell can be optimized to follow the simulations, a PCE of
29.0% is achievable under current-matching conditions and negligence of losses due to series resistance.

While we developed tandem solar cells with high cumulative current densities, we further focused
on improving the FF and Vpc. Instead of optimizing the perovskite itself, we worked in section 6.2 on
an improved hole-selective contact. Hence, we used the typical triple-cation perovskite but increased the
bandgap from 1.63 eV to 1.68 eV by increasing the bromide fraction. The wider bandgap enabled higher Vp¢
values. First we measured and compared properties of the interface between the perovskite and hole-selective
layer using various hole-selective layers. Self-assembling monolayer molecules such as MeO-2PACz and
2PACz enabled superior properties. which led to higher FF and V¢ values compared to the typically used
PTAA. Additionally, we implemented a new SAM, Me-4PACz, with longer chain between anchor group and
conjugated fragment that contains a methyl functional unit. It enabled the same high level of passivation as
the previously reported 2PACz but allowed faster hole extraction and hence, led to improved FF values of up
to 84% in single-junction solar cells. Despite the increased amount of bromide, the good passivation and fast
charge extraction inhibited phase segregation. These properties were analyzed in detail using cutting edge
characterization methods. We compared all three SAMs and PTAA in tandem solar cells. As expected, 2PACz
and MeO-2PACz performed better in terms of PCE than PTAA. However, due to the superior properties
of Me-4PACz, tandem solar cells with this hole-selective layer achieved highest PCE values. To validate
our measurements, one of the cells was sent for independent certification. The certified PCE of 29.15% set
a new world record for this tandem technology at the time of certification in early 2020. To evaluate the
improved stability, we specifically designed and fabricated a new setup which enabled proper illumination of
the tandem solar cells for long-term stability tests. After 300 hours, the non-encapsulated tandem solar cell
with Me-4PACz as hole-selective layer had still 95.5% of its initial efficiency, while all other types of tandem
solar cells experienced more degradation. Driven by the difficulty to measure the performance of the subcells
independently in a monolithic tandem stack, we used an advanced characterization to analyze the subcells.
With injection-dependent absolute electroluminescence, we were able to reconstruct the subcell J —V curves.
Lastly, electrical simulations using parameters extracted from the reconstructed subcells revealed that our
device design is able to achieve a PCE of 32.43% if the series resistance can be reduced and current matching
can be achieved.

All reported pervoskite/silicon tandem solar cells are based on thick bottom cells fabricated from floatzone
(FZ) silicon. Additionally, most of the devices have a chemical-mechanical polished (CMP) surface to enable
spin coating. Although these bottom cells enable high PCE values, they are not compatible with industry
production. In section 6.3 we fabricated tandem solar cells with bottom cells which are more compatible
to industry. The bottom cells were fabricated from the much thinner czochralski (CZ) grown silicon with a
non-CMP (i.e. rough but not textured) front side. The thinner silicon bottom cell increased the Voc while the
reduced spectral response in the near infrared wavelength range reduced the photogenerated current density
in the silicon bottom cell. Hence, the mismatch increased which led to an elevated FF, as studied previously.
A PCE of 27.89% achieved with the CZ-based tandem solar cells was just below the 28.15% enabled on
laboratory typical bottom cells using thick FZ silicon with highly planarized front-side surfaces. The reduced
spectral response of the silicon bottom cell when using thin CZ silicon can be further compensated by
increasing the top cell’s bandgap, which in the ideal case leads to an increases Vpc. Systematic optical
simulations revealed that the bandgap needs to be widened by 0.02 eV if the bottom cell thickness is reduced
from 280 um to 100 um and current-matching conditions should be maintained. This has a very important
implication for the development towards optimized top cell bandgaps as higher bandgaps typically suffer
from halide segregation and strong interface recombination. Therefore, the study gave important guidelines
next to other factors such as luminescent coupling and operation temperature influenced bandgaps, on the
proper bandgap. Consequently, the industry compatible bottom cells can potentially enable the same high
PCE values as the laboratory typical bottom cells.
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7.2 Outlook

Perovskite/silicon tandem solar cells experienced an impressive development. From the first demonstration
in 2015 with a PCE of 13.7% it took just 5 years until in 2020 the theoretical silicon single-junction solar cell
limit was surpassed with an certified tandem efficiency of 29.5%.

Although this high PCE attracts a lot of attention, several issues need to be addressed before this
technology might enter the market with commercial applications. On the one hand, as identified here with
various approximations and simulations, the experimental realized PCE is still lower than predicted values.
Although the detailed balance limit is ~46%, setting a fundamental PCE limit for tandem solar cells, a
practical limit of 35% within the next years is expected.

A lot of work was done in optimizing the Jgc as well as the V. Despite highly efficient tandem solar
cells with a planar front side can achieve high Jgc values, tandem solar cells with textured bottom cells and
conformally deposited perovskite layers are desired as they show superior optical performance in outdoor
application where the cells are illuminated from various angles. Some of these devices were realized using a
hybrid deposition method. However, the moderate fill factor of the perovskite top cell limits the PCE of the
tandem solar cells. Also co-evaporation is a promising method which enables conformal deposition of the
perovskite. Despite the demonstration of highly efficient single-junction solar cells on planar surfaces, the
deposition on textured surfaces still remains challenging. Further investigation is needed to understand
the properties of the perovskite on textured surfaces in more detail and ultimately optimize the perovskite
deposition to enable highly efficient fully textured tandem solar cells.

Furthermore, investigations of the fill factor in tandem solar cells are scarce. As demonstrated in
this dissertation, especially the region around the maximum power point does not follow the electrical
simulations. Continued research is needed identify the losses leading to a reduced fill factor. Advanced
characterization methods to analyze the subcells of tandem solar cells, as demonstrated in this dissertation
could help determining this loss. On the one hand this understanding could help reduce this loss and hence
improve the PCE, on the other hand it would enable proper electrical simulations which is highly important
for detailed analysis.

Figure 25 shows the last 201 tandem solar cells fabricated by the author of this dissertation as a scatter
plot. For the impact of the short-circuit current density Jgc, open-circuit voltage Vo and fill factor on the
PCE a linear fit is shown from which the coefficient of determination R? is calculated. The values reveal
that the fill factor strongly determines the the PCE, which highlights that in the future the optimization of
the fill factor should be intensified to enable higher tandem PCE values.

Although the concept of multijunction solar cells itself reaches higher PCE values than single-junction
solar cells, these cells can be combined with other concepts like up- and down-conversion, hot carriers or the
generation of multiple electron-hole pairs per photon to further increase the PCE.

Besides the improvement of the PCE, there are other aspects which need to be addressed before
commencing industrial production of perovskite/silicon tandem solar cells. Highly efficient tandem solar cells
have typically an area of ~1 cm?. For the compatibility with conventional silicon wafer sizes, the large-area
depositions of the perovskite top cell needs to be enabled. Obviously, a sufficient long-term stability needs to
be provided. Furthermore, for real-world application, the device design will change. First, the larger area
will require a proper metallization to collect the charge carriers. In small laboratory devices, the metal is
typically deposited via thermal evaporation and does not necessarily comprise grid fingers. However, in
industry-scale applications, the metal grid is usually screen-printed. Hence, a perovskite-compatible screen
printing process needs to be provided, which includes chemical as well as thermal compatibility. As tandem
solar cells will deliver just ~50% of the current density of silicon single-junction solar cells, the grid design
can be adjusted. For instance an increased finger spacing will reduce the consumption of metal as well as
losses due to shading. Lastly, encapsulation is required to protect the solar cells from environmental impacts
such as humidity but also mechanical stress. Besides the required compatibility of this process with the
tandem solar cells, the addition of an encapsulation will alter the impinging spectrum and hence, requires
one to readjust the optical performance of the entire stack including the encapsulation.
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Figure 25: Tandem performance displayed as scatter plot. Scatter plot of all tandem solar cells
fabricated by the author of this dissertation since July 2019. The 402 data points include the parameters
extracted from J —V scans in both bias directions (i.e. 201 devices). For the influence of the short-circuit
current density (Jgc), open-circuit voltage (Voc) and fill factor (FF) on the power conversion efficiency
(PCE), a linear fit is shown from which the coefficient of determination (R?) is calculated. Note that
these tandem solar cells include diverse variations like the perovskite bandgap, perovskite composition,
antisolvent, bottom cell type, etc.

Although there are other tandem technologies which already enable higher PCE values, the required
materials for perovskites solar cells are cheap and the process temperatures are comparably low, making
the combination of perovskite and silicon a potential candidate to reduce the levelized cost of electricity of
photoviltaics.
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Artiom Magomediv, Amran Al-Ashouri, Ernestas Kasparavicius, Steve Albrecht, Vytautas Getautis,
Marko Jost, Tadas Malinauskas, Lukas Kegelmann, Eike Kéhnen
DE 10 2018 115 379 B3 2019.10.10.

Applied 26.06.2018. Issued 10.10.2019

— International follow-up application of item above: "Hole-transporting Self-organized Monolayer
for Perovskite Solar Cells".
PCT/EP2019/060586, 25.04.2019, pending

¢ "Perowskit-Mehrfachsolarzelle mit Multischichtsystem als Verbindungsschicht".
Amran Al-Ashouri, Steve Albrecht, Eike Kohnen, Marcel Rof3, Marko Jost, Lukas Kegelmann, Artiom
Magomedov, Vytautas Getautis, Tadas Malinauskas.
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— International follow-up application of item above: "Perovskite Multi-Junction Solar Cell Having
Multi-Layer System as Connection Layer".
PCT/EP2020/067252, 19.06.2020, pending
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B Evolution of two-terminal perovskite/silicon tan-
dem solar cells

’ Date (publication or announcement) PCE (%) First author Literature
24.03.2015 13.7 Mailoa [15]
27.10.2015 18.1 Albrecht [96]
19.12.2015 21.2 Werner [97]
17.02.2017 23.6 Bush, Palmstrom [16]
11.06.2018 25.2 Sahli [92]
15.06.2018 25.2 Mazzarella [101] (anounced)
25.06.2018 27.3 OxfordPV [102]
28.08.2018 25.0 Bush [162]
24.10.2018 25.4 Chen [163]
25.10.2018 25.5 Jost [31]
20.12.2018 28.0 OxfordPV [103]
12.03.2019 25.1 Nogay, Sahli [135]
10.05.2019 26.0 Koéhnen [104]
09.09.2019 27.5 Albrecht announced at EUPVSEC 2019
24.01.2020 26.1 Chen, Yu [105]
29.01.2020 29.2 Al-Ashouri, K6hnen [99] (anounced)
06.03.2020 25.7 Hou, Aydin, De Bastiani [107]
06.03.2020 27.0 Xu, Boyd [106]
10.04.2020 26.2 Kim, Jung, Park [148]
08.05.2020 25.1 Schulze [164]
11.08.2020 23.8 Subbiah, Isikgor [165]
14.09.2020 25.1 Aydin [94]
21.12.2020 29.5 OxfordPV [166]
11.01.2021 25.2 De Bastiani [111]
21.04.2021 28.2 Kohnen [167]
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1. Beschreibung des Kalibriergegenstandes

Description of the calibrated object
Das Messobjekt ist eine Tandem-Solarzelle . Typ: Perowskit/Silicium.
The device under test is a perovskite-silicon tandem solar cell.

2. Messverfahren

Measurement procedure

Die Kalibrierung des Kalibrierobjektes wird gemaR /1/ mit einem Zweilampen-DC-Sonnensimulator durchgefihrt. Die
Einstrahlung wird mit Hilfe einer Monitorzelle wadhrend der gesamten Messdauer aufgenommen und deren
Schwankungen bezlglich der Messung korrigiert. Die Divergenz der Randstrahlen ist < 5°. Die Solarzelle wird auf
einem Vakuumprobentisch thermisch stabilisiert.

The calibration of the test sample was performed at Standard Testing Conditions (STC) with a dual light steady-state
solar simulator according to /1/. The irradiance is controlled with a monitor cell during the measurement in order to
correct fluctuations. The divergence of the peripheral beams is < 5°. The solar cell is kept at a constant temperature on

Rickfiihrung der Referenzsolarzellen/Traceability of the reference solar cells :

Identitdts-Nr. / Kalibrierschein-Nr./ Ruckfuhrung/
Identity-Nr. : Certificate-Nr. : Traceability :
007-2012 47149-PTB-17 PTB
011-2012 47146-PTB-17 PTB

Die Korrektur der spektralen Fehlanpassung (Mismatch), die durch die Abweichung der spektralen Verteilung des
Sonnen Simulators vom Standard-Spektrum AM1.5G /3/ in Kombination mit den verschiedenen spektralen
Empfindlichkeiten von Referenzzelle und Messobjekt entsteht /4/, wurde durch eine erweiterte Mismatchberechnung
/4/ - wie in /2/ beschrieben - korrigiert.

Dazu wurde die spektrale Verteilung der Bestrahlung (Sonnensimulator) mit einem Spektralradiometer und die
spektrale Empfindlichkeit des Messobjektes mit einem laserbasierten Messplatz /5/ gemessen (s. Kalibrierschein Nr:
9003085HMI0418).

The spectral mismatch - caused by the deviation of the simulator spectrum from the standard spectrum AM1.5G /3/ in
combination with the difference between the spectral response of the reference cell and that of the device under test
(DUT) — is calculated by a generalized mismatch correction /3/ as described in /2/.

For the spectral mismatch correction the spectral distribution of the solar simulator is measured with a
spectroradiometer, the spectral response of the DUT is measured with a laser-based setup according to /5/ (cf.
Calibration Mark: 9003085HMI0418).

Der Pypp wurde durch MPP-Tracking tiber 420s bestimmt. Der angegebene P, ist der Mittelwert der letzten 300s
dieser stabilisierten Messung. AnschlieBend wurde die IV-Kennlinie in zwei Richtungen (V. -> lsc und Igc -> V()
aufgenommen.

The P, was determined by MPP-Tracking for 420s. The reported P,,,, represents the average value of the last 300s
of this stabilized measurement. Afterwards, the IV-curve was determined with a scan in both directions (Vg -> Isc and

lsc-> Vo).

88



Seite 3/6

—
e ~ Fraunhofer

ISE
_/.
CalLab %
PV Cells //‘
Die Rickfuihrung der Spektralmessung auf SI-Einheiten erfolgte Gber den Vergleich mit einer Standardlampe.

The traceability of the measurement of the spectral distribution to SI-Units is achieved using a standard lamp for the
calibration of the spectroradiometer.

10003085HMI10418

Identitdts-Nr. / Kalibrierschein-Nr./ Ruckfuhrung/
Identity-Nr. : Certificate-Nr. : Traceability :
BN-9101-451 40002-14-PTB PTB

3. Messhedingungen

Measurement conditions
Standardtestbedingungen (STC) / Standard Testing Conditions (STC) :

Absolute Bestrahlungsstarke /

2
Total irradiance : 1000 W/m

Temperatur des Messobjektes / - o
Temperature of the DUT :
Spektrale Bestrahlungsstérke /

Spectral irradiance distribution : AML.5G Ed.2 (2008)

Die Messung der IV-Kennlinie (Strom-Spannungs-Kennlinie) des Messobjektes erfolgt mit Hilfe eines Vierquadranten-
Netzteiles und eines Kalibrierwiderstandes.
The measurement of the IV-curve is performed with a 4-quadrant power amplifier and a calibration resistor.

4. Messergebnis

Measurement results

Flache / Area (da)1: = ( 0.7709 * 0.013 )cm?
I (t) = total area, (ap) = aperture area, (da) = designated illumination area /7/

Kennlinienparameter des Messobjektes unter Standardtestbedingungen (STC) / IV-curve parameter under Standard
Testing Conditions (STC) :

Vorwértsrichtung / Ruckwartsrichtung / MPP-Tracking /

forwards scan direction reverse scan direction MFPP-Tracking
Ve = ( 17808 + 11.9) mV (. 1S = 11.8) mVv
Isc (Ed.2-2008) = ( 11373 -z 0.26 ) mA ( 13.73 = 0.26 ) mA
Iupp = 12.92 mA 12.91 mA ( 12.89 + 0.33 ) mA
Vurp = 1488.2 mV 1481.9 mV ( 14940 =+ 252) mV
Pupp = 10.24 mwW 19.14 mw ( 19.25 + 0.51) mw
FF = 78.64 % 78.36 %
n = 24.95 % 24.82 % ( 2497 + 0.73) %
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Angegeben ist jeweils die erweiterte Messunsicherheit, die sich aus der Standardmessunsicherheit durch
Multiplikation mit dem Faktor k=2 ergibt. Sie wurde gemaR dem "Guide to the expression of Uncertainty in
Measurement" ermittelt. Sie entspricht bei einer Normalverteilung der Abweichungen vom Messwert einer
Uberdeckungswahrscheinlichkeit von 95%.

The expanded measurement uncertainty resulting from the standard measurement uncertainty multiplied with a
factor k=2 is specified. The calculation was carried out according to the "Guide to the expression of Uncertainty in
Measurement". The value corresponds to a Gaussian distribution denoting the deviations of the measurement value
within a probability of 95%.

5. Zusatzinformationen
Additional information
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(PV) device
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Hinweis: Es ist nicht gestattet, ohne die schriftliche Genehmigung des ISE CalLab PV Cells den Werkskalibrierschein
auszugsweise zu vervielfaltigen.

Note: This proprietary calibration report may not be reproduced other than in full. Extracts may be taken only by the
written permission of ISE CalLab PV Cells.
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1. Beschreibung des Kalibriergegenstandes

Description of the calibrated object

Das Messobjekt ist eine Tandem-Solarzelle . Typ: Perowskit/Silicium.
The device under test is a perovskite-silicon tandem solar cell.

2. Messverfahren

Measurement procedure

Die Kalibrierung des Kalibrierobjektes wird gemaR /1/ mit einem Zweilampen-DC-Sonnensimulator durchgefihrt.
Die Einstrahlung wird mit Hilfe einer Monitorzelle wahrend der gesamten Messdauer aufgenommen und deren
Schwankungen beziglich der Messung korrigiert. Die Divergenz der Randstrahlen ist < 5°. Die Solarzelle wird auf
einem Vakuumprobentisch thermisch stabilisiert.

The calibration of the test sample was performed at Standard Testing Conditions (STC) with a dual light steady-state
solar simulator according to /1/. The irradiance is controlled with a monitor cell during the measurement in order to
correct fluctuations. The divergence of the peripheral beams is < 5°. The solar cell is kept at a constant temperature

Ruckfuhrung der Referenzsolarzellen/Traceability of the reference solar cells :

Identitats-Nr. / Kalibrierschein-Nr./  [Riickfihrung/
Identity-Nr. : Certificate-Nr. : Traceability :
040-2002 47115-PTB-18 PTB
022-2012 47114-PTB-18 PTB

Die Korrektur der spektralen Fehlanpassung (Mismatch), die durch die Abweichung der spektralen Verteilung des
Sonnen Simulators vom Standard-Spektrum AM1.5G /3/ in Kombination mit den verschiedenen spektralen
Empfindlichkeiten von Referenzzelle und Messobjekt entstent /4/, wurde durch eine erweiterte
Mismatchberechnung /4/ - wie in /2/ beschrieben - korrigiert.

Dazu wurde die spektrale Verteilung der Bestrahlung (Sonnensimulator) mit einem Spektralradiometer und die
spektrale Empfindlichkeit des Messobjektes mit einem laserbasierten Messplatz /5/ gemessen (s. Kalibrierschein Nr:
9003155HMI0919).

The spectral mismatch - caused by the deviation of the simulator spectrum from the standard spectrum AM1.5G /3/ in
combination with the difference between the spectral response of the reference cell and that of the device under test
(DUT) —is calculated by a generalized mismatch correction /3/ as described in /2/.

For the spectral mismatch correction the spectral distribution of the solar simulator is measured with a
spectroradiometer, the spectral response of the DUT is measured with a laser-based setup according to /5/ (cf.

Der Py,pp wurde durch MPP-Tracking liber 300s bestimmt. Der angegebene Py, ist der Mittelwert von 325-625s
dieser stabilisierten Messung. AnschlieBend wurde die IV-Kennlinie in zwei Richtungen (Ve -> Isc und Isc -> V()
aufgenommen.

The Py, was determined by MPP-Tracking for 300s. The reported P,,,, represents the average value of the range
325-625s of this stabilized measurement. Afterwards, the IV-curve was determined with a scan in both directions
(Voc-> Isc and Igc-> Vo).
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Die Ruckfuihrung der Spektralmessung auf SI-Einheiten erfolgte Gber den Vergleich mit einer Standardlampe.
The traceability of the measurement of the spectral distribution to SI-Units is achieved using a standard lamp for the
calibration of the spectroradiometer.

Identitdts-Nr. / Kalibrierschein-Nr./ Ruckfuhrung/
Identity-Nr. : Certificate-Nr. : Traceability :
BN-9101-451 40002-14-PTB PTB

3. Messbedingungen

Measurement conditions
Standardtestbedingungen (STC) / Standard Testing Conditions (STC) :

Absolute Bestrahlungsstérke /

Total irradiance : 1000

W/m?
Temperatur des Messobjektes /

Temperature of the DUT : 2 ¢

Spektrale Bestrahlungsstarke /

Spectral irradiance distribution : AML5G d.2 (2008)

Die Messung der IV-Kennlinie (Strom-Spannungs-Kennlinie) des Messobjektes erfolgt mit Hilfe eines Vierquadranten-
Netzteiles und eines Kalibrierwiderstandes.
The measurement of the IV-curve is performed with a 4-quadrant power amplifier and a calibration resistor.

4. Messergebnis
Measurement results

Fliche / Area (da): = ( 1.0599 + 0.0066 )cm?

I (t) = total area, (ap) = aperture area, (da) = designated illumination area /7/
Kennlinienparameter des Messobjektes unter Standardtestbedingungen (STC) / IV-curve parameter under Standard

Testing Conditions (STC) :

Vorwartsrichtung /
forwards scan direction

Ruckwartsrichtung /

reverse scan direction steady state MPP

Ve = ( 19003 + 127)mV ( 18946 + 127)mV
Isc (Ed.2 - 2008) = ( 2038 + 039)mA ( 2040 :+ 039)mA

Trige = 18.83 mA 18.75 mA ( 1911 & 040) mA
Ve = 1633.0 mv 1625.3 mv ( 16166 + 366) mV
Pupe = 30.74 mw 30.47 mw ( 3090 & 085)mw
FF = 79.40 % 78.85 %

n = ( 2915 + 082)%
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Angegeben ist jeweils die erweiterte Messunsicherheit, die sich aus der Standardmessunsicherheit durch
Multiplikation mit dem Faktor k=2 ergibt. Sie wurde gemaR dem "Guide to the expression of Uncertainty in
Measurement" ermittelt. Sie entspricht bei einer Normalverteilung der Abweichungen vom Messwert einer

Uberdeckungswahrscheinlichkeit von 95%.

The expanded measurement uncertainty resulting from the standard measurement uncertainty multiplied with a
factor k=2 is specified. The calculation was carried out according to the "Guide to the expression of Uncertainty in
Measurement". The value corresponds to a Gaussian distribution denoting the deviations of the measurement value
within a probability of 95%.

5. Zusatzinformationen
Additional information
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Hinweis: Es ist nicht gestattet, ohne die schriftliche Genehmigung des ISE CalLab PV Cells den Werkskalibrierschein
auszugsweise zu vervielfaltigen.

Note: This proprietary calibration report may not be reproduced other than in full. Extracts may be taken only by the
written permission of ISE CalLab PV Cells.
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E Publication: Highly efficient monolithic per-
ovskite silicon tandem solar cells: analyzing the
influence of current mismatch on device perfor-
mance

The following pages contain the publication addressed in section 6.1.

* Publication:
Eike Kohnen, Marko Jost, Anna Belen Morales-Vilches, Philipp Tockhorn, Amran Al-Ashouri, Bart
Macco, Lukas Kegelmann, Lars Korte, Bernd Rech, Rutger Schlatmann, Bernd Stannowski, and Steve
Albrecht. Highly efficient monolithic perovskite silicon tandem solar cells: analyzing the influence of
current mismatch on device performance. Sustainable Energy & Fuels, 3(8):1995-2005, 2019.

https://doi.org/10.1039/C9SE00120D

¢ Author contribution:

EK.,M.J, PT, AA. and Lu.K. developed and optimized the perovskite solar cell fabrication process;
E.K. fabricated the tandem devices, performed the J/-V, EQE, Hall and UV-Vis measurements and
optimized the top contact; A.B.M.V,, La.K. and B.S. developed and optimized the silicon-heterojunction
solar cell fabrication process and fabricated bottom cells; B.M. and E.K. optimized the SnOg process and
performed and analyzed spectroscopic ellipsometry measurements; E.K., P.T. and A.A. performed the
optical and electrical simulations; E.K. drafted the manuscript; All authors participated in proofreading
and correcting; B.R., R.S., B.S. and S.A. initiated and supervised the project.

Reproduced from Ref. [104] with permission from the Royal Society of Chemistry.

This is an open access article under the terms of the Creative Commons Attribution License (CC BY 3.0:
https://creativecommons.org/licenses/by/3.0/).
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Metal halide perovskites show great promise to enable highly efficient
and low cost tandem solar cells when being combined with silicon.
By careful optimization of the tandem design, Kbhnen and coworkers
enabled the highest yet scientifically published efficiency of 26.0%

for monolithic perovskite / silicon tandem solar cells. In addition,

the team also measured tandem current voltage characteristics and
extracted the fill factor (FF) under various illumination spectra, to
imitate the illumination over the course of the day. Interestingly, the
reduction in photocurrent for spectral changes occurring during the
course of a day is partially compensated by an enhancement of the
FF, compensating the otherwise reduced efficiency.
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Eike K&hnen, €2*2 Marko Jost, {22 Anna Belen Morales-Vilches, 2°

Philipp Tockhorn,® Amran Al-Ashouri, 2 Bart Macco, & °® Lukas Kegelmann, &2
Lars Korte, @29 Bernd Rech, £ @ Rutger Schlatmann, € ° Bernd Stannowski (2
and Steve Albrecht*®

Metal halide perovskites show great promise to enable highly efficient and low cost tandem solar cells
when being combined with silicon. Here, we combine rear junction silicon heterojunction bottom cells
with p—i—n perovskite top cells into highly efficient monolithic tandem solar cells with a certified power
conversion efficiency (PCE) of 25.0%. Further improvements are reached by reducing the current
mismatch of the certified device. The top contact and perovskite thickness optimization allowed
~2, enabling a remarkable tandem PCE of 26.0%, however with
a slightly limited fill factor (FF). To test the dependency of the FF on the current mismatch between the

increasing the Jsc above 19.5 mA cm

sub-cells, the tandems' J-V curves are measured under various illumination spectra. Interestingly, the
reduced Jsc in unmatched conditions is partially compensated by an enhancement of the FF. This
finding is confirmed by electrical simulations based on input parameters from reference single junction
devices. The simulations reveal that especially the FF in the experiment is below the expected value and
show that with improved design we could reach 29% PCE for our monolithic perovskite/silicon tandem
device and 31% PCE if record perovskite and silicon cell single junctions could be combined in tandem

Received 25th February 2019
Accepted 9th May 2019

DOI: 10.1039/c9se00120d

rsc.li/sustainable-energy solar cells.

Introduction

The well-established technology of silicon solar cells dominates
the photovoltaic market. With a current record power conver-
sion efficiency (PCE) of 26.7% on interdigitated back contacted
silicon heterojunction solar cells (SHJ),"* silicon solar cells are
approaching their theoretical efficiency limit of 29.4%.* To
exceed this limit significantly, multiple absorbers with different
band gaps can be combined into a multijunction solar cell
architecture to exploit the solar light more efficiently than
a single junction. Due to excellent optoelectronic quality in

“Helmholtz-Zentrum Berlin fiir Materialien und Energie GmbH, Young Investigator
Group Perovskite Silicon Tandem Solar Cells, 12489 Berlin, Germany. E-mail: eike.
koehnen@helmholtz-berlin.de; steve.albrecht@helmholtz-berlin.de
*Helmholtz-Zentrum Berlin fiir Materialien und Energie, PVcomB, 12489 Berlin,
Germany

‘Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513,
5600 MB Eindhoven, The Netherlands

“Helmholtz-Zentrum Berlin fiir Materialien und Energie GmbH, Institute for Silicon
Photovoltaics, 12489 Berlin, Germany

“Technical University Berlin, Faculty IV - Electrical Engineering and Computer Science,
10587 Berlin, Germany

1 Electronic  supplementary
10.1039/c9se00120d

information  (ESI) available. See DOI:

polycrystalline films, tunable optical band gap and potentially
low-cost fabrication, metal halide perovskites are promising
candidates for tandem applications.*” Besides low band gap Sn-
based perovskites®® and Cu(In,Ga)Se, (CIGS),'*** crystalline
silicon cells are well suited for tandem integration with perov-
skite absorbers. The latter combination is the most extensively
studied perovskite-based tandem technology, with several
groups reporting power conversion efficiencies above 25%,*”
a certified record PCE of 28%," and predicted efficiencies above
30%. .18

The monolithic integration of a perovskite top cell on
a silicon bottom cell is challenging due to material and pro-
cessing restrictions. So far, mostly silicon heterojunction (SHJ)
bottom cells are utilized due to the well-passivated c-Si wafer
surface which leads to high open circuit voltages (Vocs).»>7*°
Recently, the p-i-n architecture for perovskite top-cells pre-
vailed over the n-i-p architecture, especially due to temperature
limitations of the SHJ cell (200 °C), which prevents the use of
high temperature process, such as sintering of mesoporous
Ti0,.”*** Although there are possibilities to deposit the n-type
contact at lower temperatures,” and use temperature stable
bottom cells,***® strong absorption of the p-type top contacts
was reported for n-i-p architectures.*” An efficient device
design was presented by Bush et al., who mitigated these losses
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by utilizing a p-i-n top cell architecture with reduced parasitic
absorption in the n-type top contact. By implementing an ALD
SnO,, buffer layer in the top contact, the sensitive underlying
layers were protected from damage induced by the subsequent
sputter deposition of the top electrode, enabling a PCE of
23.6%.?® Later on, Sahli et al. used the same polarity and
a similar top contact and demonstrated the use of a hybrid
sequential fabrication enabling a conformal growth of the
perovskite on top of a textured silicon bottom cell. The reduced
reflection in the tandem solar cell led to a short circuit current
density (Jsc) of 19.5 mA cm > and a certified PCE of 25.2%.* At
the same time, a tandem cell with planar front side was certified
with similar PCE of 25.2%, also using p-i-n top cells and
implementing a n-type nc-SiO,:H interlayer that increases light
in-coupling into the Si bottom cell, resulting in a Jsc above
19 mA cm™>.%?° By grain engineering and additionally adjusting
the band gap of the perovskite absorber, a PCE of 25.4% was
achieved in the p-i-n top cell configuration by Chen et al. in
2018.> A PCE of 25.5% was published along with detailed
analysis of the influence of textured interfaces, depending on
their position in the cell stack, using a well-developed tandem
solar cell and an anti-reflective foil attached on top of the cell.®
Recently, Oxford PV disclosed a certified PCE of 28% for
perovskite/silicon tandem solar cell, however, without giving
any details about the materials and the structure used.*®

Despite these impressive efficiency improvements of mono-
lithic perovskite/silicon tandem solar cells, the experimentally
realized efficiencies are still far behind the predicted maximum
values.*'** In addition, there is still insufficient insight into
how the individual sub-cells influence each other. One example
is dependency of the fill factor (FF) on the difference between
the Jscs of the sub-cells (in the following: mismatch m). This
effect has already been investigated for other tandem technol-
ogies, such as GaInP,/GaAs a-Si:H/pc-Si:H or a-Si:H/a-Si:H,
showing a mismatch dependent FF and emphasizing the need
of power matching (i.e. same Jypp for both sub-cells) instead of
current matching (i.e. same Jg¢ for both sub-cells).**"** The issue
was also theoretically addressed for perovskite/silicon tandem
cells,’® but for this device layout, detailed investigations and
experimental results are lacking. Despite the difference between
power and current matching conditions, the latter can be used
as a first approximation for maximum power and is easier to
extract from standard EQE measurements. The current match-
ing conditions can be affected during outdoor operation by
temporal and weather spectral changes. A tandem cell being
current matched at AM1.5G illumination does not necessarily
lead to the highest energy yield over time.** Furthermore,
different degradation of the sub-cells could lead to a varying
mismatch over time. Therefore, it is important to analyze and
understand the performance of a monolithic tandem solar cell
as a function of the current mismatch.

Results and discussion

In this work, the development of an optically and electrically
optimized n-type front contact with reduced reflection and
parasitic absorption is demonstrated. This is achieved by the
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following adjustments: first, a good balance between conduc-
tivity and transparency of the indium zinc oxide (IZO) top
electrode is found by fine-tuning the oxygen concentration
during sputtering. Second, a SnO, buffer layer that is deposited
via ALD, enables a good electron-selective contact for the p-i-n
top cell. This top contact optimization leads to a certified PCE of
25.0% at a high FF approaching 80%, but with highly
unmatched current densities of the sub-cells. In order to enable
tandem solar cells with improved current matching, the tandem
solar cells are further optimized optically: the thicknesses of the
nc-SiO,:H, the perovskite absorber, and the IZO front electrode
are fine-tuned to achieve photocurrents well above 19 mA cm 2.
In addition, reducing the ALD processing temperature increases
the FF in the perovskite top cell. With both optimizations,
a stabilized PCE of 26.0% is achieved which is higher than the
highest reported two-side contacted c-Si single junction PCE."**
Further reduction of the front IZO thickness enabled a Jgc of
19.77 mA cm 2 for the limiting sub-cell and a cumulative
photocurrent Jperorsi > 40 mA cm™ 2, even for planar front sides.
In addition, we investigate the behavior of the highly efficient
monolithic tandem solar cell as a function of current mismatch.
Varying the incident spectrum using a LED based sun simu-
lator, we show that the FF of the tandem solar cell is signifi-
cantly affected by the current mismatch when reducing or
enhancing the intensity of the blue wavelength range of inci-
dent light. The FF reaches its minimum when the sub-cells are
close to current matching. This is highly important for precise
energy yield analysis as the FF enhancement under non-
matching conditions mitigates the PCE loss that would be ex-
pected on the basis of Jsc loss.' Electrical simulations validate
the change in FF by using parametrized single junction refer-
ence parameters with a single diode equivalent circuit. The
simulations predict a higher FF than obtained experimentally in
our tandem solar cell, which highlights that further under-
standing and optimization of the recombination contact is
needed to achieve higher efficiencies. In our case, the ideal
series connection would lead to a PCE of 29%. In addition, over
31% could be realized if performance metrics from record
perovskite and silicon cells single junctions could be combined
in a tandem solar cell.

Fig. 1a and b display a stack of a typical monolithic
perovskite/silicon tandem solar cell used in this work. The cross
sectional SEM image shows the textured backside of the bottom
cell (lower panel) and the top cell (upper right panel) recorded
with the in-lens detector. The image obtained with the energy
selective backscattered (ESB) detector (upper left panel) espe-
cially highlights the PTAA layer, which is not resolvable with the
in-lens detector. As bottom cell, a rear-junction SHJ solar cell
with a textured rear side and a planar front side is used. To
improve light in-coupling into the bottom cell, n-doped nc-
SiO,:H is utilized to create an electron-selective contact with
proper refractive index interfacing with a 20 nm thin indium tin
oxide (ITO) as recombination layer to interconnect both sub-
cells. The perovskite top cell with p-i-n architecture is utilized
in the following layer sequence with the light entering the top cell
from the LiF side: ITO/PTAA/perovskite/Ceo/SnO,/IZO/LiF. Both
charge-selective contacts, poly[bis(4-phenyl)(2,4,6-trimethylphenyl)
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(a) Colored cross sectional SEM image of the top cell (upper panel) and back side of the bottom cell (lower panel) of a typical monolithic

tandem solar cell used in this work. The left side of the top cell is recorded with an energy selective backscattered (ESB) detector, the right side
with an in lens detector. Note that scale bars in the top and bottom panel are different as indicated; (b) schematic device layout of the tandem
architecture utilized in this work. (c) Certified current density—voltage (J—V)-characteristics measured by Fraunhofer Institute for Solar Energy
Systems (ISE) with the certified performance parameters as displayed in the inset table. Steady state efficiency from 400 second maximum power
point (MPP)-tracking was 24.97%, see Fig. S3.1 (d) Measured external quantum efficiency and reflection spectra of the certified tandem solar cell
with integrated current densities and their sum as indicated. Additionally, the loss in current density due to parasitic absorption (as the difference

between sum of the EQE and 1-reflectance) and reflection are shown.

amine] (PTAA) and Ce, for holes and electrons, respectively,
were previously shown to be efficient in single-junction and
tandem devices,****® however, with a V¢ limited due to non-
radiative recombination losses.’” A perovskite absorber with
a so called “triple cation” composition with mixed cations and
mixed halides: Csg o5(MA g3FA¢.17)Pb(Io.83BI¢.17)3 was deposited
via the anti-solvent route.*® For semitransparent top cell inte-
gration, a 20 nm ALD SnO, is deposited at 100 °C. Instead of
using the pulsed CVD-mode, as reported recently,?® we are using
a true ALD mode in order to benefit from ALD merits such as
large-area uniformity and conformality. SnO, was implemented
to the top contact as a barrier and buffer layer. It prevents both
moisture and oxygen penetration into the solar cell, and
decomposition products of the perovskite like MAI from leaving
the layer,***° In addition, SnO, protects the underlying layers
from sputter damage.?® As a transparent conductive oxide (TCO)
that forms the transparent top electrode, sputtered IZO is
implemented. For current collection, a thermally evaporated
silver metal frame around the 9 x 9 mm? cell area is forming
the busbar without grid fingers. Finally, thermally evaporated
LiF serves as an anti-reflective coating. Fig. S27 shows a sche-
matic top view of the tandem solar cell. The use of a quadratic
aperture mask slightly decreases the active area to 0.7709 cm?.
To ensure a high FF, the top TCO needs to be highly
conductive. At the same time, the near infrared absorption
needs to be mitigated, so that the light can be absorbed in the
bottom cell. Adding 0.2%,,, oxygen during the sputter process of
IZO results in a good balance between transparency, conduc-
tivity and the optical band gap and is therefore used in our
optimized process. More details can be found in ESI note 1.t
The resulting tandem device, containing a 20 nm thick n-
type nc-SiO:H and SnO, processed at 100 °C deposition
temperature, was sent for independent certification to CalLab,
Fraunhofer Institute for Solar Energy Systems (ISE). Fig. 1c
displays the J-V characteristics reported by the certification lab;

a PCE of 25.0% was measured, stable during 400 seconds of
maximum power point tracking (see Fig. S3t). The device
exhibits virtually no hysteresis and the deviation between the
maximum power point parameters obtained from MPP tracking
and those from j-V measurement is negligible. The Voc 0f 1.78 V
is close to the cumulative sub-cell Vocs as expected from single
junction devices and to the Vocs found recently with similar
device architectures.*®” A FF of 78.6% is one of the highest
measured for a perovskite/silicon tandem solar cell and will be
discussed in more detail below. On the other hand, a Jsc of
17.81 mA cm ? indicates one of the limiting factors of the
certified tandem solar cell. This is further confirmed by the EQE
measurements, presented in Fig. 1d along with the total
reflectance of the device presented as 1-R. The photocurrent
densities are Jpero = 20.69 mA cm ™2 and Js; = 17.85 mA cm ™2 for
the perovskite top and silicon bottom cell, respectively. This
shows that the certified tandem device is strongly current-
mismatched with the silicon sub-cell being the limiting one.
Although the Jsc of a tandem solar cell can be higher than the
minimum Jgc of the sub-cells,*** for state of the art solar cells
the tandem Js¢ is expected to be very close to the minimum Jsc
of the sub-cells (limiting sub-cell). This is valid when the
limiting sub-cell (here: silicon) has a high shunt resistance.
Assuming this, the integrated current density Js; of 17.85 mA
cm~? measured in-house is in very good agreement with the
certified Jsc of 17.81 mA ecm ™2 measured at Fraunhofer ISE. The
mismatch m between Jpero and Jg; is more than 2.8 mA cm ™2,
which needs to be reduced in order to achieve higher PCEs.
Fig. 1d displays the sum of the EQEs (black line) and the
parasitic losses as the blue area between the sum and 1-R. The
parasitic losses are high in the UV and near infrared (NIR)
wavelength range and are below 1% on average between 550 nm
and 1000 nm. The integrated reflection losses amount to an
equivalent photocurrent of 4.65 mA cm > in the complete
wavelength regime; between 750 nm and 1050 nm, there are
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distinct reflection features with 1.9 mA cm™ reflection losses
only in this region. In order to extract parasitic losses for each
individual layer, an optical simulation was carried out using
GenPro4 (Fig. S47).* We find, that in the UV region, mostly IZO,
SnO, and Cg, absorb light, whereas in the infrared region the
photons are absorbed by the IZO at the front side, by the ITO
connecting the sub-cells and by the aluminum doped zinc oxide
(AZO) and silver (Ag) at the backside of the cell. The rather high
reflection losses and the strong current mismatch indicate that
further optical optimizations are required.

In order to further improve the tandem solar cell, a lower
temperature of the ALD SnO, process was first considered.
Exposing the perovskite for 1 h to 100 °C (in addition to the
perovskite annealing) might reduce the perovskite top cell
performance, thus limiting the tandem efficiency.**** There-
fore, we analyze the SnO, layer in terms of optical properties as
a function of deposition temperature. Fig. 2a shows that
changing the deposition temperature has an effect on the
optical properties of the deposited layer, as evidenced by the
shift in extinction coefficient and refractive index. At higher
temperatures, a higher absorption in the UV is measured and
the absorption onset becomes steeper. Simultaneously, the
refractive index increases. However, using optical simulations
including the measured differences in optical data, we find that
changing the deposition temperature in the range of 80 °C to
200 °C does not have a major effect on Jpero and Js; in our
tandem device (Fig. S5at). For higher deposition temperatures,
the EQE of the perovskite improves for wavelengths above
370 nm but also reduces below 370 nm as the absorption of the
SnO, increases in that wavelength range. Overall, the cumulated
current density Jpero+si 1S constant in the practically relevant
range of 80 °C to 120 °C (Fig. S5bt). More importantly, changing
the deposition temperature can have a strong effect on the
electrical performance. Therefore, semitransparent perovskite
solar cells with SnO, deposited at moderate temperatures of
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Fig. 2 (a) Optical properties of SnO, deposited via ALD at tempera-
tures from 80 °C to 200 °C. The refractive index (n, left axis) and
extinction coefficient (k, right axis) are extracted from spectroscopic
ellipsometry measurements using Tauc—Lorentz oscillators. (b and c)
FF and PCE for semitransparent perovskite solar cells with ALD SnO,
deposited at 80 °C, 100 °C and 120 °C. The cells have the same
architecture as the tandem cell without a LiF anti-reflective coating
and are illuminated through the 1ZO side. The corresponding Voc and
Jsc values are shown in ESI Fig. S6.}
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80 °C, 100 °C and 120 °C are fabricated and analyzed. The
results, depicted in Fig. 2b and c, indeed show a beneficial effect
on the FF by reducing the temperature from 120 °C to 80 °C,
which directly transfers to the change in PCE. The Vo and Jsc,
however, are hardly affected by the different deposition
temperatures of the ALD SnO, (see Fig. S6a and bt).

Additionally, the thickness of the top TCO in the tandem
stack, here IZO, has a significant influence on parasitic
absorption throughout the entire wavelength range. To analyze
the impact of top electrode thickness, an optical simulation of
the tandem stack with thicknesses of IZO between 60 nm and
130 nm in 10 nm steps is performed. Fig. S71 shows the simu-
lated gain in current density, which amounts to ~0.32 mA cm >
when reducing the thickness from 130 nm to 90 nm. Further
reducing the IZO thickness would be ideal to increase Jper, and
Jsi- However, reducing the thickness also leads to a higher sheet
resistance and might have a negative impact on the cell
performance, especially reduction of FF. Therefore, 90 nm was
used in the optimized device.

Apart from being the electron-selective contact layer for the
bottom SHJ solar cell the use of n-type nc-SiO,:H between the
perovskite and silicon absorber has two benefits: first, the
refractive index at 633 nm of around 2.7 is in between those of
the neighboring layers, which reduces reflection; second, this
reflection can be spectrally tuned when the layer thickness is
adapted for destructive interference in a particular wavelength
range. For the n-type nc-SiO,:H, a thickness of around 95 nm
was found both in simulations and experimental results to be
ideal for monolithic perovskite/silicon tandem solar cells.*>**
Thus, this thickness is implemented in the further development.

Finally, the thickness of the perovskite absorber is fine-tuned
by adjusting the spin coating speed to enable conditions closer
to current matching.*” Fig. S8t presents optical simulations
with varying perovskite thickness between 390 nm and 520 nm.
While Jperossi hardly changes, a thinner perovskite absorber
layer will transmit more light into the silicon bottom cell,
enhancing the Js;. As the sub-cell with the lower current
approximately determines the Jsc of the tandem cell,
a maximum tandem Jsc is expected for a perovskite thickness of
around 470 nm for our design.

All above described optimizations are implemented into
tandem solar cell devices and the results are shown in Fig. 3.
Indeed, the optical losses are reduced and the sub-cells enable
short circuit current densities closer to current matching. The
Jsc improved by 1.4 mA cm 2 to a value of 19.22 mA cm™ 2. The
Voc remained almost unchanged (1.77 V) while the FF is slightly
lower (76.6%). Overall, a stabilized PCE of 26.0% is achieved,
confirmed by a 5 minute MPP-track as shown in Fig. 3a. Fig. 3b
highlights the EQE spectra together with total reflectance
depicted as 1-R for the optimized tandem design. Due to
improved optics, interference patterns in the 800 nm to
1050 nm wavelength range are smoothened, reducing reflection
by more than 1 mA cm 2 and increasing Jsi. Compared to the
device shown in Fig. 1c and d, the improved device is much
closer to current matching, with only 0.9 mA cm™> mismatch. In
Fig. S9,7 EQE spectra of similarly fabricated single junction
silicon and perovskite cells are shown.
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(a) J-V-characteristics of the optimized tandem solar cell with the performance metrics and a 5 min. MPP-track. (b) External quantum

efficiency (EQE) and 1-reflectance (1-R) spectra of the same device. The integrated current densities are 20.19 mA cm™2 and 19.27 mA cm™2 for
the perovskite and silicon cell sub-cells, respectively. Additionally, the integrated loss currents from parasitic absorption and 1-R are shown.

To test the stability of these optimized tandem devices,
a similar tandem solar cell with comparable performance as
shown in Fig. 3 was glass/glass encapsulated with edge-sealant
and stored in ambient conditions. Due to different optics after
encapsulation, the PCE dropped from 26.0% to 24.6% mostly
because of additional reflection from the air/glass interface, as
compared to air/LiF. During 1000 h, the device was stored in
ambient air and light conditions (i.e. 19-21 °C and 50-90% RH)
and regularly MPP-tracked for at least 30 min at each data point.
The measurements were performed at 25 °C, ambient humidity
and under simulated full 1 sun AM1.5G illumination. The exact
spectrum is shown later in Fig. 4a. The PCE as function of time
is presented in Fig. S101 and found to be remarkably stable with
a relative PCE drop of less than 1% for the last measurement
after 1000 h of ambient storage.

As the optimized tandem device in Fig. 3 still shows current
mismatch and the Jpero+si Stays below 40 mA cm ™2, the optical
benefit of further reducing the front IZO thickness is tested. As
described above, Fig. S71 shows simulation results for thinner
front 1ZO. A Jperossi above 40 mA cm ™2 is only realized with 1ZO
thicknesses of around 60 nm. Consequently, a tandem solar cell
with this thin IZO layer is fabricated and the experimental
results are presented in Fig. S11.f Integrated current densities
from the EQE spectra up to 20.27 mA cm > for the top and
19.77 mA cm ™2 for the bottom cell are measured, which indeed
results in a Jperossi Of more than 40 mA cm 2. This current
density is comparable to values reported by Sahli et al.* for
a fully textured tandem cell but is still lower than the best Jsc of
silicon single junction cells (42.87 mA cm ™ ?).! If the Jperossi
would be equally distributed between Jper, and Js;, the tandem
cell with thin IZO would exceed a Jsc of 20 mA cm ™2, a remark-
able result for a planar front side tandem design. Due to a lower
FF, which is mainly a result of lower shunt resistance and
slightly higher series resistance - the latter due to higher ohmic
losses in thinner IZO - the stabilized PCE during MPP-tracking

is only 25.3% (see Fig. S11%). For the optimal performance with
thin IZO, metal fingers are necessary and to optimize the
resistive versus shading losses, opto-electrical simulations are
required,*® which is a subject of future work.

Comparing the two tandem solar cells, presented in Fig. 1
and 3, we observe a lower FF for the device that operates closer
to current matching. Besides the possibility of a cell-to-cell
variation, operating the sub-cells under strong non-matching
conditions should improve the tandem FF, as reported for
other tandem technologies.'®**** As a thorough understanding
of the influence of non-current matching conditions is impor-
tant for (a) device understanding and (b) energy yield analysis,
the FF of the best performing tandem solar cell shown in Fig. 3
is measured here for various illumination spectra, leading to
non-matching conditions. Using a LED-based sun simulator,
the intensity of individual LEDs can be adjusted while leaving
the others unchanged. Thus, the device can be measured under
different non-matching conditions m. As basis, the simulated
AM1.5G spectrum is used. To increase or decrease the irradi-
ance in the blue region, the intensities of two blue LEDs
(emission peaks centered at 420 nm and 440 nm) are changed,
while leaving all other LEDs constant to simulate the AM1.5G
spectrum. This way, only the current generation in the perov-
skite top cell is affected. Fig. 4a shows the utilized spectra
including the AM1.5G reference spectrum. The measurement
series starts with the highest intensity of blue light well above
the blue intensity in the AM1.5G spectrum. Then the intensities
of the two blue LEDs are decreased and a tandem J-V-curve for
each spectrum is measured. The raw data of the 26 measure-
ments are presented in Fig. S12, plotted against the spectrum
(measurement) number. The first and last J-V curve in the series
are measured under AM1.5G illumination and ensure that there
is no degradation of the cell and no drift of the spectrum during
the course of the series. As the intensity of the blue light
(i.e. current generation in the perovskite) decreases, the
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(a) Utilized spectra of the LED-based sun simulator. The illumination intensities of two selected LEDs emitting in the blue part of the

spectrum are adjusted in order to get a spectrum with a higher or lower intensity in the blue wavelength range, as compared to the AM1.5G. (b—d)
Short circuit current density, fill factor and PCE of the tandem solar cell from Fig. 4 as a function of the mismatch in calculated photogeneration
currents between the sub-cells. Additionally, the power density is shown when assuming that the FF = FF,;, and does not change with changing

mismatch.

hysteresis of the tandem cell starts increasing, revealing that the
hysteresis of the perovskite sub-cell is influenced by current
mismatch. Interestingly, the hysteresis is decreased after the
series is done. However, in the following, only the V¢ to Jsc
(reverse scan) measurements will be considered. The currents of
the sub-cells are calculated by integrating the sub-cell EQE
multiplied by the measured spectra. From these, the mismatch
m = Jsi — Jpero 1S calculated as the difference between Js; and
Jpero- Fig. 4b—d show the tandem Js¢, FF and PCE as a function of
mismatch. Due to the logarithmic dependence on Jsc, the Voc is
only marginally affected by the changing spectrum (Fig. S127).
As can be seen from the comparison of Fig. 4a and b, a stronger
photogeneration in the blue wavelength range, i.e. a higher
Jpero, does not affect the tandem Jg¢, as this metric is limited by
the unchanged bottom cell current. This confirms that the
silicon sub-cell is limiting for the AM1.5G illumination condi-
tions (see Fig. 4b) and high intensities of blue light, as seen in
the EQE measurement shown in Fig. 3b. Once the blue intensity
is lower than in the AM1.5G spectrum, the tandem cell becomes
top cell limited, where the Jsc is reduced in accordance to the
reduced intensity (see positive current density mismatch values
m = Jsi — Jpero in Fig. 4b).

Changing the spectrum and therefore changing the
mismatch does not only have an effect on the current density,

but also on the FF (Fig. 4c). It is typically reported that the FF is
lowest when the tandem solar cell is operated close to the
current matching point,*****” but this is not necessarily exactly
at the matching point and depends on the individual perfor-
mance of the sub-cells.** Interestingly, the FF minimum occurs
here when the silicon bottom cell is the limiting sub-cell. With
a slope of —1.31% FF per mA cm > mismatch, a FF of 79% is
expected for a mismatch of —2.8 mA cm 2, which is the
mismatch value of the certified tandem cell discussed above. As
this mismatch-predicted FF value is close to the FF of the
certified cell, it strongly supports the assumption that the
reduced FF after decreasing the photocurrent mismatch is
mainly due to the device physics instead of a cell-to-cell varia-
tion. The benefit of ALD optimization and enhanced resistive
losses from thinner front IZO counterbalance here. Although,
the FF can change with the photocurrent due to e.g. reduced
collection losses, we can exclude this effect to be dominant in
our tandem solar cell as the FF of a similar fabricated cell does
not vary with Jsc in the relevant photocurrent range utilized for
mismatch analysis.®

Fig. 4d shows the PCE of the tandem solar cell as a function
of the current density mismatch. The intensity of each spectrum
is calculated as stated in ESI note 3.1 Although the Jsc decreases
for a mismatch m > —0.3 mA cm ™2, the PCE increases due to the
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increasing FF (colored data points). The quadratic fit of the PCE
calculated with the measured FF reveals a maximum PCE of
26.3% close to current matching. Furthermore, the PCE is
calculated assuming the measured Jsc and Vo, but a constant
FF = FFp,in with FF i, being the minimum FF measured in the
series (white data points). The comparison between the
constant and non-constant FF highlights that the changing FF
mostly compensates the drop in Jsc, thus leading to a broader
peak around the maximum PCE. For a mismatch of
m = 1 mA cm 2, the PCE-difference between both curves is
0.49% while for m = —1 mA em > the PCEs differ by 0.26%. The
PCE of a slightly mismatched monolithic tandem solar cells
suffers only marginally from the decreased Jsc. This is highly
important for energy yield analysis, especially when comparing
monolithic 2-terminal with 4-terminal tandem solar cells. One
of the arguments in favor of 4-terminal devices is to avoid
decrease in performance due to current reduction if current
mismatch occurs. However, we show that in 2-terminal,
monolithic devices the FF increases with mismatch (see colored
data points in Fig. 4c). Thus, the drop in Jsc is mostly
compensated, leading to a PCE which is less sensitive to current
density mismatch. Assuming an ideal current redistribution
with Jsc matched = 0.5/pero+si = 19.73 mA cm > for both sub-cells
in Fig. 3b, using the measured values for FFiatched, and
Voc,matched €Xtracted for m = 0, a PCE of 26.6% would be
reached.

To validate the experimental results in Fig. 4c, we perform
electrical simulations using the electronic design automation
software LTspice (for more details and parameters see ESI note
47).® An equivalent circuit diagram consisting of two series
connected single diode models was built as shown in Fig. S14a.7
In the first step, we prove that the FF minimum is not neces-
sarily at the current matching point for any kind of monolithic
tandem solar cell. For this, two identical solar cells are con-
nected in series in this simulation. When sweeping the Jr,, and
Jeottom While maintaining a constant Jropipottom, the FF indeed
changes as a function of current mismatch (see Fig. S14b,t
upper graph) with a FF minimum for current matching condi-
tions. The same procedure is carried out for a reduced shunt
resistance Rgy, of either the top or the bottom cell. Now, the FF
minimum is not in the current matching point anymore but
shifts to the bottom cell limited side for a low Rgp, pottom and to
the top cell limited side for a low Ry, 1op (Fig. S14bt). Although
the experimentally detected FF minimum is present for silicon
limiting illumination conditions (Fig. 4c), we do not expect to
have a lower Rgy, in the silicon bottom cell compared to the
perovskite top cell. The difference between the simulation and
experiment is discussed below. The bottom graph in Fig. S14bt
shows that a mismatch between Jpe;, and Js; might be necessary
for achieving the highest PCE. As stated earlier in this paper, the
highest power is achieved if both sub-cells have the same Jypp.
The necessity of current matching depends on the shunt resis-
tance and with that overall of the individual sub-cells (i.e. the
difference between Jsc and Jypp). If the difference between Jgc
and Jypp of both sub-cells is similar, Jsc-matching leads to the
highest power output. If the difference between Jsc and Jypp is
unequal for both sub-cells, a Jsc-mismatch is needed to achieve
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Jwpp-matching and with that, the highest power output. In
a second step, we attempt to reconstruct the measured tandem
J-V-characteristics using electrical simulations. For this, single
junction silicon and perovskite (opaque) cells are fabricated
with similar device layout as in our tandem solar cell and
parametrized using a single diode model. Fig. S15a and b} show
the measured j-Vs at different intensities of the single junction
solar cells as well as the simulated j-Vs. We use the parameters
of the fitted single junction cells to reconstruct the tandem solar
cell and simulate the experiment. Solely the series resistance R
and saturation current of the perovskite J,per, are adjusted
slightly to match the tandem conditions (see ESI note 4}). The
simulated Jsc and FF as a function of mismatch m are shown in
Fig. S15c and dt and reveal a higher and shifted FF minimum
but a similar variation of Jsc. Using the FF, Vo and Jsc from
simulated results would lead to a PCE of 27.6% for AM1.5G
illumination for the tandem device presented in see Fig. 3,
mostly due to higher FF in simulation. Comparing the j-Vs with
most negative and most positive mismatch, the difference
between the simulated and experimentally measured J-Vs
appears to be just around the MPP (Fig. S15et). For unmatched
sub-cells, charge carriers accumulate at the recombination
contact. This could affect the recombination behavior. More-
over, the electric fields and with this, the charge collection of the
sub-cells is affected by the charge accumulation. This might also
be the reason for the dependency of the hysteresis on the
mismatch. Additionally, the recombination layer might behave
non-ohmic, thus another electrical component needs to be
implemented in the simulation. Further investigation is needed
to understand the device physics in more detail, to exactly
reconstruct the monolithic tandem solar cell in an electrical
simulation and with this, increase the PCE. If we assume an
ideal contact design in the tandem solar cell for example by
implementing grid fingers, leading to a series resistance of
Rs = 0 Q cm? (for this, we additionally assume a negligible series
resistance of the bulk and vanishing contact resistance), the
simulated tandem device could reach a PCE of 29% (Fig. S16bt).
Here the Jperossi is maintained constant at 39.46 mA cm ™2, the
same Jpero+si as for the device shown in Fig. 3. Furthermore, we
simulate a monolithic tandem solar cell by using electrical
parameters from record p-i-n perovskite** and both side con-
tacted c-Si cells.***® By neglecting the series resistance, which
mostly stems from the perovskite sub-cell, the FF increases and
therefore a maximum PCE of 31.0% is expected due to improved
Voc (Fig. S14d¥).

Conclusions

In summary, we implemented a transparent n-type top contact
layer stack in monolithic silicon/perovskite tandem solar cells in
order to achieve a certified PCE of 25.0% at highly unmatched
photocurrents. Further improvements of the rear junction silicon
bottom cell with adjusted n-type nc-SiO,:H layer thickness, the n-
type top cell contact with proper ALD SnO, deposition tempera-
ture and IZO thickness, as well as adjusted perovskite thickness
led to a remarkable tandem PCE of 26.0%. Further reducing the

front IZO thickness allowed Jscs over 19.7 mA cm > and
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cumulative current densities Jperossi Over 40 mA ecm™ 2 in tandem
cells with a planar front side. As the FF was found to depend on
the mismatch condition m = Jg; — Jpero, the sub-cell mismatch for
the best tandem device was analyzed by varying the illumination
spectrum. We show that the FF improves under unmatched
current conditions of the tandem solar cell and that the loss in
tandem PCE due to lower Js¢ at unmatched conditions is less
pronounced than it would be with a constant FF. This depen-
dence is highly important for energy yield analysis, especially
when comparing 2-terminal and 4-terminal tandem solar cells.
Electrical simulations based on input parameters from reference
single junction devices parametrized with a single diode model
confirmed the increasing FF for unmatched monolithic tandem
solar cells. The simulation of the tandem performance shows
that the FF in our experimentally realized device is lower than the
FF expected from simulations, leaving room for improvement. An
ideal series resistance can lead to a PCE of 29% for our tandem
architecture. The simulation of a monolithic tandem solar cell
with record perovskite and silicon cells from literature and
a negligible series resistance reveals a PCE of 31%. Therefore, our
work provides a detailed device understanding under different
current matching conditions. This is mandatory to improve the
PCE potential of silicon/perovskite tandem solar cells to pre-
dicted values above 30%.

Materials and methods

Perovskite materials

Anhydrous DMSO (dimethyl sulfoxide), DMF (dimethylforma-
mide), and toluene were purchased from Sigma Aldrich. PTAA
(poly [bis(4-phenyl)(2,5,6-trimentlyphenyl)amine]), Cqo (purity
= 99.9%) and lithium fluoride (purity = 99.99%) were
purchased from Sigma Aldrich. FAI (formamidinium iodide)
and MABr (methylammonium bromide) were purchased from
Dyenamo. Pbl, and PbBr, were bought from TCI. CsI was
purchased from abcr GmbH. The ceramic 2 inch IZO target was
purchased from FHR Anlagenbau GmbH.

Perovskite solar cell preparation on silicon bottom cell

The fabricated perovskite sub-cell has an inverted (p-i-n) planar
structure and a layer configuration of Si bottom cell (incl. ITO)/
PTAA/perovskite/Cgo/SnO,/IZO, where 1ZO is zinc doped indium
oxide. The silicon substrates were blown with nitrogen before
use. All the spin-coating layer deposition steps were conducted
in a nitrogen atmosphere. The hole transport material PTAA
(2mg ml™" in toluene) was deposited using spin-coating
(4000 rpm for 30 s) and annealed for 10 min at 100 °C,
leading to a 10 nm to 15 nm thick layer. The perovskite was
prepared following the typical triple cation process.*®*" In short,
1.5 M nominal PbI, and PbBr, in DMF : DMSO = 4 : 1 volume
were first prepared as stock solutions and then added to FAI and
MABr with 10% PbX, excess, respectively (X = I or Br). The so
obtained FAPbI; and MAPbBr; were then mixed in 5 : 1 volume
ratio to obtain the “double cation” perovskite. Finally, 5%
volume of 1.5 M nominal CsI in DMSO was added to form the
“triple cation” perovskite. 120 pl of perovskite solution was then
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spread on the substrate and spun using one step spin-coating
process (4000 rpm or 5000 rpm for 35 s). 25 s after the start of
a spinning, 500 pl ethyl acetate anti-solvent drop was utilized.
The films were annealed at 100 °C for 1 h. The perovskite
thickness is around 580 nm and 460 nm for 4000 rpm and
5000 rpm. Afterwards, 15 nm Cs, was thermally evaporated at
a rate of 0.15 A s™* at 400 °C. 20 nm SnO, were prepared by
thermal ALD in an Arradiance GEMStar reactor. Tetrakis(di-
methylamino)tin(iv) (TDMASn) was used as the Sn precursor
and was held at 60 °C in a stainless steel container. Water was
used as oxidant, and was delivered from a stainless steel
container without intentional heating, whereas the precursor
delivery manifold was heated to 115 °C. For the deposition at
100 °C, the TDMASn/purge1/H,O/purge2 times are 1 s/7.5 s/0.2
s/10 s with corresponding nitrogen flows of 30 sccm/90 sccm/90
scem/90 scem. With this, 167 cycles leads to 20 nm tin oxide. For
the deposition at the lower temperature of 80 °C, the purging
times were slightly increased (i.e. times of 1 s/10 s/0.2 s/15 s) to
account for less efficient purging of reactants and their reaction
products at lower temperatures. 140 cycles were needed to
deposit 20 nm at 80 °C. IZO was sputtered in a Roth&Rau
MicroSys 200 PVD. The 2 inch ceramic target consisted of
90%4¢. IN,03 and 10%y,. ZnO. At a RF-power of 70 W, the cells
oscillated under the target to have a uniform deposition. To add
additional oxygen to the deposition chamber, a mix of Ar and O,
is added. The added amount of oxygen ranges from 0.0%,,, to
0.25%,, while the total gas flow is the same for all depositions.
A 150 nm thick Ag metal frame was evaporated through
a shadow mask as a top contact. Finally, 100 nm LiF was
evaporated to serve as an anti-reflective coating.

Silicon solar cell preparation

The silicon heterojunction (SHJ)-bottom cell was fabricated on
a 260 pm thick polished FZ (100) n-type crystalline silicon (c-Si)
wafer in a rear junction configuration. The front surface of the
wafer was left polished in order to facilitate the perovskite top
cell deposition, while the rear surface of the wafer was wet-
chemically textured to obtain random pyramid with (111) fac-
ets in order to improve the optical response of the bottom cell in
the NIR region. After a final RCA clean and a 3 minute HF dip
(1% dilution in water) to strip the SiO, of the surface, a 5 nm
thick, intrinsic (i) amorphous silicon (a-Si:H) layer was grown
on both sides of the c-Si wafer in order to passivate the c-Si
surface. On the textured back-side, a 5 nm thick, p-doped a-
Si:H was deposited on the rear passivating layer to form the
junction of the SHJ cell. On the polished front-side, a 20 nm
thick, n-doped nanocrystalline silicon oxide layer (nc-SiO,:H)
with a refractive index, n, of 2.7 at 633 nm was used as a front
surface field (FSF) of the SHJ bottom cell and intermediate layer
between the top and the bottom cells. For the second optimi-
zation, this thickness was increased to 95 nm. All the a- and nc-
Si layers were deposited with an Applied Materials (AKT1600)
plasma enhanced chemical vapor deposition (PECVD) tool. In
order to contact the bottom cell a ZnO:Al/Ag layer stack was
deposited on the textured back-side and a 20 nm thick ITO layer
was deposited on the polished front-side on top of the nc-SiO,:H
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interlayer, both depositions were DC-sputtered in an in-line
sputtering tool from Leybold Optics. The contact layers of the
silicon were deposited using shadow masks with an opening of
1 x 1 cm?

Silicon single junction solar cell preparation

To fabricate a silicon single junction, 80 nm IZO is additionally
deposited on the 20 nm ITO of the bottom cell in order to
reduce the sheet resistance. As for the tandem solar cell, a metal
frame is evaporated as a top contact.

Semitransparent perovskite single junction solar cell
preparation

The semitransparent solar cells are manufactured as described
in the section of the perovskite solar cell preparation on silicon
bottom cells. Instead of the silicon bottom cell, an ITO coated
glass substrate (25 x 25 mm, 15 Q sq~ ', patterned by Automatic
Research GmbH) was used and cleaned sequentially for 15 min
with Acetone, Mucasol (2%,, in water), DI-water and iso-
propanol in an ultrasonic bath. Before the deposition of the
HTM, the samples were treated in an UV-ozone cleaner for
15 min.

Tin oxide layers for optical characterization

For optical characterization, tin oxide was deposited on a silicon
wafer coated with 450 nm silicon oxide. For the deposition
temperature of 80 °C, the parameters are mentioned in the
section “perovskite solar cell fabrication”. For all other
temperatures, the pulse- and purge times and nitrogen flows are
equal to the deposition of tin oxide at 100 °C.

Device characterization

The current density-voltage (/-V) measurements were per-
formed under standard test conditions (25 °C, LED based sun
simulator from Wavelabs, class AAA), adjusted with a non-
filtered calibrated silicon reference cell (Fraunhofer ISE). The
scan rate was 0.25 V s~ with a voltage increment of 20 mV. The
external quantum efficiency (EQE) was measured as a function
of wavelength from 300 nm to 1200 nm with a step of 10 nm
using a home built small spot EQE system. The beam size is 2 x
5 mm?, thus smaller than the active area. When measuring
perovskite top cell, infrared (850 nm) bias light was applied
along with 0.6 V bias voltage to ensure a measurement in short
circuit conditions. Additionally, the cell is slightly illuminated
with blue (455 nm) light that partially increases the signal to
noise ratio. When measuring silicon bottom cell, blue (455 nm)
bias light was applied. The EQE of the silicon bottom cell is not
affected by bias voltage, as the shunt resistance of the silicon
cell is very high. Reflection was measured as a function of
wavelength from 300 nm to 1200 nm with a step of 5 nm using
an integrating sphere with a PerkinElmer Lambda - 1050 UV/
VIS/NIR spectrophotometer, calibrated with a white Spec-
tralon. The optical properties of ALD SnO, were evaluated by
spectroscopic ellipsometry. Measurements were performed
using a Sentech SE 850 at angles of incidence 50°, 60° and 70°.
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The dielectric function was modeled using Tauc-Lorentz oscil-
lators to account for the absorption for energies above the band

gap.
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1. Measured optical and electrical properties of [ZO

Supplementary note 1

As a front contact, IZO was recently used in perovskite/silicon tandem solar cells.!? In
comparison to ITO, it already has superior optoelectrical properties when being deposited at
room temperature and does not need to be annealed above 200 °C,>* which would harm both
the perovskite and SHJ solar cells. Besides the deposition temperature, [ZO layer properties can
be tuned by adding oxygen gas during the process. This leads to a reduction of oxygen
vacancies, affecting conductivity and transparency as depicted in Figure S1. By adding oxygen,
the vacancies, which contribute two electrons per defect,>® are occupied. The lower carrier
density leads to a reduction of the free carrier absorption especially in the NIR, but also to
narrowing of the optical band gap due to the Burstein-Moss effect. Additionally, the mobility
increases up to 46 cm? V-!'s-!, when adding up to 0.25 %, oxygen. As the resistivity, the
inverse product of mobility and carrier density, is rather constant in this range, the optical
properties are the decisive factor. The current density loss due to the absorption of 1Z0O is
calculated and displayed in the legend of Figure S1. As a minimum loss of 1.18 mA cm™ is
achieved for 0.20 %, (grey line in Figure S1b) oxygen and 100 nm, we decided this to be an
optimum for our design.
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Figure S1: a) Absorption spectra of IZO films deposited on glass at room temperature with
nominal thickness of 100 nm and different amounts of oxygen gas added into the sputter
chamber. b) Carrier density, mobility and resistivity extracted from Hall-measurements for the
1ZO films shown in a). For the tandem solar cell, 0.2 %, oxygen (grey line) is added to the
sputter chamber.
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2. Schematic design of the tandem solar cell
Aperture mask

TCO / back contact / ARC
Contact patch

Metal frame

Figure S2: Schematic design of a tandem solar cell on a 25.0 x 25.0 cm? silicon substrate
used in this study. The back contact, TCO between the sub-cells, front TCO and antireflective
coating is deposited partially with an area of 1 x 1 cm? as indicated by the red square. To
extract the carriers, the front metal frame needs to be in contact with the TCO and therefore it
needs to be partially inside of the TCO-square. The inner square of the metal frame is

0.9 x 0.9 cm?. The aperture mask (green square), used for measuring the JVs, reduced the size
of illuminated area to 0.7709 cm?
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3. Further certification results including MPP track

steady state MPP

1560 Y T ¥ T T T X T T |
— 1540 F "
E 1520 [ = voltage u
© 1500 & a
o al
= 1480 H
é 1460 1
1440 |- H
1420 e | 1 L]
134 [ " T T T * 1 T ]
s e H
E 130k = current
= 5
E 12.8 C H
é 126 - B
124 o
12.2 1 1 1 L I 1
202 I 1 Ll I I 1 4
200 H
E‘ 19.8 H
E 194 E
b= 182 F
[ L ]
= 19.0 3 B
2 188 | H
= + ]
18.6 [ 1
184 | 1 L 1 A 1 4 1 . 1 |
100 150 200 250 300 350 400
time [s]
Vorwartsrichtung / Riickwértsrichtung /
forwards scan direction reverse scan direction
Ve = ( 17808 + 11.89) mV ( 17779 + 119)mV
lsc (Ed.2 - 2008) = ( 1373 + 026) mA ( 1373 + 026) mA
Iuep = 12.92 mA 12.91 mA
Vips = 1488.2 mV 1481.9 mV
Pupe = 19.24 mwW 19.14 mW
FF = 78.64 % 78.36 %
n = 24.95 % 24.82 %

Figure S3 MPP track of a monolithic perovskite/silicon tandem solar cell, measured and
certified by Fraunhofer ISE. With an area of 0.7709 cm?, the stabilized efficiency is 24.97 %
(average value of the last 300 s), as can be seen in the table below. Additionally it has to be
highlighted that the forward and reverse scan direction show very similar performances

indicating virtually hysteresis-free characteristics.
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4. Optical simulation of the stack used for certified tandem cell
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Figure S4: Simulated absorption and reflection spectra of the monolithic perovskite/silicon
tandem solar cell from Figure 2 in the main text. The legend includes the current density
(mA cm2), which is generated in the perovskite and silicon sub cell or lost due to reflection and
parasitic absorption in each layer assuming AM1.5G incident illumination. The simulation is
done with GenPro4” with n/k data sets as reported previously® and thicknesses determined via
SEM, profilometry or spectroscopic ellipsometry.
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5. Optical simulation for different ALD deposition temperatures of

SnO,
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Figure S5: Simulation of a monolithic perovskite/silicon tandem solar cell with GenPro4.” The
optical parameters of SnO,, deposited at temperatures at 80 °C to 200 °C were changed, whereas
all other optical parameters and thicknesses are constant. A lower deposition temperature leads
to a higher EQE in the UV-range but simultaneously lowers the EQE above 370 nm (a). In the
practical relevant range from 80 °C to 120 °C the sum increases just by 0.1 mA ¢cm2 (b). Sharing
this to the sub-cells, this would lead to a current density increase of just 0.05 mA cm=2.
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6. Measured influence of the ALD temperature of SnO, for
semitransparent perovskite top cells
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Figure S6: V¢ (a) and Jsc (b) of semitransparent p-i-n perovskite solar cells with SnO,
deposited at temperatures ranging from 80 °C to 120 °C. The cell architecture is equal to the
top cell of a tandem cell without the anti-reflection coating. The cells are illuminated through
the 1ZO layer. The green bars in b) indicate the Jsc calculated from the measured EQE for
AM1.5G illumination.
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7. Optical simulation for different front [ZO thicknesses
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Figure S7: Simulation of a perovskite/silicon tandem solar cell with varying thickness of the
1ZO layer. a) Simulated absorption of the light in the perovskite and the silicon sub cells varying
the IZO thicknesses from 60 nm to 130 nm. The arrows show the trend from thin to thick IZO.
b) Calculated parasitic absorption and cumulative currents Jpeo+s; Of the sub cells. Reducing the
thickness leads to a reduced parasitic absorption and therefore a higher Jpe;o+s;.
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8. Optical simulation for different perovskite thicknesses
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Figure S8: Simulation of a tandem solar cell with varying perovskite thickness. With changing
the thickness (between 390 nm and 520 nm), the generated currents in the sub cells can be
adjusted. a) Simulated absorption in the perovskite (black) and silicon (red) sub cells. Also the
sum (blue) of the sub cells is shown, which hardly changes with the perovskite thickness. b)
Calculated photogenerated current density in the sub-cells using the AM1.5G illumination. As
the lowest current density approximately determines the Jsc in the total tandem cell, a maximum
Jscis expected for a perovskite thickness of around 470 nm.
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9. EQE spectra of the individual single junction solar cells
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Figure 9: EQE spectra of single junction perovskite and silicon solar cells including integrated
Jsc for AM1.5G illumination. The perovskite solar cell is a semitransparent cell with 1ZO as
top layer, i.e. no antireflective coating is utilized. The EQE is measured through the 1ZO-side
in substrate configuration as it is done in the tandem solar cell. A similar but opaque perovskite
single junction solar cell is already published by Magomedov ef al.®. The herein utilized silicon
single junction solar cell is similar to the bottom cell used in our tandem stack. Only the nc-
SiOx:H is 80 nm instead of 95 nm thick, which does not have a major impact on the overall
performance. A similar silicon single junction solar cell was published by Mazzarella et al.'°.
Note, that for both, the perovskite and silicon cell, neither an antireflective coating is used nor
the optical properties reflect that of the tandem integrated sub-cells as different absorption and
interference features occur.
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10. Stability analysis of the tandem solar cell
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Figure S10: Stability study of an encapsulated monolithic tandem solar cell at 25 °C, ambient
humidity and AM1.5G illumination. The initial values are Vypp = 1.48 V, Jypp = 16.6 mA cm2,
PCE =24.6 %. The PCE or power density follows the fluctuation of Jy;pp, which is most likely
a result of a fluctuating intensity. Nevertheless, the PCE did not drop below 93 % of its initial
value after 1000 h. The inset shows the MPP tracking on day 27 after encapsulation. More
details can be found below in Supplementary note 2.

Supplementary note 2

For stability measurements, we encapsulated a tandem solar cell, which was fabricated 23 days
before and measured several times in ambient conditions. Before encapsulation, the stabilized
efficiency was 26 % with Vypp=1.45V and Jypp = 17.88 mA cm2. It is encapsulated between
two glasses and edge-sealed with an UV curable glue. Two copper stripes are used to connect
the front and rear contact, respectively. Between the 30 minutes MPP tracks measured under
standard test conditions, the sample was stored in ambient conditions. Summing up all
measurements, the cell was measured for about 9.4 h. While the individual MPP tracks are
stable (shown as an inset), the power has some variation unfortunately. This stems most likely
from a fluctuating intensity of the sun simulator on different days (despite being calibrated)
leading to fluctuating Jypp. When taking the lowest measured value, the power density did not
drop below 93 % after 1000 h. The last measured value is above 99 % of the initial performance.
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11. Experimental tandem results for reduced front [ZO thickness
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Figure S11: a) JV curve of an optimized monolithic perovskite/silicon tandem solar cell. This
cell has the highest Jsc, measured within this work. b) EQE measurement of an optimized
tandem solar cell gives a very high current density Jsc gor 0f 19.77 mA cm. This is comparable
to the best tandem solar cell on textured silicon.! The sum already exceeds 40 mA cm.
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12. Measured tandem performance as function of current
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Figure S12: Parameters of a tandem solar cell illuminated with different spectra. By changing
the intensity of two blue LEDs, we changed current generation in the perovskite sub cell.
Starting from measurement no. 2 with the highest portion of blue light, the blue light is
continuously decreased passing the AM1.5G at measurement no. 9 and decreased further until
measurement no. 25. Before and after this series, a J-V was recorded under AMI1.5G
illumination to ensure that neither the cell degraded nor the spectrum shifted (measurement
no. 1 and 26). In the main text in Figure 5 only the Vg to Jsc (reverse scan) measurements are
shown.
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13. Calculating the integrated intensity of the measured spectra

Supplementary note 3

As the utilized LED spectra are recorded just between 330 nm and 1087 nm, they need to be
extended in order to calculate the integrated intensity (input power) and therefore the efficiency
in Figure 5d in the main text. As measurement no. 1 in the series is measured close to AM1.5G
conditions, the recorded spectrum no. 1 is used as a reference. Each other spectrum used, with
more or less blue light, is then divided by spectrum no. 1 leading to a correction factor for each
wavelength (factor function). Figure S13 shows the spectrum no. 1, spectrum no. 2 and the
factor function for spectrum no. 2. Below 330 nm and above 1087 nm, the factor is set to 1.
Each factor function is multiplied with the correct AM1.5G (ASTM G173-03) spectrum. The
integrated intensity is then calculated by integrating the new spectrum and used as input power
for the resulting efficiency.
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Figure S13: Spectrum recorded for measurement no. 1 and 2, respectively. The factor no. 2 is
calculated by dividing spectrum no. 2 by spectrum no. 1.
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14. Electrical simulations and comparison to experimental

results
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Figure S14: a) Equivalent circuit diagram utilized to describe a tandem solar cell using the
simulation tool LTspice. The top and bottom cell, each consisting of a single diode model, are
connected in series. b) Simulated FF and generated power as a function of the current density
mismatch (m = Jpoom-J10p) fOr identical and asymmetric sub-cells. For the simulation of
asymmetric sub-cells the shunt resistance Rg;, of the top and bottom cell is changed, as stated in
the legend.
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Figure S15: a) Opaque perovskite single junction solar cell measured at different intensities to
extract electrical parameters for the single diode model. As this cell is opaque (i.e. a metal is
used instead of a TCO), the series resistance due to the sheet resistance of the TCO is not
included in this measurement and simulation. The corresponding fitting from electrical
parametrization is also shown and the agreement is very good for the used range of intensities.
b) Silicon single junction solar cell measured at different intensities to extract electrical
parameters for the single diode equation. The corresponding fitting from electrical
parametrization is also shown and is in very good agreement for the used range of intensities.
c) FF as a function of the sub-cell current density mismatch from the experiment and simulation,
respectively, using the electrical data from parametrized single junction solar cells as shown in
Figure S15 a and b. Detailed information can be found in Supplementary note 4. d) Simulated
and experimental short circuit current of the monolithic tandem solar cell as a function of
current density mismatch. e) Simulated and experimental J-Vs of the tandem solar cell measured
at the most negative and most positive current mismatch m within this series.

Supplementary note 4

To simulate the FF dependency of a monolithic tandem solar cell in Figure S14b, two identical
solar cells are connected in series with parameters displayed in the graphic. The shunt resistance
is varied as stated in Figure S14b, while the top cell current is changed from 19 mA cm™ to
21 mA cm and the bottom cell current is adjusted in a way that the sum of the top and bottom
cell is constantly at 40 mA cm™.
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For the electrical parametrization, single junction silicon and perovskite solar cells were
fabricated with comparable contact design as used in the tandem stack; both cells are then
measured at different intensities to extract the ideality factors. This is done by plotting Voc
against In(Jsc) and calculating the slope. This method results in ideality factors of npe, = 1.46
and ng;=1.24. The ideality factor agrees reasonably well for the perovskite!! and is slightly
higher as typically reported values for silicon'? which we attribute to the contact design with a
significant amount of electrically connected but not illuminated area. The saturation current Jj
is adjusted in a way that the experimental and simulated V. coincide: Jj sjjicon = 8.6743 pA cm-
2, Jopero =26.78 fA cm2. The series and shunt resistances Rs and Rgj, are adjusted in a way that
the slope around Voc and Jsc of the simulated J-Vs fit to the experimental results. This leads to
the following values: Rgpero=2.976 Qcm?, Rgppero=4800Q cm?, Rggi=2.08 Qcm? and
Rsp.si=9250 Q cm?. As no grid fingers are used, the high series resistances might be attributed
to the sheet resistance of the front TCO. All values are additionally summarized in Table S1

To simulate the tandem J-V curves, both parameterized reference sub-cells are connected in
series. As the V¢ of the monolithic tandem solar cell is slightly lower than the sum of the single
junctions, which most likely stems from a lower Voc of the perovskite sub-cell, the Jjpero 15
changed to Jypeo = 8.5 fA cm™. Furthermore, the Ry is adjusted to the slope around Voc,
resulting in a sum of Rg gitRs pero = 3 Q cm?.

Table S1: Summarized parameters for the simulation with LTspice

Perovskite Perovskite in Perovskite SiasSJand Sias SJand
as SJ Tandem (HZB) as SJ Tandem Tandem
(HZB) (PKU)"3I (HZB) (ISE)'415
n 1.46 1.46 1.86 1.24 1.125
Rs 2976 Qcm?  RssitRspero=3 © cm? 3 Qcm? 2.08 Q cm? 0.001 Q cm?
Rg, 4800 Q cm? 4800 Q cm? 20 kQ cm? 9250 Q cm? 9000 Q cm?
Jy 2.678fAcm? 8.5fA cm? 0.407 pAcm?  8.6743pAcm?  0.665pA cm™
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Abstract

Tandem solar cells that pair silicon with metal-halide perovskite are a promising option for surpassing
the single-cell efficiency limit. We report a certified record monolithic perovskite/silicon tandem with
a power conversion efficiency of 29.15%. The perovskite absorber with 1.68 eV bandgap remained
phase-stable under illumination through a combination of fast hole extraction and minimized non-
radiative recombination at the hole-selective interface. Key was a self-assembled, methyl-substituted
carbazole monolayer as hole-selective layer in the perovskite cell. The accelerated hole extraction was
linked to a low ideality factor of 1.26 and single-junction fill factors of up to 84%, while enabling the
yet highest tandem open-circuit voltage of up to 1.92 volts. In air, without encapsulation, a tandem
retained 95% of its initial efficiency after 300 hours of operation.

One Sentence Summary: Combining interface passivation with fast charge extraction for stable, highly
efficient perovskite/silicon tandem solar cells

Main text:

A tandem solar cell with a silicon cell overlaid by a perovskite solar cell (PSC) (/) could increase
efficiencies of commercial mass market photovoltaics beyond the single-junction cell limit (/, 2) without
adding substantial costs (3, 4). The power conversion efficiency (PCE) of PSCs has reached up to 25.2%
for single-junction solar cells (at an area of ~0.1 cm?) (5), 24.2% for perovskite/CIGSe (copper-indium-
gallium-selenide) tandem cells (~1 cm?) (5—7), 24.8% for all-perovskite tandem cells (0.05 cm?) (8, 9)
and 26.2% for the highest openly published perovskite/silicon tandem efficiency (~1 cm?) (10, 11).
Perovskite/silicon tandem cells have additionally undergone technological advances in both stability
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and compatibility with textured silicon substrates (/ /—13). However, there is still room for improvement
for these perovskite-based tandem solar cells, as practical limits for all these tandem technologies are
well above 30% (14, 15).

The increase in PSC efficiency has been driven in part by advances in physical and chemical
understanding of the defect and recombination mechanisms. Some reports presented near-perfect
passivation of surfaces and grain boundaries with photoluminescence quantum yields (PLQY's)
approaching theoretical limits (/6—18). Consequently, PSCs were reported with open-circuit voltage
(Voc) values of only a few 10 meV below their radiative limit (/9-23). These values surpass those
reached with crystalline silicon absorbers and are comparable with solar cells based on epitaxially grown
GaAs (23, 24). However, perovskite compositions with a wider bandgap that are needed for high-
efficiency tandem solar cells still show considerable Voc losses (14, 25). The main reasons include
comparably low PLQYs of the absorber material itself, an unsuitable choice of selective contacts and
phase instabilities. Even state-of-the-art perovskite/silicon tandem cells still have Vocs well below 1.9 V.

We present a strategy to overcome these issues simultaneously, demonstrated on a 1.68 eV bandgap
triple-cation perovskite composition, which enables photostable tandem devices with a Voc of 1.92 V.
We note that the charge extraction efficiency, and with that, the fill factor (FF) of PSCs, is still poorly
understood. Although reported PSCs usually feature a small active area (~0.1 cm?) with small absolute
photocurrents (a few milliamperes), and thus small series resistance losses at the contacts, usual FFs of
high-efficiency devices generally range from 79 to 82%. However, based on the detailed balance limit,
PSCs should be able to deliver a FF of 90.6% at a bandgap of 1.6 eV. Wider bandgap perovskite
compositions near 1.7 eV seem especially prone to low FFs, resulting in tandem cell FF values
commonly below 77%, near current-matching conditions (/1, /2, 26). In optimized perovskite single-
junction devices, the FFs only recently exceeded 80%, with a maximum value of 84.8% (27).

One reason for the low FF might be that there are only few techniques for quantifying and analyzing the
FF losses in PSCs. We show that intensity-dependent transient and absolute photoluminescence is a
viable technique. A main FF limitation of high-efficiency PSCs is the ideality factor np, with typical
values of 1.4 to 1.8 for high-Voc devices (28), while established solar cell technologies reach values of
1 to 1.3 (29). Thus, an important goal for perovskite photovoltaics is to lower the ideality factor while
minimizing nonradiative interface recombination to achieve a high Voc (28). We designed a self-
assembled monolayer (SAM) with methyl group substitution as a hole-selective layer, dubbed Me-
4PACz ([4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phosphonic acid) and show that a fast hole extraction
led to a lower ideality factor. Thus, FFs of up to 84% in p-i-n single-junction PSCs and >80% in tandem
devices were achieved.

The SAM provided both fast extraction and efficient passivation at the hole-selective interface. This
combination slowed down light-induced halide segregation of a tandem-relevant perovskite composition
with 1.68 eV bandgap, allowed a PLQY as high as on quartz glass and led to high single-junction device
Vocs > 1.23 V. The single-junction improvements transferred into tandem devices, which allowed us to
fabricate perovskite/silicon tandem solar cells with a certified PCE of 29.15%. This value surpasses the
best silicon single-junction cell (26.7%) and is comparable to the best GaAs solar cell (27) at the same
area of 1 cm?. Under maximum power point tracking (MPP) in ambient air without encapsulation, a Me-
4PACz tandem cell retained 95% of its initial efficiency after 300 h. Furthermore, we used injection-
dependent, absolute electroluminescence spectroscopy to reconstruct the individual subcell current-
voltage curves without the influence of series resistance (pseudo-J-V curves), demonstrating that the
tandem device design that features only a standard perovskite film without additional bulk passivation
could in principle realize PCE values up to 32.4%.
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Stabilization of wide-bandgap perovskite with the hole-selective
layer

The ideal top cell bandgap for perovskite absorbers in conjunction with CIGSe and Si bottom cells is
~1.68 eV (30-32). These wider bandgap compositions often feature a Br to I ratio >20%, which can lead
to phase instabilities caused by light-induced halide segregation, most strikingly evident from
photoluminescence (PL) spectra that show a double-peak formation under continuous illumination (33,
34). Upon generation of charge carriers in the perovskite film, iodide-rich clusters can form that are
highly luminescent as they serve as charge carrier sinks given their lower bandgap compared to the
surrounding material (35). As quantified by Mahesh et al., although some portion of the Voc loss is
related to halide segregation, the dominant source of Voc loss is likely the generally low optoelectronic
quality of the Br-rich mixed halide perovskite absorbers itself, or high non-radiative recombination rates
at their interfaces (35). Hence, in order to unambiguously determine the limitations and potentials of
wide bandgap compositions, it is necessary to find suitable charge-selective contacts that do not
introduce further losses or instabilities.

We show that fast charge extraction paired with surface passivation can effectively suppress the
formation of a double-peak emission in the PL, indicative of phase stabilization, and simultaneously
enable a high quasi Fermi level splitting (QFLS) and device performance. Rather than optimizing the
perovskite composition or passivating the film, we chose a variant of the widely used Cs-, FA- and MA-
containing “triple-cation” perovskite (36) that is highly reproducible and focused on preparing an
optimal charge-selective contact on which the perovskite film was deposited. We shifted the bandgap
upward by increasing of the Br to I ratio to obtain a 1.68 eV (23% Br) absorber instead of the commonly
used 1.6-1.63eV  (~17% Br), yielding a nominal precursor composition of
Cs0.05(FA0.77MA.23)0.95Pb(19.77Bro 23)3.
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Fig. 1 Photoluminescence properties and stability assessment of perovskite films on different substrates. (A) schematic
description of the photoluminescence (PL) experiment and chemical structure of a general carbazole-based SAM, with R denoting
a substitution (or “termination”), which in this work is either nothing (2PACz), a methoxy group (MeO-2PACz) or a methyl group
(Me-4PACz). The number 2 or 4 denotes the number of the linear C-atoms between the phosphonic acid anchor group and the
conjugated carbazole main fragment. (B) Quasi Fermi level splitting (QFLS) values of non-segregated 1.68 eV bandgap perovskite
films on a bare glass substrate and different hole-selective layers on the transparent and conductive indium tin oxide (ITO). (C-
E), Time-dependent photoluminescence spectra analyzing phase stability of perovskite absorbers with 1.68 eV bandgap. The
perovskite films were deposited either on glass (C) or on ITO substrates with different hole-selective layers (D, E). (F) PL spectra
before (dashed lines) and after 600 s of light-soaking (solid lines) under 1-sun equivalent illumination flux in air, comparing the
perovskite grown on Me-4PACz that was deposited on either a glass substrate or conductive ITO substrate. (G) As figure of merit
for stability, the ratio of PL intensities at 780 nm and 740 nm is shown, from the PL evolutions in (C), (D), (E), and two other hole-
selective layers (shown in SI, illumination spot size ~0.12 cm?). (H) Same as for (G), but at higher illumination intensity through
decrease of the excitation spot size to 0.4 mm2.

A schematic of the device stack and the used hole-selective layers (commonly abbreviated as HTLs,
“hole transporting layers”) used for PL measurements is shown in Fig. 1. We first compared the QFLS
measured by absolute PL and then the PL stability of this perovskite composition prepared on indium
tin oxide (ITO) substrates covered by the HTLs. In recently published high-PCE p-i-n (“inverted”)
single-junction and tandem PSCs, the polymer bis(4-phenyl)(2,4,6-trime-thylphenyl)amine] (PTAA) or
the comparable Poly(N,N'-bis-4-butylphenyl-N,N'-bisphenyl)benzidine (polyTPD) are standardly used
(10, 11, 37, 38). Alternatively, self-assembled monolayers (SAMs) based on carbazole such as MeO-
2PACz and 2PACz can form passivated interfaces while allowing for low transport losses due to their
ultrathin thickness (<1 nm) (7). The introduction of a methyl-group substitution to the “lossless” hole-
selective interface created by 2PACz (7) lead to a more optimized alignment with the perovskite valence
band edge (see energetic band edge diagram in Figure S1) with a similar dipole moment (~1.7 D) and
resulted in faster charge extraction. The supplementary materials contain the synthesis scheme of the
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herein used SAMs. In literature of the n-i-p configuration of PSCs, methoxy substituents were
prevalently used in HTLs, with some works reporting a possible passivation function at the perovskite
interface (39—42). For the p-i-n configuration however, the standard high-performance HTLs PTAA and
polyTPD contain alkyl substituents. In the present study, we directly compared methoxy and methyl
substituents in p-i-n cells with MeO-2PACz and Me-4PACz, with the results showing advantages for
the methyl substitution regarding both passivation and hole extraction. We tested the influence of the
aliphatic chain length (n) in carbazole SAMs without (nPACz) and with methyl substitution (Me-
nPACz) on PSC performance and found an optimum FF at n = 2 for nPACz and at n = 4 for Me-nPACz
(see Figure S23). For n = 6, both SAMs lead to current-voltage hysteresis.

The QFLS values of bare perovskite films (Fig. 1B) deposited on 2PACz and Me-4PACz were similar
to that on quartz glass, commonly regarded as a perfectly passivated substrate (/6). Perovskite
compositions with high Br content typically segregate into I-rich phases indicated by increased PL
intensity at lower photon energies, here at a wavelength of 780 nm (33). Pristine regions of the non-
segregated perovskite film emitted photons at a peak wavelength of around 740 nm for perovskite
deposited on glass (Fig. 1C) or ITO/PTAA (Fig. 1D), and a similar response was seen for the SAM
MeO-2PACz (Figure S3) on ITO. However, the perovskite emission was more stable over time on
ITO/2PACz and ITO/Me-4PACz substrates (Fig. 1E and Figure S3). The raw spectra are shown in
Figure S4.

Among the studied HTLs, phase segregation was only inhibited if the perovskite was grown on a
substrate that fulfilled the requirements of both fast charge extraction and good passivation; Fig. 1F
demonstrates that passivation alone was insufficient. The black curve shows a PL spectrum of the
perovskite film on an insulating glass substrate that was covered by Me-4PACz, after 10 min of
continuous spot illumination with 1-sun equivalent photon flux. The illuminated film showed signs of
I-rich phases emitting at a center wavelength of ~780 nm. The glass substrate ensured that no hole
transfer out of the perovskite bulk occurred. In contrast, a conductive ITO substrate that allowed hole
transmission in combination with Me-4PACz increased the PL stability, as evidenced by the sharp peak
with emission centered at ~740 nm even after 10 min of spot illumination.

A bare ITO substrate seemed to prevent charge accumulation as well, allowing a stable PL peak position
at 1-sun intensity (0.12 cm? spot size, see Figure S6). The connection between charge accumulation in
the perovskite and phase instability was reported in previous studies in which a reduced density of
carriers increased the activation energy of mobile ion species and allowed the film to remain in its initial
form (43, 44). Spot illumination (0.12 cm? with 1-sun photon flux) represented increased stress testing
on phase stability compared to full illumination because it created an outward driving force for ions
from the illuminated area (45). Consequently, a smaller illumination spot (i.e., larger edge-to-area ratio)
at the same illumination intensity showed a faster PL redshift (see Figure S5 & Figure S6). To compare
the degree of PL redshift and double-peak formation, we evaluated the ratio of the two emission center
intensities at 740 and 780 nm for two different excitation fluences equivalent to 1-sun and 30-suns
illumination, in Fig. 1G and H, respectively. At 1-sun-equivalent intensity, only 2PACz and Me-4PACz
on ITO had a stable ratio. However, upon increasing the intensity and thus charge carrier generation rate
30-fold, a Me-4PACz-covered ITO substrate differed from the 2PACz-covered by still displaying a
similarly stable PL intensity ratio.
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We used transient photoluminescence (TrPL) to analyze charge carrier transfer into adjacent charge-
selective layers (46). The full decay is governed by non-radiative, trap-assisted surface/bulk
recombination (mostly mono-exponential decay), radiative recombination (“bimolecular”, second-order
differential equation) and charge transfer effects, which can be disentangled if these time constants differ
sufficiently from each other (/8). Fig. 2A presents PL transients of 1.68 eV-bandgap perovskite films
on ITO/HTL substrates. With MeO-2PACz and PTAA, it is not possible to clearly differentiate between
charge extraction and trap-assisted recombination because both the nonradiative recombination is high
(as evidenced by lower QFLS values compared to quartz glass, Fig. 1B) and the transients did not
saturate towards one process. In contrast, the PL transients for 2PACz and Me-4PACz showed a clear
mono-exponential decay at later times, indicating Shockley-Read-Hall recombination (47). Fits to the
TrPL transients (Figure S8) were used to compute the differential lifetime T = —(dln(¢(t))/ dt)_1 (Fig.
2B), with ¢ (t) being the time-dependent PL photon flux. In this representation, the processes that reduce
the PL counts over time are separable and the transient decay time (or “lifetime”) is directly readable at
each time point (46).

The high, asymptotically reached TrPL lifetimes of >5 us for both 2PACz and Me-4PACz suggested
that there were minimal non-radiative recombination losses at the SAM interfaces. The charge transfer
process at early times (until ~1 ps) led to a sharp rise of 7, resembling simulated curves by Krogmeier
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et al. (46). The transition from increasing lifetime to the plateau marks when the charge transfer ends,
and non-radiative first-order recombination becomes dominant. Because PLQY measurements of films
on 2PACz and Me-4PACz indicated a similar level of interface recombination and charge generation
conditions are the same (see also Figure S9), the steepness of this rise was influenced by the charge
transfer speed. The observed gradient for Me-4PACz implied a faster hole transfer to the underlying
ITO compared to 2PACz, with the saturation starting after ~300 ns as compared to ~1 us.

In the charge carrier generation regime of this experiment (~1-sun, ~3-10® cm™2), trap-assisted
recombination dominated with the PL flux scaling proportionally to the density of photogenerated
carriers n, as evidenced by intensity-dependent TrPL shown in Figure S9. Figure S9 further
demonstrates that at higher generation conditions, the PL flux scaled proportionally to n?, where
transients usually show a multi-exponential signature, as seen with 2PACz and quartz (see Figure S10).
Nevertheless, in this regime the Me-4PACz transients remained mono-exponential until generation
densities exceeded ~35-suns-equivalent. We interpret this as a consequence of a large hole-extraction
flux, which causes first-order recombination to dominate even in this injection regime.

We quantified this phenomenon of persisting domination of first-order recombination in Fig. 2C by
displaying the ratio of higher-order to first-order recombination for the different generation conditions
(see Supp. Note la for the evaluation method). The comparison of Me-4PACz to 2PACz indicated that
Me-4PACz had a >10 times larger hole-extraction flux, because the curvature of the TrPL transient only
began to resemble that of 2PACz at a >10 times higher generation density (indicated by the blue dashed
line in Fig. 2C).

The carrier mobilities determined by optical-pump-terahertz-probe measurements (Figure S12) were
similar between perovskite films grown on the different HTLs. To also exclude differences in perovskite
composition and crystal orientation due to possible growth differences, we probed the effect of the HTL
on these properties by grazing-incidence wide-angle x-ray scattering (GIWAXS) at the four crystal
monochromator beamline of the Physikalisch-Technische Bundesanstalt (48). Azimuthally integrated
diffraction patterns collected on a movable PILATUS detector module (49) showed comparable
composition in each case (Figure S13), with marginally increased Pbl, scattering intensity on PTAA as
we observed in our previous work (7). Comparing azimuthal intensity profiles for perovskite scattering
features (Figure S14), we found negligible difference in crystallographic orientation between the
samples.

Our complete solar cells were capped by Cqo as the electron-selective contact. The electron extraction
speed was not limiting the cell operation, as demonstrated by a time-resolved Terahertz
photoconductivity measurement combined with TrPL on a quartz/perovskite/Cso sample (Figure S11).
We compared the decays of free charge carriers after interface-near carrier generation on both sample
sides and found an electron transfer time constant of roughly 1 ns, significantly faster than hole transfer
at the hole-selective layer (~100 ns range). The extraction velocity into the Cgo in our model was 1.6 -
10* cm/s (see Figure S11 for details), a similar value to earlier reported velocities (46).
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Performance of perovskite single-junction solar cells

For the analysis on solar cell level, we focused on the simple single-junction device stack
glass/ITO/HTL/perovskite/Ceo/SnO»/Ag, with the SnO; serving as a buffer layer for indium zinc oxide
(IZO) sputtering in the fabrication of tandem solar cells (50). We show that the combination of fast
charge extraction and passivated interface not only mitigated phase instability (re Fig. 1) but was also
linked to an increased FF of solar cell devices, mainly by a decreased diode ideality factor of the PSCs.
The FF is the major remaining parameter for which PSCs have not yet come close to the values of
established solar cell technologies (24, 51) (see Figure S16 for FF comparisons), with the ideality factor
being one of the main properties that limit high-efficiency PSCs (29). MeO-2PACz and 2PACz lead to
FFs of up to 82% (Fig. 3A), while with Me-4PACz, the values ranged to up to 84%, representing ~93%
of the radiative limit.

Fig. 3B shows J-V curves recorded at simulated AM1.5G illumination conditions, comparing champion
PTAA and Me-4PACz cells of the same batch and showing the superior performance of the SAM. The
ideality factors nip for PSCs with different HTLs (Fig. 3C) were about 1.26 for Me-4PACz, 1.42 for
2PACz, 1.51 for MeO-2PACz, and 1.55 for PTAA cells. Figure S20 compares the Voc values achieved
with the different HTLs. Despite the large differences in passivation at the hole-selective interface, the
differences in Voc were not as large (average difference of 30 mV between PTAA and Me-4PACz), due
to the limiting non-radiative recombination at the Cg interface. However, as reasoned above, the Ceo
layer did not limit charge extraction, thus the different extraction speeds invoked by the HTLs directly
influenced the FF values. The high FF with Me-4PACz was accompanied by high Voc values of up to
1.16 V and up to 1.234 V with a LiF interlayer between the perovskite and Ceo (52, 53) (see Fig. 3D and
Figure S20). The combination of a high Voc with low nip was previously considered as challenging for
PSCs (28) and it allowed us to fabricate a perovskite single-junction with a PCE of 20.8% with Me-
4PACz (Figure S18) at 1.68 eV bandgap.

To investigate the FF values without the influence of series resistance losses, we measured intensity-
dependent absolute PL spectra and computed the QFLS values (or implied Voc, iVoc) at each carrier
generation condition. The derived data pairs of generation currents and iVoc values allowed the
reconstruction of hypothetical, so-called pseudo-J-V curves, as recently shown in ref. (54) (Fig. 3D).
The extracted FF and pseudo-FF values (FF in absence of transport losses) of bare perovskite films
grown on different HTLs are summarized in Table 1, line 1. Both 2PACz and Me-4PACz enabled high
“pseudo-FF” values of ~88%, which is 96.8% of the detailed balance limit and similar to the value
achieved on a bare quartz substrate. PTAA allowed for a pFF of only 85.6%.

This analysis highlights how the SAMs formed a practically lossless interface between ITO and
perovskite. Interestingly, when including a Ceo layer on top of the perovskite film, no differences
between the studied HTLs for the iVoc and pseudo-FF were apparent (dashed lines in Fig. 3D, Table 1,
line 2), as the Ceo layer sets a iVoc limitation through high non-radiative recombination rates (53). This
limitation was only overcome with a counter electrode on the Ceso (Fig. 3E and full devices), which
underlines the role of the dipoles that Me-4PACz and 2PACz created at the ITO surface. The calculated
molecular dipole value of the hole-transporting fragment is ~0.2 D for MeO-2PACz, ~1.7 D for Me-
4PACz and ~2 D for 2PACz. The positive dipoles shifted the work function of the ITO towards higher
absolute numbers (Figure S2a), which presumably resulted in a higher built-in potential throughout the
device (55, 56). A well-defined built-in potential can exist with the presence of a second electrode
countering the ITO; in this case Ag or Cu. Thus, when reconstructing the J-Vs from the suns-Voc
measurement on full devices in Fig. 3C to extract the pFF (Table 1, line 3), both 2PACz and Me-4PACz
overcame the pFF and iVoc limitations imposed by the Ceo layer (Fig. 3E).
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Fig. 3 Performance and fill factor loss analysis of p-i-n solar cells with different hole-selective layers. (A) Comparison of
fill factor values of PSCs with the stack glass/ITO/HTL/perovskite/Ce/SnO,/Ag, triple-cation perovskite absorber with 1.68 eV
bandgap. All shown cells are made from the same perovskite precursor and contact processing batch. (B) J-V curves of the best
cells of the batch in (A), and a J-V curve of a Me-4PACz cell from another batch with LiF interlayer between Cg, and perovskite,
reaching a Voc of 1.234 V. (C) Intensity-dependent open-circuit voltage with linear fits (dashed lines). (D) Pseudo-J-V curves
reconstructed from intensity-dependent absolute PL measurements on the illustrated sample stack. The 2PACz and Me-4PACz
curves almost coincide; the dashed lines represent pseudo-J-V curves from the sample variations including the electron-selective
Ceo layer, with which all curves are comparable due to the limiting non-radiative recombination at the Cg interface. (E) Pseudo-J-
V curves reconstructed from the measurements in (C). Table 1 summarizes the FF values extracted from the pseudo-J-V curves.
(F) Repartition of loss mechanisms lowering the cell’s FF below the detailed balance limit, comparing PTAA and Me-4PACz cells.

Table 1 Comparison of “pseudo” fill factors (pFF) and implied open-circuit voltages (iVoc). The values were
derived from suns-PL and suns-Voc measurements for our perovskite film on all studied hole-selective layers and
on quartz glass. The table also shows the maximum FF attained in J-V measurements (max FF) (see also Fig. 3).
“Half cell” refers to substrate/HTM/absorber, whereas “full cell” denotes the complete solar cell including Ceo, SNO2
and Ag metal electrode.

Quartz PTAA MeO-2PACz 2PACz Me-4PACz

0,

Fsif]s(-é)ll)half cell 879 85.6 855 88.3 675
0,

FSZES(_/;,)L)ha'f cell + Ceo 85.3 85.3 85.3 85.3 85.3
0,

?ST;S(QOZ;J" cel 85.8 85.9 86.9 87.9

0,

m’,‘)FF (%), full cell 79.8 81.9 818 84.0

z:ggcfl\ﬁéh:”_f)ce" 1.258 1.185 1.215 1.244 1.248

?S'ﬂn?'bzi')' 155 1.51 142 1.26

The differences between the electrical J-V curves (max. FF 84%) in Fig. 3B and pseudo-J-V curves
(max. FF ~88%) arose from transport losses caused by the finite mobility of the Ceo, non-optimized
sample design, ITO sheet resistance and from the measurement setup. Fig. 3F summarizes a comparison
of the different contributions to FF losses for PTAA and Me-4PACz, derived from comparisons of the
pseudo-J-V curves to the electrical ones and radiative limits, as previously reported by Stolterfoht et al.
(54). In addition to non-radiative losses at the PTAA interface (red), the film thickness (~10 nm as
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compared to <1 nm with a SAM) and low conductivity of the PTAA led to greater transport losses than
with Me-4PACz.

Integration into monolithic perovskite/silicon tandem solar cells

Efficient passivation in combination with fast hole extraction of Me-4PACz in perovskite single-
junctions transferred into monolithic tandem solar cells, which led to significantly higher FF, Voc and
stability. A schematic stack of this solar cell is shown in Fig. 4A. We use a silicon heterojunction (SHJ)
solar cell as the bottom cell (26), based on a 260 um thick n-type float-zone Si wafer processed as
described in the methods. The textured rear side enhanced the near-infrared absorption, whereas the
polished front side enabled the deposition of spin-coated perovskite. The 20 nm ITO recombination
layer also served as the anchoring oxide for the SAMs (7). The top cell, with the same 1.68 eV perovskite
band gap and nominal precursor composition Csgos(FAo77MA0.23)0.95Pb(lo.77B1023)3 as analyzed above,
resembled the single-junction stack of ITO/HTL/Perovskite/(LiF)/Cs0/SnO,/1Z0/Ag/LiF. Fig. 4B shows
a scanning electron microscope cross-section image of a part of the tandem solar cell; no obvious
differences were observed between perovskite films on the different HTLs (Figure S24). The molecular
SAM cannot be resolved with the SEM. A photograph and layout of the tandem device is shown in
Figure S25.

Fig. 4C compares the PCE of tandem solar cells based on PTAA, MeO-2PACz, 2PACz and Me-
4PACz, with and without a LiF interlayer at the perovskite/Cso interface. With PTAA, the LiF
interlayer lead to rapid degradation of the cells (see Figure S26 for individual parameters). Without the
interlayer, we achieved an average PCE of 25.25%. In contrast, the average efficiency of MeO-2PACz
and 2PACz was 26.21% and 26.56%, respectively. The utilization of a LiF interlayer for Me-4PACz
cells increased the Voc but reduced the FF. Thus, both configurations reached a similar average PCE
0f26.25% and 26.41%, respectively. However, with Me-4PACz the maximum PCEs are with >29%
higher than cells with 2PACz, mainly because of higher FF of up to 81%. These high FF were
achieved despite almost all cells being perovskite limited (Table S27). The statistics of all photovoltaic
parameters are shown in Figure S26. The J-J measurements of the champion cells of each
configuration are shown in Figure S28and the PV parameters are summarized in

S29.

The tandem solar cells did not reach FF values as in single-junction cells due to the larger active area
(1 cm?) and a TCO without grid fingers, leading to increased series resistance. The cells showed very
high Vocs of up to 1.92 V (Figure S30). With a Voc of ~715 mV from the bottom cell at half illumination
(Figure S31), the contribution of the perovskite subcell was ~1.2 V. Fig. 4D shows a direct comparison
between champion PTAA and Me-4PACz tandem cells, emphasizing that besides the 50 mV
improvement in Voc, the enhanced hole extraction boosted the FF by ~4% absolute.
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Fig. 4: Characteristics of monolithic perovskite/silicon tandem solar cells utilizing various HTLs. (A) Schematic stack of
the monolithic perovskite/silicon tandem solar cell. (B) Scanning electron microscope (SEM) image of a tandem cross-section with
Me-4PACz as HTL. (C) Statistics of the PCE of several PTAA, MeO-2PACz, 2PACz and Me-4PACz tandem solar cells from J-V-
scan. (D) Certified J-V curve conducted at Fraunhofer ISE including the MPP and the device parameters (red) in comparison to a
tandem cell with PTAA (gray) as HTL measured in-house. (E) External quantum efficiency (EQE) and 1-reflection of the certified
tandem cell measured in-house. The AM1.5G-equivalent current densities are given in the legend in mA cm™. (F) Long term MPP-
track using a dichromatic LED illumination of non-encapsulated solar cells in air at a controlled temperature of 25 °C and relative
humidity of 30 to 40%. The data are normalized to the MPP average of the first 60 minutes of each individual track to account for
measurement noise. Due to the fast degradation, the MPP-track of the PTAA+LIF cell is normalized to the first recorded value.
The legend shows which HTL and whether the LiF interlayer was used.

We sent a tandem cell with Me-4PACz and LiF interlayer to Fraunhofer ISE CalLab for independent
certification (Fig. 4D; see Figure S32 for certificate). With a Voc of 1.90 V, FF of 79.4% and Jsc of
19.23 mA cm?, the cell had a PCE of 29.01% when measuring from Jsc to Voc, similar to our in-house
measurement (Figure S33), and was certified at the MPP with a PCE of 29.15% with a designated area
of 1.064 cm?. This PCE surpasses other monolithic (/0, 27) and four-terminal perovskite-based tandem
solar cells (57), and is on par with the best GaAs single cell at the same active area (27).

Fig. 4E shows the external quantum efficiency (EQE) of the certified tandem cell. Under AM1.5G-
equivalent illumination conditions, the photogenerated current density Jph in the perovskite and silicon
11
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subcells were 19.41 mA cm™ and 20.18 mA cm?, respectively, which agreed with the measured Jsc of
19.23 mA cm™. The tandem solar cell exhibited a non-ideal current mismatch of 0.77 mA cm™ and
although the perovskite cell sets the tandem shunt resistance, the cell reached an FF of 79.5%. The
cumulative photogenerated current density and loss caused by reflection were 39.59 mA cm™ and
2.57 mA cm?, respectively. A comparison of EQEs and reflection losses between a cell of this work
(planar front side) and a fully textured cell by Sahli et al. is shown in Figure S34.

After the certification, we fabricated more Me-4PACz tandem solar cells without LiF interlayer (Figure
S26), which showed similar average performance as with LiF. The champion cell showed a higher FF
of 81% and lower Voc of 1.87 V than without LiF. Together with a Jsc of 19.37 mA cm™ this lead to a
PCE of 29.29% and a stabilized efficiency of 29.32% (Figure S35).

We measured the stability of different non-encapsulated tandem solar cells (Fig. 4F). To track the
degradation induced by either the top- or the bottom cell more carefully, we developed a dichromatic
LED setup using LEDs with 470 nm and 940 nm center emission wavelengths (Figure S36) and
independent intensity calibration and recording. We adjusted the mismatch so that the Jy, in the
individual subcells was equal to that measured under AM1.5G-equivalent illumination to maintain
proper stability tracking of monolithic tandem solar cells (see below and Note S37). The devices were
measured under continuous MPP load (using voltage perturbation), at 25 °C and in ambient air with 30-
40% relative humidity. The photogenerated current densities of the subcells are given in Table S38 and
set which subcell is limiting. The degradation for a perovskite-limited tandem cell with Me-4PACz+LiF
showed 75.9% of its initial efficiency (29.13%) after 300 hours. Substituting the Me-4PACz with PTAA
(perovskite-limited), the PCE decreased to 74.5% of its initial PCE (25.9%) after only 90 hours.

We additionally tracked a cell with Me-4PACz as HTL without a LiF interlayer to test the intrinsic
stability of the HTL/perovskite combination. After 300 hours, the cell still operated at 95.5% of its initial
PCE. Although the cells were current-matched, this track monitored a degradation of the perovskite as
it directly translates into the performance of the tandem cell and no degradation of the Silicon subcell is
expected within these timescales. Our comparison strongly suggests that the utilization of a LiF
interlayer reduced the stability. As described in other works (58—61), the decrease in stability might be
caused by deterioration of the electrodes and Cyo interface upon migration of Li” and F” ions. We would
like to note that it is important to declare the mismatch-conditions because the utilization of a NIR-poor
spectrum would lead to a silicon limited cell and thus to a higher stability (Note S37). Comparing this
result to state-of-the-art stability tests of non-encapsulated tandem solar cells in ambient conditions,
where the cells retained and 90% after 61 hours (62) and 92% after 100 hours (/3), our Me-4PACz
tandem solar cell showed a superior operational stability.

Beside the long-term stability measurements at 25°C, we conducted an MPP track of a Me-4PACz
tandem cell at elevated temperatures. Following the procedure of Jost et al., the temperature was
successively increased from 25°C to 85°C and back to 25°C (63). There was no loss in PCE after this
200 minutes procedure, despite the increased methylammonium and Br amount of the herein used wide
band gap perovskite (Figure S39).

Subcell J-V characteristics of a monolithic tandem solar cell

One downside of monolithic multijunction solar cells is that the subcell characteristics are barely
accessible. External quantum efficiency measurements are the only subcell-resolved measurements
presented in almost all publications reporting multijunction solar cells. Here, we used absolute
photoluminescence measurements in each subcell of a representative tandem solar cell (Me-
4PACz + LiF). With this, we could estimate the QFLS, and thus the Voc was accessible for both subcells
independently. Instead of local excitation and evaluation, we used hyperspectral imaging under 1-sun
equivalent excitation fluence (spectra and images shown in Fig. SA).

From the high-energy slope of the absolute PL spectra of the subcells, the individual implied Vocs were
calculated, 1.18 V and 0.72 V for the perovskite and silicon subcell, respectively (18, 64). From the PL
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spectra, we calculated the PLQY of both subcells yielding values of 1.5% for Si and 0.02% for the
perovskite. PLQY values exceeding 5% have been already demonstrated in perovskite single-junction
devices for lower band gaps (/9).

To estimate the pseudo-J-V curves of the subcells, we performed absolute electroluminescence (EL)
imaging, where the excess charge carriers are generated electrically to access the subcell characteristics
(65-68). For each injected current, an EL image was recorded, from which the voltage of the subcells
can be calculated from an average over the active area (Figure S40). With the reconstructed pseudo-J-V
curves from injection current-dependent EL imaging, we analyzed the maximum possible efficiency of
this cell stack with minimized charge transport losses (see methods and note S3 for more details). We
reconstructed both subcell J-V curves by calculating the implied voltage at each injected current,
yielding a “pseudo” light-J-V (JVeL) for each subcell after shifting it by the respective photogenerated
current density J,, being calculated from EQE measurements and amount to 18.7 and 20.6 mA cm™ for
the top and bottom cell, respectively. The open symbols in Fig. 5B show the measured EL data points
averaged over the perovskite and silicon subcell and shifted by their respective Jph.

For the perovskite, we additionally fitted the data with a single-diode model to display the J-V curve in
the whole range, which was otherwise not accessible during the EL measurement. To obtain the tandem
JVEL, the voltages of the subcells were summed up for each current density. The dashed line shows the
result. The reconstructed curve deviated from the electrically measured J-V curve under a solar
simulator. This is mainly because EL gave access only to the internal voltage, whereas an electrical J-V
curve displayed the current density versus external voltage (which is the internal voltage minus the
voltage lost at series resistances); more details can be found in Note S41. Hence, a high FF (87.8%) of
the JVEL can be regarded as the maximum achievable value for this particular tandem cell if the
electrodes and all charge selective layers would pose zero series resistance losses. This would give a
PCE of 31.7%, surpassing the theoretical PCE maximum of a silicon single cell (29.4%) (69). Thus, this
cell stack has the capacity to overcome the 30% barrier through technical optimization of the contacts
alone. However, by adjusting the mismatch conditions, even higher efficiencies are achievable.

To find the requirements for the highest efficiency, we fit the silicon subcell with a single-diode model.
We conducted SPICE simulations to sweep the photogenerated current densities in the subcell. The
single-diode models of the silicon and perovskite subcells were connected in series (schematically
shown in Figure S42a) and the cumulative current density was fixed to 39.3 mA cm™ (as it is for
AM1.5G-equivalent illumination). Figure S42b shows the photovoltaic parameters as a function of the
mismatch (Jphsi-Jphpero). As shown in a previous publication, the Vo is almost independent of the
mismatch, whereas the FF is affected by it (26). A minimum FF occurs when the Jyhsi is 0.7 mA cm™
below the Jynpero. However, simultaneously the Jsc is highest under this condition. Here, the highest
efficiency is 32.43% in a current matching situation.
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Fig. 5 Luminescence subcell analysis of a tandem solar cell with Me-4PACz and LiF interlayer. (A) Absolute PL spectra of
the subcells recorded under 1-sun equivalent illumination. The exciting wavelength are 455 nm and 850 nm for the perovskite and
silicon subcell, respectively. Additionally, PL images, constructed of the integrated PL fluxes are shown. (B) Reconstructed J-V
curves calculated from injection-dependent electroluminescence measurements (open symbols) and shifting by the
photogenerated current density. Furthermore, the perovskite subcell is fitted with a single diode model (solid brown line). The
reconstructed tandem J-V (dashed line) was calculated by adding the voltages of the subcells for each current density. The J-V
measurement under simulated 1-sun illumination of this cell is shown as a solid red line. Furthermore, a photo of the tandem solar
cell at high injection current is shown. Due to a bandgap of 1.68 eV, the subcell emits light in the visible wavelength range and
thus, the emission is visible by eye and with a regular digital camera.

Conclusion

We have demonstrated monolithic perovskite/silicon tandem solar cells with a certified record power
conversion efficiency of 29.15%. We elucidated that the combination of efficient passivation at the hole-
selective interface and enhanced hole-extraction speed stabilize a perovskite absorber with tandem-
relevant bandgap of 1.68 eV. This was revealed by accelerated tests investigating light-induced phase
segregation via spot-illumination at 30-suns excitation intensity. Although the electron-selective Cgo
layer in solar cell devices limited the open-circuit voltage, the fill factor was limited by the hole-selective
interface. Improved fill factors and photostability were achieved by a new methyl-substituted, carbazole-
based self-assembled monolayer (Me-4PACz) that bonds to the transparent conductive oxide of the
perovskite cell. With intensity-dependent transient photoluminescence analysis we presented a method
to assess charge transfer effects that are relevant for device operation. The faster hole extraction was
linked to a low ideality factor of 1.26 for the perovskite subcell, while allowing a high Voc of up to
1.23 V. Fill factors of up to 84% were achieved, and a maximum pseudo-fill factor of 88% was measured
by intensity-dependent absolute PL (suns-PL) and suns-/oc measurements. A non-encapsulated tandem
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cell with Me-4PACz retained 95.5% of its initial efficiency after 300 h of continuous maximum power
point tracking in ambient air, under precise control of the subcell photocurrents to match 1-sun-
equivalent conditions. Furthermore, we examined the subcell characteristics without the influence of
parasitic resistances by measuring injection-dependent electroluminescence, allowing us to reconstruct
the subcell-J-V curves. We thereby estimated that upon technical improvements a maximum efficiency
of 32.4% for the presented device stack is possible.

Materials and Methods

Single-junction perovskite solar cells were fabricated on glass/ITO substrates. First, the hole-selective
layer (PTAA, MeO-2PACz, 2PACz or Me-4PACz) was deposited by spin-coating followed by the one-
step spin-coating deposition of the perovskite precursor solution using the antisolvent method. The
precursor had a nominal concentration of 1.24 mol/l. Afterwards, layers of C¢p and SnO, were deposited
via thermal evaporation and atomic layer deposition. Finally, a layer of silver was deposited via thermal
evaporation.

To analyze the quasi-fermi-level splitting, glass/ITO/HTL/perovskite samples were fabricated. The
samples were illuminated from the perovskite site with a photon flux equivalent to 1-sun illumination.

Transient photoluminescence was measured by pulsed excitation with 660 nm wavelength and time-
correlated single photon counting. The fluence was set to 1-sun equivalent charge generation.

Suns-Voc was measured by illuminating solar cells with varying intensities. For each intensity the
stabilized open-circuit voltage was measured. Similarly, suns-PL is measured by illuminating the
indicated sample stacks with different intensities. For each intensity (corresponding to a “pseudo”
injection current) the quasi-fermi level splitting was calculated.

Tandem solar cells were fabricated by depositing the p-i-n perovskite top cell with various hole-selective
layers on a silicon heterojunction solar cell with a textured rear side and polished front side. J-V
measurements were conducted at simulated AM1.5G illumination in air at 25°C. For long term stability
measurements, a custom-built setup with an LED array emitting at 470 nm and 940 nm was designed.
This enabled a stable illumination at simulated AM1.5G-equivalent charge carrier generation conditions
of the solar cells, which were tracked in air at 25°C. For analyzing the subcells of the tandem solar cell
we measured hyperspectral absolute photoluminescence by illuminating the tandem cell with 450 nm
light for excitation of the perovskite subcell and an 850 nm wavelength source for the excitation of the
silicon subcell. To reconstruct the subcell J-V, absolute electroluminescence imaging was conducted at
scanned bias voltage.

A detailed description of the fabrication and measurement techniques can be found in the Supplementary
Materials.
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Materials and Methods

Materials for perovskite cell preparation

Anhydrous DMSO (dimethyl sulfoxide), anh. DMF (dimethylformamide), anh. Anisole, PTAA (poly
[bis (4-phenyl) (2,5,6-trimentlyphenyl) amine]) and lithium fluoride (purity >99.99 %) were purchased
from Sigma Aldrich. Cey (sublimed) was bought from CreaPhys GmbH. FAI (formamidinium iodide)
and MABr (methylammonium bromide) were purchased from Dyenamo. Pbl, and PbBr; were bought
from TCI. Csl was purchased from abcr GmbH. The ceramic 2-inch 1ZO target was purchased from
FHR Anlagenbau GmbH. The SAMs MeO-2PACz and 2PACz were synthesized by TCI. The synthesis
of Me-4PACz and the (Me-)nPACz series by us is described in the synthesis section at the end of this
document. Ethanol (anh.) for the SAMs was bought from VWR (no difference was observed when using
Ethanol from other suppliers, independent of the water content).

Perovskite single-junction preparation

The perovskite solar cell has an inverted (p-i-n) planar structure and is deposited on ITO-covered glass
(Automated Research GmbH, both 7 Ohm/sq and 15 Ohm/sq sheet conductivities were used in this
study), which was cleaned with Mucasol (2% in DI-water, substrates were brushed), DI-water, acetone
and isopropanol, each for 15 minutes in an ultrasonic bath. Afterwards the surface was “activated” for
10-15 minutes in an UV-Os cleaner (FHR UVOH 150 Lab), which is a crucial step before SAM
functionalization (for the tandem cells as well). The single-junction cell configuration is
ITO/HTL/Perovskite/(LiF)/Ceso/SnO2/Ag, where the HTL is PTAA, MeO-2PACz, 2PACz or Me-
4PACz. All the spin-coating layer deposition steps were conducted in a nitrogen atmosphere. The hole
transport material PTAA (2 mg ml™' in toluene) was deposited using spin-coating (5000 rpm for 30s,
5 s acceleration), followed by heating for 10 min at 100 °C. The rotation was reduced for the SAM-
solutions to 3000 rpm (used concentration of the SAM solutions = 1 mmol/l, or ~0.3 mg/ml). The
perovskite was prepared following the typical triple cation process. In short, 1.5 M nominal Pbl, and
PbBr; in DMF:DMSO =4:1 volume were first prepared as stock solutions (shaken overnight at 60 °C)
and then added to FAI and MABr with 9 % PbX, excess, respectively (X =1 or Br) (typical amounts
were 0.3 g FAI and 0.06 g of MABr). The so obtained FAPbI; and MAPbBr3; were then mixed in 77:23
volume ratio to obtain the “double cation” perovskite. Finally, 5 vol-% of 1.5 M nominal Csl in DMSO

was added to the perovskite precursor (stock solution prepared one day before, typically ~50 mg
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powder). 100 ul of perovskite solution was then spread on the substrate and spun using one step spin-
coating process (3500 for 35 s, 5 s acceleration). 10-13 s before the end of the program, 300 pl of Anisole
as the anti-solvent was dripped on the film. The films were then annealed at 100 °C for 15-30 min.
Afterwards, 20 nm of Ceo was thermally evaporated at a rate of 0.15 A s™ onto the perovskite film.
Optionally, as indicated, a 1 nm-thick LiF interlayer was deposited between Csy and perovskite,
evaporated at a rate of 0.05 A s!, within the same vacuum run as the Ceo layer. 20 nm of SnO; were then
deposited by thermal ALD in an Arradiance GEMStar reactor. Tetrakis(dimethylamino)tin(IV)
(TDMASN) was used as the Sn precursor and was held at 60 °C in a stainless-steel container. Water was
used as oxidant, and was delivered from a stainless-steel container without active heating, whereas the
precursor delivery manifold was heated to 115°C. For the deposition at 80°C, the
TDMASn/purgel/H,O/purge2 times were 1s/10s/0.2s/15s with corresponding nitrogen flows of
30sccm/90sccm/90scem/90scem. With this, 140 cycles lead to 20 nm tin oxide. More details can be
found in a previous publication (26). We noticed a beneficial effect when letting the TDMASn bottle
cool down to room temperature when not in use. Finally, 100 nm Ag were deposited by thermal
evaporation at a rate of 1 A s\,

Silicon solar cell preparation

The silicon heterojunction (SHJ)-bottom cell was fabricated from a 260 um thick, ~3 Q cm™ polished
FZ <100> n-type crystalline silicon (c-Si) wafer in a rear junction configuration. The front surface of
the wafer was left polished by capping with a PECVD deposited SiO; prior to wet texturing to obtain
random pyramids with <111> facets. After removal of the capping in HF another final RCA clean and
HF dip (1 % dilution in water) were done and an approx. 5 nm thick, intrinsic (i) amorphous silicon
(a-Si:H) layer stack was grown on both sides of the c-Si wafer in order to passivate the c-Si surface. On
the textured rear-side, an approx. -5-nm thick, p-doped a-Si:H layer stack was deposited to form the hole
contact (junction). On the polished front-side, a 95-nm thick (20-nm thick for single-junction reference
cells), n-doped nanocrystalline silicon oxide layer (nc-SiOx:H) with a refractive index, n, of 2.7 at
633 nm was used as the electron contact of the SHJ bottom cell and the optical intermediate layer
between the top and the bottom cells (70). The a- and nc-Si layers were deposited with an Applied
Materials (AKT1600) plasma enhanced chemical vapor deposition (PECVD) cluster tool. In order to
contact the bottom cell a ZnO:Al/Ag layer stack was deposited on the textured rear-side and a 20 nm
(70-nm thick for single-junction references) thick ITO layer was deposited on the polished front-side on
top of the nc-SiOx:H interlayer. Both depositions were DC-sputtered in an in-line sputter tool from
Leybold Optics using Ar/O, gas mixtures. For the ITO a tube target with 95/5 doping ratio and for the
AZO a tube target with 1% AlO; in ZnO was used. Both contact-layer stack of the silicon were
deposited using aligned shadow masks with an opening of 1.13 x 1.13 cm? (2 x 2 cm? for single-junction
reference). For single-junction reference cells with an aperture area of 2 x 2 cm?, an Ag grid was screen-
printed on top of the front ITO.

Preparation of tandem solar cells

The bottom cells were blown clean with N> and UV-Os-treated for 15 minutes. The same HTL,
perovskite, (LiF), Cso and SnO, deposition as described above was conducted on the silicon bottom
cells. Subsequently, 100 nm [ZO (Roth&Rau MicroSys 200 PVD, ceramic target purchased from FHR
Anlagenbau GmbH) are deposited by sputtering. The 2-inch ceramic target consisted of 90 %wt. In,O;3
and 10 %wt. ZnO. At a RF-power of 70 W the cells oscillated under the target to have a uniform
deposition. 0.2%y, O, was added to the chamber. The previously optimized layer (26) has a mobility,
carrier density and resistivity of 43.5cm? V's!, 3.4-10° cm® and 4.2:10* Q cm, respectively. A
100 nm silver frame was thermally evaporated through a shadow mask to collect the charge carriers
without a need of grid fingers. Lastly, 100 nm LiF is evaporated as an antireflective coating by thermal
evaporation. The active area is defined by the metal frame and is slightly larger than 1 cm”. A photo and
schematic of a monolithic tandem solar cell is shown in Figure S25.
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Luminescence spectroscopy techniques
Time-dependent steady-state photoluminescence

Time-dependent steady state absolute photoluminescence measurements were performed on a home-
built setup using an integrating sphere, where the samples were placed at the edge of the sphere. The PL
was collected with a fiber connected to a CCD-array spectrometer (Ocean Optics). The samples were
excited with a continuous-wave laser at 532 nm emission wavelength, a photon flux of ~1.2E16
photons/s and a spot size on the sample of 0.12 cm? (around 1-sun-equivalent excitation fluence,
calibrated with a certified silicon reference cell). The 30-suns case was realized by a focusing lens to
reduce the spot size to 0.4 mm?. The spot size was measured by fitting a Gaussian curve to the beam
profile extracted from CCD imaging the laser spot. The 1-sun 0.4 mm? case was realized by a focusing
lens and appropriate ND filters. Non-absorbed laser light and emitted photoluminescence fluxes were
simultaneously detected by the spectrometer, of which the spectral sensitivity was calibrated using a
NIST-traceable halogen lamp. The spectral time evolutions of the perovskite films were recorded with
an integration time of 300 ms and delay of 2-3 s between each recording. Measurements were carried
out in air; the samples were measured promptly after they were taken out from the N2-filled glovebox.

Absolute PL and pseudo-J-Vs

Excitation for the PL imaging measurements was performed with a 520 nm CW laser (Insaneware)
through an optical fibre into an integrating sphere. The intensity of the laser was adjusted to a 1 sun
equivalent intensity by illuminating a 1 cm?2-sized perovskite solar cell under short-circuit and matching
the current density to the Jsc under the sun simulator (e.g. ~22.0 mA cm™ at 100 mW cm™, or 1.375x10*!
photons m™ s™"). A second optical fiber was used from the output of the integrating sphere to an Andor
SR393i-B spectrometer equipped with a silicon CCD camera (DU420A-BR-DD, iDus). The system was
calibrated by using a halogen lamp with known spectral irradiance, which was shone into to integrating
sphere. A spectral correction factor was established to match the spectral output of the detector to the
calibrated spectral irradiance of the lamp. The spectral photon density was obtained from the corrected
detector signal (spectral irradiance) by division through the photon energy (hf), and the photon numbers
of the excitation and emission were obtained from numerical integration using Matlab. In a last step,
three fluorescent test samples with high specified PLQY supplied from Hamamatsu Photonics where
measured where the specified value could be accurately reproduced within a small relative error of less
than 5%.

The samples were illuminated in the integrating sphere using the same 520 nm CW laser (Insaneware)
as described above. A continuously variable neutral density filter wheel (ThorLabs) was used to
attenuate the laser power to measure at different intensities which was monitored using an additional Si
photodetector. The samples were illuminated at a given intensity for a variable illumination time using
an electrical shutter. After an illumination time of 1 second, the PL spectra were recorded by averaging
30 spectra taken using a detector exposure time of 30 us. The electrical shutter was then closed and the
filter wheel was moved to the next position and the steps were repeated. A custom-built Labview code
was written to automate the measurement, and a Matlab code to automate the data evaluation.

Pseudo-J-Vs

The pseudo-J-Vs were deduced from the intensity-dependent QFLS or Voc measurements as recently
demonstrated in ref. (54). This was done by calculating the dark-current density from the generated
current density at a given light intensity in equivalent suns. E.g. 1 sun corresponds to 22.0 mA cm?, 1%
of a sun to 0.220 mA cm™. The obtained dark current was then plotted against the measured QFLS or
Voc at the given light intensity to create a transport/series resistance-free dark J-V-curve. This curve was
then shifted to the Jsc in the J-V-measurement to create the pseudo-J-V curve allowing to read of the
pseudo- (or implied) FF and Voc of the measured partial cell stack (e.g. the neat film, or
perovskite/transport layer junction) or the complete cell. We note, that the implied FF is only impacted
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by the non-radiative (and radiative) recombination processes in the studied sample but not by charge
transport or resistive losses that are induced by the active layer or the transport layers, and resistances
(e.g. the ITO sheet resistance).

Intensity-dependent Vo measurements

Steady-state intensity dependent V¢ measurements were obtained with a 520 nm continuous wave laser
(Insaneware) providing a power of 1 W. A continuously variable neutral density filterwheel (ThorLabs)
was used to attenuate the laser power (up to OD 6). The light intensity was thereby simultaneously
measured with a silicon photodetector and a Keithley 485 to improve the accuracy of the measurement.
The measurement was performed by measuring the V¢ after a 1 second illumination at a given light
intensity and then the Jg¢ after 1 second illumination before the filterwheel rotated to the next position.
A custom-built LabView code was written to automate the measurement.

Transient photoluminescence

TrPL measurements were carried out in a home-built setup using 660 nm excitation laser light from a
supercontinuum light source (SuperK) with a 25-35 um spot size. The samples were excited from the
glass side to avoid increased reflection stray light, however, no significant difference in decay times was
observed between excitation from both sides. We chose the longer wavelength excitation to avoid effects
of charge diffusion from a high to low carrier density region. The excitation pulse had a repetition rate
of 150 kHz and the PL emission was collected panchromatically through a photomultiplier and time-
correlated single photon counting technique. The fluence was controlled with a tuneable neutral density
filter and monitored with a power meter.

Absolute photo and electroluminescence imaging of tandems

Absolute PL imaging measurements were performed with two 450 nm LEDs for the perovskite subcell
and with an 850 nm LED for the excitation of the silicon subcell. The excitation intensities for both
measurements was set to 1.4 x 10?' photons m™ s”'. The photoluminescence image detection was
performed with a charge-coupled device (CCD) camera (Allied Vision) for the perovskite subcell and
with an InGaAs based camera for the Si subcell. Both cameras were coupled with a liquid crystal tunable
filter unit. The systems were calibrated to absolute photon numbers.

Quantitative electroluminescence imaging was performed by sweeping a voltage between 1.4 and 2.0 V
with a 2 mV voltage step and 0.5 s dwell time. The dark current Jy.rk Was recorded for the sweeps. To
avoid large data collection a luminescence image at every step for every subcell was recorded at the
maximum energy of the luminescence. The intensity of the images was scaled to absolute photon
numbers with a full hyperspectral image collected at a given injection. This results in a data set

containing the electroluminescence yield of each subcell () ijL (Jaark) as a function of the injected

current /... The radiative current of every subcell ]fad is calculated by multiplying the ij . Uaark) by
the elementary charge. Finally, the voltage of the subcells V/ is calculated with:

V] — kT ln <]1]‘ad?+]é,rad>
](]),rad

Here, ]é"md is calculated from the EQE of the individual subcells following the reciprocity theorem
(71):

J2 aa = @ J EQE’ (), (E)AE.

26

157



Terahertz-Probe (OPTP) spectroscopy

Optical-Pump Terahertz-Probe (OPTP) spectroscopy can measure the transient photo-excited sheet
conductivity 4os and sum mobility uy = u. +u5 of the electron mobility u. and the hole mobility u. The
terahertz pulses are generated by optical rectification of 800 nm pulses in a ZnTe crystal. These terahertz
pulses are guided through the perovskite sample and the transmitted terahertz field T is measured by
electro-optical sampling in a second ZnTe crystal. Additionally, the perovskite samples can be photo-
excited by pump pulses with a wavelength of 400 nm and a pulse length of =150 fs. These charge carriers
alter the transmission of the terahertz probe pulse by AT, which is also detected. The derived pump-
induced change in THz transmission A7/T is analyzed by the thin-film approximation in equation (S5)
for the photo-excited sheet conductivity A4as, which is the integral of the induced photoconductivity Ac
over the sample thickness d. The parameters are the speed of light ¢, the permittivity of the vacuum &,
and the terahertz refractive index of the substrates 7., which is 1.95 for the used quartz glass substrate.

AT

d
Aoy = f Aodx = —goc(1 + nsub)LA D
x=0 1+ —
T

The transient of the photo-excited sheet conductivity is measured by scanning the delay of the pump
pulse by an optical delay line. In this case, the terahertz pulse is sampled at its maximum. Additionally,
the full terahertz pulse was scanned by a second delay line at a pump delay time of 10 ps. After both AT
and T are Fourier-transformed, the photo-excited sheet conductivity spectrum is derived by
Equation (1). The sum mobility spectrum is obtained by Equation (2) from the photo-excited sheet
conductivity, the flux of the pump beam of 7 x 10'" photons/pulse/cm?, and the reflectance of the pump
beam at 400 nm of 25%. The quantum yield of exciton dissociation in such mixed halide perovskites is
approximately 1 at room temperature.

Os

Iu = pe(f, t) + pup(f,t) = ) (2)

qPpump(1 =
The gained sum mobility is a spectrum at the frequencies from 0.5 to 3 THz, which constitute the
terahertz probe pulse. The observed flat frequency-dependence in fig. 1 indicates no significant
difference between the measured terahertz mobilities and the DC-value, which is relevant for the device
operation or carrier diffusion.

Further details on the OPTP measurement can be found in (72).
Single junction solar cell characterization (Current-Voltage curves, EQE)

The J-V curves of single-junction cells were recorded in nitrogen atmosphere with a solar simulator
(Oriel LCS-100) and Keithley 2400 source-measure unit, controlled by a custom LabView program.
The intensity was calibrated to AM1.5G 1-sun-equivalent with a filtered KG3 Silicon reference solar
cell, calibrated by Fraunhofer ISE (spectral mismatch is around 0.997, within the measurement error,
thus no correction was applied). J-V scans were as performed in a 2-point-probe configuration. The
typical step size was 20 mV, with an integration time of 20 ms and settling time of 20 ms (250 mV/s).
The cells did not experience any preconditioning. Shunted or partially shunted devices (mostly due to
scratches and not perfectly clean substrates) were not considered in the analysis.

EQE spectra were recorded with an Oriel Instruments QEPVSI-b system with a Newport 300 W xenon
arc lamp, controlled by TracQ-Basic software. The system is calibrated using a Si reference cell with
known spectral response before every measurement. The electrical response of the device under test is
measured with a Stanford Research SR830 Lock-In amplifier (time constant of 0.3 s) and evaluated in
TracQ. The typical short-circuit current mismatch between integrated external quantum efficiency
(EQE) times AM1.5G irradiance and values from J-V scans is around 1% if the area of the cell precisely
known (considering shadowing through the mask during metal evaporation).
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Tandem solar cell characterization (Current-Voltage curves, EQE)

The tandem solar cells were measured in air under AM1.5G (1 sun) equivalent illumination with a
Wavelabs Sinus-70 LED class AAA sun simulator. The cells did not experience any preconditioning.
For calibration we used a slightly modified calibration route compared to Meusel et al. (73). We adjusted
the spectrum such that for both subcells it led to the photogenerated current densities obtained by EQE
measurements. Thus, for a perovskite-limited cell, we first increased the intensity of the blue light in
order to get a silicon-limited cell. Subsequently, the NIR region was adjusted until the Jsc of the silicon-
limited tandem solar cell was equal to the Jpnsi (calculated from EQE and AM1.5G spectrum). Finally,
the intensity of the blue light was decreased until the tandem solar cell was perovskite-limited again and
the Jsc was equal to the Jpnpero. For a silicon-limited cell it is done vice versa. The backside of the cell
was contacted with a metal vacuum chuck at 25°C, whereas the front side was contacted with two Au
probes. A black laser-cut aperture mask covered the substrate outside of the active area. The J-V
measurements and MPP tracks were recorded using a home-built LabView software. The EQE spectra
were recorded with a home-built setup using chopped (79 Hz) monochromatic light from a Xe and He
lamp, respectively. To measure the EQE of the perovskite subcell, the silicon subcell was saturated using
an LED with 850 nm peak emission. To maintain short circuit conditions, a bias voltage of 0.6 V was
applied. The silicon subcell was measured by saturating the perovskite subcell with blue light from a
LED (455 nm) and applying a bias voltage of 1 V.

The boxes in the PV parameter boxplots indicate the 25/75 percentiles and the whiskers mark the 10/90
percentiles. The line in the plots mark the respective average value.

Helium Ultra-Violet Photoelectron Spectroscopy

Helium ultra-violet photoelectron spectroscopy (He-UPS) with an excitation energy of 21.2 eV was
applied to investigate the secondary electron cutoff (SECO) and the valence band onset. Four different
layer stacks were investigated: 1) ITO-covered glass substrate, two different SAMs ii) Me-4PACz and
ii1) 2PACz on an ITO-covered substrate and iv) ITO/PTAA/Perovskite (1.68 eV band gap). All samples
were transferred from the glovebox to the vacuum system in a portable chamber in nitrogen atmosphere.
The measurements were conducted using a step width of 0.05 eV and a dwell time of 3 seconds. Between
the sample, contacted via the ITO, and the electron analyzer a bias voltage of 7 V was applied. Both, the
SECO and the valence band onset (Er-Ev), were determined by the intersection of the linear fit of the
data with the linear background. Considering the excitation energy of He I, (21.2 eV - SECO) leads
directly to the work function (Eva-Er) of the material.

X-ray diffraction

Grazing-incidence wide-angle X-ray scattering (GIWAXS) data were acquired at the four crystal
monochromator beamline of the Physikalisch-Technische Bundesanstalt at the synchrotron radiation
facility BESSY II (48). Under high vacuum, X-rays with 8 keV photon energy (. = 1.5498 A) were
incident on 1 cm? samples prepared with stack silicon/ITO/HTL/perovskite/Cso to mimic growth
conditions in devices, and with Cg to prevent any material changes under vacuum. Grazing incidence
angles from 1.5° to 6.5° were used to probe different depths in the film and at high angles the broadening
due to the beam footprint on the sample is reduced. Scattering was detected with a vacuum-compatible
version of the PILATUS3 X 100K hybrid photon-counting detector (DECTRIS) (49). This detector was
rotated around the sample center in 4.5° steps through 16 positions at a sample-to-detector distance of
206 mm with 30 s acquisition at each detector angle. The photon flux was approximately 1.82 x 10® s™!
with 80 um beam height. Data was reduced and corrected using PyFAI (74).

Further 1D X-ray diffraction measurements were acquired using a PANalytical X'Pert Pro MPD (multi-
purpose diffractometer) in grazing incidence geometry (GI-XRD). Diffraction patterns were collected
with a step size of 0.02 degree, for 6 seconds at each step and at a grazing angle of 1°, with the
measurement conducted in air.
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Long term stability measurement

Monolithic tandem solar cells were tracked over 300 h at the maximum power point (MPP) with a self-
constructed ageing setup in collaboration with the University of Ljubljana (with them providing the
LED-array and measurement components). To guarantee homogenous illumination the LED-array
consists of 193 LEDs, 144 of which are blue LEDs and 49 are near-infrared LEDs with a wavelength of
470 nm and 940 nm, respectively. The normalized spectra are given in Figure S36. With an independent
tunability of both intensities via two potentiometers, the photocurrent of the top and bottom cell can be
adjusted to increase or decrease the current mismatch as intended. The bottom cell is electrically
connected to a copper block on the backside, whereas the top cell is connected with 2 pogo-pins. Under
ambient conditions (relative humidity of 30-40%, measured with a calibrated humidity tracker) the
measurement took place in a closed housing at a stable 25°C, while the cells were kept in place with a
diaphragm pump. While monitoring the current and voltage of each cell at MPP (using voltage
perturbation) the intensity of a blue and infrared reference diode was logged to account for any
drops/fluctuation of illumination.
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Ultraviolet photoelectron spectroscopy
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Figure S1 Energetic diagram comparing the alignment between perovskite valence band edge and the HOMO
levels of the studied hole-selective layers. A correlation is apparent between fill factor and how close the alignment
between perovskite valence band edge and HOMO level of the hole-selective layers is; considering that PTAA has
a low conductivity but significant thickness (~10 nm), which adds series resistance that influences the FF as well.
The absorption onset in Figure S43 was used to estimate the “bandgap” of the SAMs. The data for PTAA is from
ref. (7) (measured at another UPS setup).
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Figure S2 ITO work function shift by the HTLs. Helium ultra-violet photoelectron spectroscopy comparing ITO
substrates covered by Me-4PACz or 2PACz, or PTAA/Perovskite (1.68 eV bandgap). The energy scale is relative
to the Fermi level. The left panel shows the secondary electron cutoff region and the right panel shows the valence
band onset. Both were fitted with a linear function and the intersection with the linear background was read as the

work function and the valence band onset, respectively.

Additional photoluminescence data
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Figure S3 Photoluminescence time evolution of 1.68 eV bandgap perovskite on ITO/2PACz and ITO/MeO-
2PACz, complementing Figure 1 of the main text.
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Figure S4 Photoluminescence spectra over time (10 min) under spot-illumination at 1-sun-equivalent excitation
fluence. a-e show the spectra used for the plots Fig. 1 and Fig. S3. f-g show the spectra upon 30-suns fluence and
smaller spot illumination.
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Figure S5 Photoluminescence spectra over time (10 min) of a perovskite film on ITO/MeO-2PACz. The same
sample was measured with two different spot sizes: 0.12 cm? (a) and 0.4 mm? (b), each at different positions on the
sample — but the excitation fluence was kept the same by placing additional ND1+NDO.4 filters into the beam for
the 0.4 mm? case. This demonstrates that a smaller spot, i.e. steeper charge carrier gradient and larger spot edge-
to-area ratio, causes a quicker rise of PL of segregated low-bandgap regions (45) (which are more emissive than
Br-rich phases). The same behavior was observed for all studied substrate/HTL configurations.
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Figure S6 PL on a bare glass/ITO substrate (cleaned and O3-treated like the HTL-covered substrates). a, PL
evolution in the same experiment as for Figure S4, showing that the conductive substrate could mitigate charge
accumulation and thus suppress a double-peak formation. However, due to the ITO being not hole-selective
enough, it is not suitable for efficient device operation with the herein used perovskite (inset). b, TrPL transients on
a bare ITO/perovskite sample for three different excitation fluences. A mono-exponential fit to the 1-sun transient
between 50 and 150 ns yielded a decay time of 70 ns. For comparison, the Me-4PACz transient as shown in the
main text is included. ¢, Same experiment as in a, but with a smaller illumination spot size. d, same spot size as in
¢, but with 10-times higher intensity.
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Figure S7 Photoluminescence quantum yield under 85°C in air of perovskite films on Si substrates covered with
PTAA and Me-4PACz. The inset shows the non-normalized values. The samples were left on a hotplate in air
(relative humidity 40-60 %) and cooled to room temperature before every PL measurement. The PLQY of the PTAA
sample fell to almost background-noise level after 90 min. The PL was measured in air under 1-sun equivalent
generation with spot illumination (532 nm excitation, 0.12 cm? spot size).
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Figure S8 a, Fits to the TrPL transients shown in Figure 2 of the main text. The fits are triple-exponential functions
(no physical model, arbitrary choice to fit the data to help with the differential lifetime evaluation) with offsets and
are used to compute the derivative of the transients (or differential lifetimes) to avoid high noise levels arising from
differentiating the raw experimental data. b, Zoom-in to Fig. 2A of the main text.

Note S1

The ratio of higher-order to first-order recombination from the TrPL transients was extracted by first
fitting a mono-exponential function to the linear part in logarithmic scale and extrapolating it until t=0.
Thus, we could identify the part of the transient corresponding to higher order processes, including
radiative recombination (see Figure S10). Integrating the higher-order part of the transient and dividing
it by the total area under the transient gives the ratio. Doing this for all investigated generation conditions
yielded Figure 2C of the main text.
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Figure S9 Charge generation regimes in TrPL. Maximum PL intensity for a series of excitation conditions. The
transition from linear to quadratic dependence marks the carrier concentration above the background concentration

or at which radiative recombination dominates. Although above 1-sun-equivalent carrier generation, Me-4PACz and
2PACz are in this regime, the Me-4PACz transients still showed mostly mono-exponential decay (Figure S10).
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Figure S10 TrPL transients at different excitation fluences of perovskite absorbers on quartz, 2PACz and Me-
4PACz. The red lines are linear fits to the mono-exponential tails of the transients. The area under the transients,
the area under the linear fit and between linear fit and transient were used for the calculation of Figure 2C of the
main text. Only the Me-4PACz transient shows little to no deviation from mono-exponential decay after the charge
transfer process.
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Figure S11 Speed of electron extraction into the C60 layer. a, Terahertz conductivity transients of perovskite
films on quartz glass covered by the electron-selective C60 layer. Notably, the decay is considerably slower when
the pump pulse hits the quartz side first. A fast decay is visible when the blue pump pulse hits the Ceo side first
since the majority of charge carriers are excited at the Ceo-near perovskite surface and fast extraction to the Ceo
layer or non-radiative recombination occurs at/in the Ceo layer (53, 75, 76). Assuming negligible non-radiative
recombination at the quartz interface, the comparison to the C60-side illumination hints that charge carriers diffuse
through the perovskite film with a transition time of ~2.3 ns (eq-S1). In order to differentiate whether electron
extraction or non-radiative recombination decays the transient, the plot shows an extrapolation of the mono-
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exponential part of a TrPL transient on the same sample (b), where trap-assisted recombination dominates, showing
that trap-assisted non-radiative recombination would be too slow to be assigned as the underlying cause of the fast
decay. Hence, it can be assigned to electron transfer into the C60, happening with a time constant of roughly 1 ns,
significantly faster than hole transfer as indicated in Figure 2B (~300 ns). The C60 transients can be modeled by
the ambipolar diffusion of the charge carriers to the contact layers with an ambipolar diffusion coefficient Dam of
0.5 cm?/s and their extraction with an extraction velocity S of 1.6 x 10*cm/s. To this end, the continuity equation with
S as a boundary condition is used (eg-S2 & eq-S3).

d? 4 d

TTransition ~ 2Dy 28 (eg-S1)

d 2
EAn = Dam WAn (eq-Sz)

d
Dam 7=BMlzg = —SBn (eq-S3)
kpT peptn

b kT -S4
am e Ue+ Un s

Equation (eq-S2) describes diffusion through the perovskite film, with d being the film thickness and
Dam denoting the ambipolar diffusion coefficient. (eq-S3) describes recombination at the surface with a
recombination velocity S. The ambipolar diffusion coefficient is connected in high injection to the
individual mobilities of electrons and holes by (eq-S4). The combination of the ambipolar diffusion
coefficient and the sum mobility py = e +un can be used to gain to the individual mobilities of electrons
and holes (77). For the sum mobility py of 30 cm?/Vs, electron and hole mobilities of 6 cm? Vs and 24
cm?/Vs are derived. However, it cannot be clarified whether electrons or holes have the higher value.
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Figure S12 Terahertz (intragrain) mobilities of perovskite films deposited on the studies hole-selective
layers and quartz. Growing perovskite on quartz, PTAA, MeO-2PACz, 2PACz or Me-4PACz has no effect on the
terahertz mobility in the perovskite film. Such mobilities can be attributed to intra-grain transport for grain sizes

above >100 nm (78). Therefore, we conclude that the intra-grain transport in the perovskite thin films is not altered
by growing on SAMs and that the gain in fill factor is not caused by improved intra-grain transport.
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X-ray diffraction study
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Figure S13 Absence of an effect of HTL on perovskite crystal orientation. a, Combined GIWAXS detector
images at a grazing incidence angle of 0.5° and b, X-ray diffraction patterns generated by azimuthal integration of
GIWAXS images acquired at 6.5° for perovskite grown on the four HTLs (with stack glass/ITO/HTL/Perovskite).
Reflections from the pseudo-cubic perovskite are denoted by their Miller index and additional marked scattering
features are reflections from ITO (#) and Pbl, (*). Scattering data shown in part a) are uncorrected images with the
scale indicating the detector rotation about the sample.
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Figure S$14 a) Typical remapped 2D scattering intensity data (Me-4PACz shown), plotted as x (azimuthal scattering
angle) vs. 26, with (100) and (110) perovskite reflections and Pbl2 marked. b) Azimuthal intensity profiles showing
orientation distribution for the radially integrated (100) and (110) scattering features and Pbl2 for all samples. All
data was acquired at a grazing incidence angle of 0.5°.
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Figure S15 Grazing-incidence X-ray diffraction acquired with a rotating 1D detector (GI-XRD) at an incidence
angle of 1°. Prior to measurement, samples were stored for ~2 weeks under N2 and measured in air, so may have
undergone partial degradation. a, Diffraction patterns from the perovskite thin films with additional marked scattering
features from ITO (#) and Pbl, (*). Here the Pbl2 scattering intensity is exaggerated with respect to the perovskite
by the 1D detector geometry and out-of-plane texture of this phase, as observed in the GIWAXS measurements
(Figure S13). b, Highlighted perovskite 200 reflection, showing shift and broadening of the scattering for the PTAA
sample. ¢, Example Le Bail structural refinement of the Me-4PACz pattern with cubic Pm-3m perovskite, Pbl2 and
ITO phases present. d, Le Bail refined cubic perovskite lattice parameters and Pseudo-Voigt fitted full width at half
maximum (FWHM) of the 200 reflections shown in part b). The differences in peak broadening between SAMs and
PTAA might be over-estimated due to possible degradation of the PTAA sample (increased Pbl2 peak), which was
less pronounced in the 1D scans extracted from the GIWAXS data.
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Additional single-junction device data
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Figure S16 Comparison of experimentally achieved FF values of single-junction cells with different solar
materials (27). The numbers inside the bars are the percentages with regard to the respective detailed balance
limit. For Silicon, the large Auger recombination rate reduces the ideality factor to below 1, thus higher FFs than the
detailed balance limit are possible (69).
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Figure S17 Influence of SAM washing on devices. Performance parameters of single-junction devices (without
LiF interlayer) in which the ITO substrate was washed with EtOH after Me-4PACz spin-coating or not. The absence
of a difference is characteristic for SAM-covered ITO substrates and in line with our previous findings demonstrating
with 2PACz that spin-coating of a dilute solution (~0.3 mg/ml) already yielded a substrate-covering monolayer (7).
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Figure S$18 Left: J-V curve of the champion single-junction cell based on Me-4PACz as the hole-selective layer and
LiF/Ceo/SnO2 on the electron-selective side, with the perovskite absorber bandgap being 1.68 eV. The inset shows
a MPP track of that cell (spikes are from the unstable halogen lamp). Right: Representative EQE spectra of Me-
4PACz and PTAA cells.

1014 ————————— 2.0 r
—— Me-4PACz —— Me-4PACz RY;
T 0] ——2PAce - —— 2PACz | MPP
§ 1077 —praa g - I
< 4 S 1.8 :
= 107" 4 > ]
> = 1
5 102 3 .
g = 164 !
= 1073 2 |
c P c
,,,,,,,,,,, o I
© 4 /M,.»v"‘ 5 141 :
1o-5=/ ﬁ |
" l
106 . . 12 !

00 02 04 06 08 10 12 50 - 100 pya

Bias voltage (V) Voltage (V)

Figure S19 Difference in ideality factor from dark-J-V curves. Representative dark-J-V curves (left) of single-
junction cells (no LiF) and ideality factor extracted from a fit on the data, of which the inverse of the derivative of the
logarithm, divided by the thermal energy (25.8 meV) is plotted on the right. In line with the previous findings, the
lower ideality factor with Me-4PACz is also visible in the dark curve as a steeper slope of the dark current. However,
the suns-Voc method as shown in the main text is the more accurate way of determining the value of the ideality
factor.
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Figure S20 Open-circuit voltages of perovskite solar cells (single-junctions) with the studied hole-selective layers,
with and without LiF interlayer between the perovskite and C60 layer. The full Voc potential is only visible upon
suppression of non-radiative recombination at the C60 interface, which we here demonstrated by an LiF interlayer.
PTAA-based devices are limited by the PTAA interface to ~1.18 V (fitting to the QFLS of bare perovskite on PTAA).
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Figure S21 Derivative of the external quantum efficiency of single-junction PSCs based on the compared hole-
selective layers. The derivative, or inflection point (23), lies at 740 nm, the same wavelength as the PL peaks of

pristine perovskite films.
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Figure S22 Addition to Figure 3D of the main text, showing the influence of LiF between perovskite and C60 on the
intensity-dependent PL measurements for determination of the pFF values. The passivation effect of LiF on the
perovskite surface is only minor (20 meV gain in QFLS), hinting that the large gain in Voc by introduction of the LiF
interlayer (see Figure S20) cannot be explained by surface passivation alone. We speculate that it might again be
connected to differences in built-in potential across the full device and a hole-blocking nature of LiF (79).
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Figure S23 Influence of aliphatic chain length with bare and methyl-substituted carbazole SAMs on
perovskite single-junction performance (no LiF). Mainly the FF was affected (Jsc values are likely slightly over-
estimated, compared to EQE in Figure S18). The bottom panels show normalized J-V curves of the best-FF devices
of each variation. For larger lengths of the isolating, non-conjugated SAM part (aliphatic chains containing 4 and 6
hydrocarbon segments), the fill factor decreases due to higher series resistance and ideality factor. The hampered
hole extraction lead to current-voltage hysteresis in n=6 devices. For the methyl-substituted SAM, the optimum FF
was reached with a chain length of n=4, while for nPACz, the highest FF was enabled by n=2. Possibly, self-
assembly of the bare carbazole SAM nPACz is stabilized by pi-pi interactions of the carbazole fragments, whereas
for the Me-substituted SAM an interplay between steric repulsion between the methyl fragments and van der Waals
interaction between the hydrocarbon chains controls the SAM ordering and thus interface quality (80-83). This
might cause the different optimum aliphatic chain lengths for the two different SAM types. Further investigations are
needed to clarify the exact role of molecular orientation and effective dipole moment.
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MeO-2PACz

Me-4PACz

MeO-2PACz

Me-4PACz

Figure S24 Scanning electron microscopy images of perovskite on the studied HTLs. a, top view. b, cross-section.
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Additional data on tandem devices

1.13 cm

Figure S25 a) Photograph of a monolithic perovskite/silicon tandem solar cell. b) Layout of the tandem solar cells
used in this work.

46
177



304 YPACT Me-4PACz
PTAA o e
28 =
S N — = i g
S 26{ R : S < .
° 9 N = ~ ~N a o~
L o 10 5
O 24 2 3 °
1 <
o N &
22 -
20 . °
1.95
3%
1.91 . s
i og
~ O o
e o e
< EX
N e T ~ ] 3
L] © i Bl
’
L J
Jg. "
o ~ [ 0
it ) ]
N - -
b —
~ -
L
T o
®
=
80 = ook,
= ~ 3 < PR B _ 0 oy 9
—~~ 2 i c’; © o 2 : w e g
3 e © . o N e T
3/ 70+ S T~ ‘y: 9 Syopla s
L : $ “L‘
T - *
60
%
50 ; . - - . ,
w w w w w w
- Pl | - | . | | o |
o o o o
| = = = =

Figure S26 Tandem cell performance parameters from J-V curves under 1-sun equivalent illumination, comparing
the different hole-selective layers with and without a 1 nm LiF interlayer between Ceso and perovskite. The arithmetic
mean is given for each parameter and HTL.
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Table S27 Subcell photogenerated current densities (Jph) values of the tandem cells with Me-4PACz presented in
Figure S26 showing that for almost all cells, the perovskite top cell was limiting. This table includes cells with and
without LiF interlayer where EQE data was available.

Silicon Jpn Perovskite Jph Mismatch: Jpn,silicon=Jph,Perovskite
(mA/cm?) (mA/cm?) (mA/cm?)
19.87 19.42 0.45
19.63 19.39 0.24
20.18 19.58 0.6
19.94 19.51 0.43
20.2 19.51 0.69
20.22 19.52 0.7
19.89 19.05 0.84
20.18 19.41 0.77
20.73 18.76 1.97
20.6 18.7 1.9
20.47 18.98 1.49
19.94 19.24 0.7
19.56 19.31 0.25
19.38 19.41 -0.03
19.6 19.63 -0.03

20
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g 154
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0 T T
0 0.5 1 2

Voltage (V)
Figure S28 J-V curves of the champion tandem solar cells with various HTLs. The parameters are given in

S29.
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S29 Photovoltaic parameters of the champion cells using PTAA, MeO-2PACz, 2PACz and Me-4PACz as HTL.
Additionally, we distinguished between cells with and without LiF interlayer.

Configuration Direction JscinmA VocinV  FFin% PCE
cm in %
PTAA Jsc to Voc 19.19 1.85 75.6 26.79
PTAA Voc t0 Jsc 19.23 1.84 76.3 27.00
PTAA - LiF Jsc to Voc 18.94 1.88 75.10 26.67
PTAA - LiF Voc t0 Jsc 18.96 1.87 74.04 26.25
MeO-2PACz Jsc to Voc 19.57 1.88 78.07 28.60
MeO-2PACz Voc t0 Jsc 19.58 1.88 78.66 28.88
2PACz Jsc to Voo 19.55 1.85 75.73 27.36
2PACz Voc t0 Jsc 19.57 1.85 76.83 27.79
Me-4PACz Jsc to Voo 19.37 1.87 80.89 29.23
Me-4PACz Voc t0 Jsc 19.37 1.87 81.06 29.29
Me-4PACz — LiF Jsc t0 Voo 19.23 1.90 79.40 29.00
(certified values)
Me-4PACz — LiF Voc t0 Jsc 19.24 1.89 78.85 28.75
(certified values)
20 } Voc->Jsc - — Jsc->Voc
N
e
o
<€ 15+
E
Pary
g 104 Jee Voo FF PCE
2 mAcm? V % %
i Vo>Je 18.88 191  78.30 28.20
% 5 Jo>V,, 18.88 1.92 77.03 27.92
o
O T T T T T T T T T
00 02 04 06 08 10 12 14 16 18

Voltage (V)

Figure S30 J-V of the monolithic perovskite silicon tandem solar cell with the new HTL Me-4PACz and LiF interlayer,
showing a record Voc of 1.92 eV, featuring a 1.68 eV bandgap perovskite absorber.
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Figure S31 J-V curves of a representative silicon single-junction reference cell measured under full 1-sun-
equivalent illumination and under filtered light, roughly as transmitted by a perovskite cell. As described in the
methods, instead of 95 nm nc-SiOx:H and 20 nm ITO on the front side (which becomes the recombination layer in
a tandem solar cell), this reference cell comprises 20 nm nc-SiOx:H and 70 nm ITO. To extract the charges from
the 2 x 2 cm? active area, a screen-printed Ag grid is used.
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Certification

Seite 3/6 ] 10003155HMI0919
page = Fraunhofer
ISE
e 2

Die Rickfihrung der Spektralmessung auf SI-Cinheiten erfolgte Gher den Vergleich mit einer Standardlampe.
the traceahility of the measurement of the spectral distribution to S1-Units is gchieved using o standard lamg for the
calibration of the spectrorodiometer.

|dentitits-Nr. / Kalibrierschein-Mr./ Rilckfihrung/
fdentity-Nr, Certificate-Nr. . Traceobility -
BM-5101-451 40002-14-PTB PTB

3. Messbedingungen
Measurement conditions

Standardtesthedingungen {STC) / Standord Testing Conditions {STC} -

Absolute Bestrahlungsstirke /

z
Total irrgdionce : 4000 W/m

Temperatur des Messabjektes / 35 e
Temperature of the DUT :

Spektrale Bestrahlungsstirke /

Spectral irradiance distribution : AML.5G Ed.2 {2008}

Die Messung der IV-Kennlinie {Strom-Spannungs-Kennlinie) des Messobjektes erfolgt mit Hilfe eines Vierguadranten-
Netzteiles und eines Kalibrierwiderstandes.
The measurement af the V-curve is performed with o 4-quadrant power amplifier and a colibration resistor.

4. Messergebnis
Measurement restlts

Fliche f Area {da}': = { 10599 * 0.0066 }em?®

Lz {t) = total areq, {op) = aperture areg, (da) = designated ilumination area /7/

Kennlinienparameter des Messobjektes unter Standardtestbedingungen {$1C} / V-curve parameter under Standard
Testing Conditions (STC):

v,

[

Isc (Ed.2 - 2008)

“onwartsrichtung ¢
forwards scan direction

1900.3 & 12.7 ) mV

2038 1t 0.39 ) mA

Ruckwartsrichtung /
reverse scan divection
18946 4+ 127 ) mV

2040 + 0.39 ) mA

steady state MFPP

fiwp 18.83 mA 18.75 mA 1911 + 040 ) mA
Viep 1633.0 my 1625.3 my 16166 + 386 ) mv
Prep 30.74 mw 30.47 m 3090 = 0.85 ) mw
FF 79.40 % 78.85 %

] 2915 = 082 ) %
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Angegeben ist jeweils die erweiterte Messunsicherheit, die sich aus der Standardmessunsicherheit durch
Multiplikation mit dem Faktor k=2 ergibt. Sie wurde gemilf dem "Guide to the expression of Uncertainty in

Measurement” ermittelt. Sie entspricht bei einer Normalverteilung der Abweichungen wvom Messwert einer
Uberdecku ngswahrscheinlichkeit von 95%.

The eaponded measurement uncertainty resulting from the standord measurement uncertainty multiplied with o
foctor k=2 is specified. The calcwlation was carried aut cocording to the "Guide to the expression of Uncertainty in

Megsurement”. The volue corvesponds to o Goussian distribution denoting the deviations of the measurement value
within a prabability of 35%.
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Figure S32: Certification report from Fraunhofer ISE for a monolithic perovskite silicon tandem solar cell with Me-
4PACz as HTL and LiF interlayer.
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Figure S33 J-V curve under 1-sun-equivalent illumination of the certified Me-4PACz+LiF tandem solar cell,
measured in-house, yielding almost the same results as the certified measurement shown in the main text.
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Figure S34 External quantum efficiencies of the certified champion device in this publication (measured in-house)
and of the publication from Sahli et al. (62). The latter shows that the textured front side can increase the
photogenerated current density by reduced reflection. This led to a cumulative current density of 40.4 mA cm™,
whereas the flat front side of this publication led to 39.59 mA cm. Additionally, the dashed lines show the reflection

(1-R) of the respective cell.
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Figure S35 a) Comparison of champion monolithic perovskite silicon tandem solar cells (Me-4PACz) with and
without LiF interlayer. The J-V of the cell with LiF interlayer was certified at Fraunhofer ISE. The higher Voc but lower
FF for cells with LiF interlayer is clearly visible. b) 5 minutes MPP-track of the champion cell withouf LiF interlayer
with an average value of 29.32%
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Figure S36 Normalized spectra of the LEDs used for long term MPP-tracks of tandem solar cells. The spectra are
given by the manufacturer. For the MPP-tracks, the intensities were adjusted such that in the subcells the same
charge carrier densities are generated as derived from the respective EQE measurements.

Note S37: Light sources for long term stability tests of tandem solar cells

Typically, low-class lamp spectra provide less NIR light and thus the photogenerated current density of the silicon
bottom cell will be reduced, leading potentially to a silicon-limited tandem solar cell. Silicon-limited tandem solar
cells would show higher stability as the degradation of the perovskite subcell barely affects the performance of the
tandem until a certain threshold is reached. Therefore, the subcell limitation will also affect operational stability,
depending on the degree of mismatch and type of degradation. A detailed analysis of the influence of the subcell
properties on the tandem solar cell is given by Boccard and Ballif (84).
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Table S38 Photogenerated current of tandem solar cells. The photogenerated current densities were extracted by
measuring the short circuit current under one or the other limitation. We assume that the short circuit current is
equal to the photogenerated current of the limiting subcell. The limitation is artificially created by enhancing the sun
simulator intensity in the spectral region that only the non-limiting cell absorbs (i.e., increased NIR intensity for
perovskite limitation and increased blue intensity for silicon limitation).

Iph,pero (MA) lph,si (MA)
PTAA LiF 18.88 20.05
Me-4PACz LiF 19.57 19.86
2PACz 19.04 19.5
Me-4PACz 20.10 20.06
Time (min)
0 20 40 60 80 100 120 140 160 180 200
304 —71r r r - r - r - 1t r 1 1 r T T
{ 25 Temperature in °C 25
‘ 40 40
= 25 55 55
s 70 704
L ] 8 \
O 904
O 20
Sunsimulator restarted
154 .
£22-
P
o2 " 85°C
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Figure S39 MPP track of a tandem solar cell with Me-4PACz as HTL (without LiF interlayer). The cell was
illuminated with an AM1.5G spectrum (calibrated with a KG-3 filtered silicon reference cell, certified at Fraunhofer
ISE). Following the procedure of Jost et al.(63), the cell was held for 15 minutes at 40 °C, 55 °C and 70 °C and for
20 minutes at 85 °C. Due to a technical issue, the sun simulator needed to be restarted. However, the cell was still
exposed to the elevated temperature.
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Figure S40 Injection dependent EL measurements of a monolithic tandem solar cell using Me-4PACz as HTL and
LiF interlayer. By applying a voltage to the solar cell, we inject a current, which flows through both subcells. From
the EL measurement, we extract the QFLS at each injected current and can reconstruct a dark J-V.

Note S41: J-V reconstructed from EL measurements

When comparing the reconstructed J-V obtained from EL measurements (JVeL) to the J-V measured
under a solar simulator (JVsunsim), We first notice a slightly higher shunt resistance Rsy for the JVEr Tandem.
We attribute this to pinholes in the perovskite top cell (e.g., direct contact between Ceo and ITO), which
are electrically active and lead to leakage currents in the JVsunsim. However, these pinholes are not visible
in the EL images due to limited camera resolution and pixel bleeding of the luminescence intensity.
Thus, the reconstructed perovskite subcell JVEL pero 1S @ representation of a top cell processed under
perfect substrate and precursor cleanliness, pinhole-free wetting etc. Secondly, the reconstructed JVeL
curve does not feature any series resistance, because the EL gives access only to the internal voltage,
whereas an electrical J-V curve displays the current density versus external voltage. The external voltage
at a given current is smaller than the internal one for example due to voltage drops at series resistances
(85). Additionally, in the EL reconstruction, a larger current is flowing at the reconstructed Voc as
compared to the reconstructed Vwpp, since 1-sun equivalent electrical current injection corresponds to
the reconstructed Voc. In contrast, under electrical J-V-sweeping, a higher net current flows at Ve
compared to Voc. Since in a solar cell diode equation the series resistance appears in the product R x I,
the JVeL thus simulates a J-V curve under small net current flow.
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Figure S42 a, Schematic of the SPICE simulation. For the top and bottom cell a single diode model is used
consisting of a current source Jph, series resistance Rs, parallel resistance Rshunt and the diode. In this case, the Rs
was set to 0. b, result of the simulation using the parameter extracted from the JVeL of the individual subcells. The
Jph of the subcells were changed while maintaining a constant cumulative current density of 39.3 mA cm as it is
the case for AM1.5G-equivalent illumination (calculated by EQE). Thus, the individual parameters are a function of
the mismatch of the subcells. A FF minimum occurs at a mismatch of -0.7 mA cm?, whereas it is simultaneously
the point of maximum Jsc. Thus, a tradeoff needs to be done. Here, the maximum PCE of 32.43% is reached when
both subcells have the same Jph (i.e. mismatch=0).
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Synthesis of the new SAMs
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Figure S43 Molar extinction coefficient of 2PACz and Me-4PACz dissolved in THF (10 M). UV/Vis spectra were
recorded on a PerkinElmer Lambda 35 spectrometer.
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Me-nPACz (n = 2,4,6)

Materials used for the synthesis were purchased from Sigma-Aldrich or TCI Europe and were used as
received without further purification.

The 'H and *C NMR spectra were taken on Bruker Avance III (400 MHz) spectrometer at room
temperature. Chemical shifts are reported in parts per million (5, ppm) downfield from tetramethylsilane
standard and are referenced to residual signal of the solvent. The course of the reactions products was
monitored by TLC on ALUGRAM SIL G/UV254 plates and developed with UV light. Silica gel (grade
9385, 230-400 mesh, 60 A, Aldrich) was used for column chromatography. Elemental analysis was
performed with an Exeter Analytical CE-440 elemental analyzer, Model 440 C/H/N/.

dibromoalkane, R R
TBABr,
R R 50%KOH 2a:R=-CH3;;n=1
T 2b: R =-CHy; n =2
N
N }

N 2c:R=-CH;;n=3
NS

Y

2d:R=-H;n=2
2e:R=-H;n=3

1a: R=-CHj
1b:R=-H
R R
R R
1. BrSi(CHa)3 O O
N 2. MeOH, H,0O N triethylphosphite
[ H] 1. Ar. 25°C [ ]n reflux
n ' 0=P-Q
O:F"*OH 2.rt (\) \
OH T
Me-2PACz: R=-CHj; n=1 3a:R=-CH3; n=1
Me-4PACz: R=-CH3; n=2 3b: R=-CHj;n=2
Me-6PACz: R=-CH3;; n=3 3c:R=-CH;;n=3
4PACz: R=-H;n=2 3d: R=-H;n=2
6PACz: R=-H;n=3 3e:R=-H;n=3

Figure S44 Synthesis scheme of the new materials (Me)-nPACz (n = 2, 4, 6).

HsC O N ,CH3

(3,6-Dimethyl-9H-carbazole) (1a). 3,6-Dibromocarbazole (10g, 30.77 mmol) and 1,3-bis-
(diphenylphosphino)dichloronickel(IT) (Ni(dppp).Clz) (2.5g, 4.62 mmol) were dissolved in 700 ml of
absolute diethyl ether under argon atmosphere. After 15 min, 40.9 mL of a 3 M CH3;MgBr solution in
diethyl ether (123.08 mmol) was added over a period of 60 min to the purple red suspension, yielding a
brown and clear solution. Afterwards reaction mixture was refluxed for 5 h, cooled to room temperature,
and quenched with 100 mL of saturated aqueous NH4Cl solution. Organic phase was separated and
extracted three times with 200 mL of saturated aqueous Na,COj3 solution, three times with 200 mL of
water, and finally three times with 200 mL of saturated aqueous NaCl solution. The organic layer was
dried over anhydrous Na,SO4 and the solvent was distilled off under reduced pressure. The crude
product was purified by column chromatography (acetone n-hexane 1:24 v/v) to give 3.5 g (58 %) of
white crystalline powder.

'"H NMR (400 MHz, (CD;),S0): 3 10.95 (s, 1H), 7.84 (s, 2H), 7.35 (d, J = 8.1 Hz, 2H), 7.18 (d, J = 8.0
Hz, 2H), 2.46 (s, 6H).
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3C NMR (100 MHz, (CD5),S0): & 138.3, 126.8, 126.6, 122.4, 119.8, 110.6, 21.1.
Anal. calcd for Ci4H3N, %: C 86.12, H 6.71, N 7.17, found, %: C 85.91, H 6.82, N 7.27.

Br

9-(2-Bromoethyl)-3,6-dimethyl-9H-carbazole (2a): 1a (0.6 g, 3.07 mmol) was dissolved in 1,2-
dibromoethane (7 ml, 81.23 mmol), tetrabuthylammonium bromide (0.148 g, 0.46 mmol) and 50% KOH
aqueous solution (0.86 ml, 15.35 mmol) were added subsequently. Reaction was stirred at 50°C for two
days (TLC, acetone: n-hexane 2:23 v/v) after each 24h tetrabuthylammonium bromide (0.1 g, 0,31
mmol) and 0.5 ml of 50% aqueous KOH solution were added. After completion of the reaction,
extraction was done with dichloromethane. The organic layer was dried over anhydrous Na;SO4 and the
solvent was distilled off under reduced pressure. The crude product was purified by column
chromatography (acetone: n-hexane 1:23 v/v) to give 0.52 g (47%) of colourless solid.

'"H NMR (400 MHz, CDCls): § 7.82 (s, 2H), 7.27 — 7.22 (m, 4H), 4.57 (t, J = 7.5 Hz, 2H), 3.58 (t, J =
7.5 Hz, 2H), 2.50 (s, 6H).

3C NMR (100 MHz, CDCls): § 138.6, 128.8, 127.2, 123.2, 120.6, 108.2, 44.8, 28.4, 21.5.
Anal. calcd for Ci6H16BrN, %: C 63.59, H 5.34, N 4.63, found, %: C 63.72, H 5.52, N 4.77.

H3C CHj3

i
.

Diethyl [2-(3,6-dimethyl-9H-carbazol-9-yl)ethyl|phosphonate (3a): 2a (0.4 g, 1.32 mmol) was
dissolved in triethyl phosphite (6 ml, 34.99 mmol) and the reaction mixture was heated at reflux for 19
h. After reaction completion (TLC, acetone: n-hexane 8:17 v/v) the solvent was distilled off under
reduced pressure. The crude product was purified by column chromatography (acetone: n-hexane 1:4
v/v) to give 0.46g (97%) of yellowish resin.

'"H NMR (400 MHz, CDCL3): 3 7.84 (s, 2H), 7.30 — 7.23 (m, 4H), 4.55 (q, J = 8.5 Hz, 2H), 4.08 (quint,
J=17.1Hz, 4H), 2.52 (s, 6H), 2.28 — 2.16 (m, 2H), 1.28 (t, /= 7.0 Hz, 6H).

13C NMR (100 MHz, CDCly): & 138.3, 128.4, 127.1, 123.2, 120.5, 108.2, 62.0, 61.9, 37.1, 26.0, 24.6,
21.5,16.54, 16.48.

Anal. calcd for C20H26NOsP, %: C 66.84, H 7.29, N 3.90, found, %: C 67.01, H 7.09, N 4.08.
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HsC CHj

N

0=P-OH
OH

[2-(3,6-dimethyl-9 H-carbazol-9-yl)ethyl]phosphonic acid (Me-2PACz): 3a (0.47 g, 1.31 mmol) was
dissolved in anhydrous 1,4-dioxane (15 ml) under argon atmosphere and bromotrimethylsilane (1.73
ml, 13.07 mmol) was added dropwise. Reaction was stirred for 22 h at 25 °C under argon atmosphere.
Afterwards, methanol (3 ml) was added and stirring continued for 3h. Finally, distilled water was added
dropwise (10 ml), until solution became opaque, and it was stirred overnight. Product was filtered off,
washed with water, dissolved in tetrahydrofuran (1 ml) and precipitated into n-hexane (12 ml). The
product was filtered off and washed with n-hexane, to give 0.360 g (91 %) of white powder.

'H NMR (400 MHz, (CD3),SO): & 9.59 (br s, 2H), 7.88 (s, 2H), 7.38 (d, J = 8.3 Hz, 2H), 7.25 (d, J =
8.3 Hz, 2H), 4.59 — 4.40 (m, 2H), 2.46 (s, 6H), 2.09 — 1.90 (m, 2H).

3C NMR (100 MHz, (CD5),S0): & 138.0, 127.4, 126.9, 122.3, 120.2, 108.6, 37.4, 28.0, 26.7, 21.0.
Anal. calcd for Ci¢H1sNO3P, %: C 63.36, H 5.98, N 4.62, found, %: C 63.53, H 5.81, N 4.76.

HsC O N ,CH3

Br

9-(4-bromobutyl)-3,6-dimethyl-9H-carbazole (2b): 1a (0.6 g, 3.07 mmol) was dissolved in 1,4-
dibromobutane (9.1 ml, 76.75 mmol), tetrabuthylammonium bromide (0.148 g, 0.46 mmol) and 50%
KOH aqueous solution (0.86 ml, 15.35 mmol) were added subsequently. Reaction was stirred at 60°C
overnight (TLC, acetone:n-hexane, 1:24, v:v). After completion of the reaction, extraction was done
with dichloromethane. The organic layer was dried over anhydrous Na,SO4 and the solvent was distilled
off under reduced pressure. The crude product was purified by column chromatography (acetone n-
hexane 1:124 v/v) to give 0.91 g (90 %) of white crystalline solid.

'H NMR (400 MHz, CDCls):  7.85 (s, 2H), 7.29 — 7.20 (m, 4H), 4.27 (t, J = 6.8 Hz, 2H), 3.33 (t, J =
6.5 Hz, 2H), 2.52 (s, 6H), 2.01 (quint, J = 7.1 Hz, 2H), 1.86 (quint, J = 6.4 Hz, 2H).

BC NMR (100 MHz, CDCl;): § 139.0, 128.1, 127.0, 123.0, 120.5, 108.3, 42.3, 33.4, 30.4, 27.8, 21.5.
Anal. calcd for CisH20BrN, %: C 65.46, H 6.10, N 4.24, found, %: C 65.31, H 6.34, N 4.39.
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Diethyl [4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phosphonate (3b): 2b (0.8 g, 2.42 mmol) was
dissolved in triethyl phosphite (9 ml, 52.49 mmol) and the reaction mixture was heated at reflux
overnight. After reaction completion (TLC, acetone: n-hexane, 6:19, v:v) the solvent was distilled off
under reduced pressure. The crude product was purified by column chromatography (acetone/n-hexane
1:4 v/v) to give 0.89g (95%) of yellowish resin.

'"H NMR (400 MHz, CDCl):  7.84 (s, 2H), 7.25 — 7.22 (m, 4H), 4.24 (t, J = 7.0 Hz, 2H), 4.00 (quint,
J=17.3Hz, 4H), 2.51 (s, 6H), 1.93 (quint, J = 7.5 Hz, 2H), 1.75 — 1.58 (m, 4H), 1.24 (t, J = 7.0 Hz,
6H).

C NMR (100 MHz, CDCl3): § 139.0, 127.9, 126.9, 122.9, 120.4, 108.3, 61.62, 61.56, 42.6, 29.92,
29.77,26.2,24.8,21.5,20.54, 20.49, 16.53, 16.47.

Anal. caled for CoH3oNOsP, %: C 68.20, H 7.80, N 3.62, found, %: C 68.03, H 7.98, N 3.79.

HaC CH;

N

O=P—OH
OH

[4-(3,6-dimethyl-9 H-carbazol-9-yl)butyl|phosphonic acid (Me-4PACz): 3b (0.6 g, 1.55 mmol) was
dissolved in anhydrous 1,4-dioxane (20 ml) under argon atmosphere and bromotrimethylsilane (2.12
ml, 15.59 mmol) was added dropwise. Reaction was stirred for 22 h at 25°C under argon atmosphere.
Afterwards, methanol (3 ml) was added and stirring continued for 3h. Finally, distilled water was added
dropwise (15 ml), until solution became opaque, and it was stirred overnight. Product was filtered off,
washed with water, dissolved in tetrahydrofuran (1 ml) and precipitated into n-hexane (15 ml). The
product was filtered off and washed with n-hexane, to give 0.460 g (91 %) of white powder.

'"H NMR (400 MHz, (CD5),SO): & 7.88 (s, 2H), 7.45 (d, J = 8.3 Hz, 2H), 7.23 (d, J = 8.3 Hz, 2H), 4.34
—4.27 (m, 2H), 2.47 (s, 6H), 1.85 — 1.76 (m, 2H), 1.58 — 1.45 (m, 4H).

C NMR (100 MHz, (CD5),S0): § 138.6, 127.0, 126.8, 122.0, 112.0, 109.0, 42.0, 29.71, 29.56, 28.1,
26.8,21.1,20.49, 20.45.

Anal. caled for CisH22NOsP, %: C 65.25, H 6.69, N 4.23, found, %: C 65.38, H 6.51, N 4.29.
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H3C CH3

e
.

Br

9-(6-Bromohexyl)-3,6-dimethyl-9H-carbazole (2¢): 1a (0.6 g, 3.07 mmol) was dissolved in 1,6-
dibromohexane (9 ml, 58.51 mmol), tetrabuthylammonium bromide (0.148 g, 0.46 mmol) and 50%
KOH aqueous solution (0.86 ml, 15.35 mmol) were added subsequently. Reaction was stirred at 60°C
overnight (TLC, acetone: n-hexane 1:24 v/v). After completion of the reaction, extraction was done with
dichloromethane. The organic layer was dried over anhydrous Na,SO, and the solvent was distilled off
under reduced pressure. The crude product was purified by column chromatography (acetone: n-hexane
1:249 v/) to give 1.04 g (95 %) of colourless compound

'"H NMR (400 MHz, CDCL3): & 7.85 (s, 2H), 7.25 — 7.23 (m, 4H), 4.22 (t, J = 7.0 Hz), 3.32 (t, J = 6.7
Hz, 2H), 2.52 (s, 6H), 1.88 — 1.80 (m, 2H), 1.80 — 1.72 (m, 2H), 1.47 — 1.39 (m, 2H), 1.38 — 1.29 (m,
2H).

13C NMR (100 MHz, CDCLy): & 139.1, 127.9, 126.9, 122.9, 120.4, 108.4, 43.0, 33.9, 32.7, 29.0, 28.1,
26.6,21.5.

Anal. calcd for C0H24BrN, %: C 67.04, H 6.75, N 3.91, found, %: C 67.18, H 6.62, N 4.10.

HsC CHs

2

Diethyl [6-(3,6-dimethyl-9H-carbazol-9-yl)hexyl|phosphonate (3c¢): 2¢ (1 g, 2.79 mmol) was
dissolved in triethyl phosphite (10 ml, 58.32 mmol) and the reaction mixture was heated at reflux
overnight. After reaction completion (TLC, acetone: n-hexane 6:19 v/v) the solvent was distilled off
under reduced pressure. The crude product was purified by column chromatography (acetone: n-hexane
4:21 v/v) to give 0.96g (82%) of yellowish resin.

'H NMR (400 MHz, CDCls): & 7.84 (s, 2H), 7.25 — 7.22 (m, 4H), 4.22 (t, J = 7.0 Hz, 2H), 4.10 — 3.99
(m, 4H), 2.52 (s, 6H), 1.82 (p, J = 7.0 Hz, 2H), 1.70 — 1.59 (m, 2H), 1.59 — 1.48 (m, 2H), 1.40 — 1.31
(m, 4H), 1.28 (t, J = 7.0 Hz, 6H).

BC NMR (100 MHz, CDCls): § 139.0, 127.8, 126.8, 122.8, 120.3, 108.3, 61.50, 61.44, 43.0, 30.52,
30.36, 28.9, 26.9, 26.4, 25.0, 22.45, 22.40, 21.5, 16.6, 16.5.

Anal. caled for C24H3sNOsP, %: C 69.37, H 8.25, N 3.37, found, %: C 69.56, H 8.13, N 3.50.
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HaC CH,

i
.

O=P-OH
OH

[6-(3,6-Dimethyl-9 H-carbazol-9-yl)hexyl]|phosphonic acid (Me-6PACz): 3¢ (0.8 g, 1.92 mmol) was
dissolved in anhydrous 1,4-dioxane (20 ml) under argon atmosphere and bromotrimethylsilane (2.5 ml,
19.25 mmol) was added dropwise. Reaction was stirred for 22 h at 25 °C under argon atmosphere.
Afterwards, methanol (3 ml) was added and stirring continued for 3h. Finally, distilled water was added
dropwise (15 ml), until solution became opaque, and it was stirred overnight. Product was filtered off,
washed with water, dissolved in tetrahydrofuran (2 ml) and precipitated into n-hexane (25 ml). The
product was filtered off and washed with n-hexane, to give 0.580 g (84 %) of white powder.

'H NMR (400 MHz, (CD3),SO): & 8.44 (br s, 2H), 7.84 (s, 2H), 7.38 (d, J = 8.4 Hz, 2H), 7.20 (d, J =
8.2 Hz, 2H), 4.25 (t, J = 6.9 Hz, 2H), 2.43 (s, 6H), 1.72 — 1.63 (m, 2H), 1.46 — 1.17 (m, 8H).

13C NMR (100 MHz, (CD5),SO): 5 138.6, 127.0, 126.8, 122.0, 120.0, 108.8, 42.2, 31.0, 29.9, 29.7, 28.4,
26.2,22.7,22.1,21.0, 14.0.

Anal. calcd for C0H26NO3P, %: C 66.84, H 7.29, N 3.90, found, %: C 66.73, H 7.47, N 3.76.

nPACz (n =2,4,6)

N

Br

9-(4-Bromobutyl)-9H-carbazole (2d): 1b (1 g, 5.98 mmol) was dispersed in toluene (13 ml).
Afterwards, catalytic amount of tetrabutylammonium bromide, 50% KOH aqueous solution (13 ml) and
1,4-dibromobutane (1.428 ml, 11.96 mmol) were added. After 24h of stirring at room temperature,
additional amount of 1,4-dibromobutane (1.428 ml, 11.96 mmol) was added, and the mixture was stirred
at room temperature for additional 24h. After completion of the reaction (TLC, acetone:n-hexane, 3:22,
v:v)., extraction was done with ethyl acetate. The organic layer was dried over anhydrous Na,SO4 and
the solvent was distilled off under reduced pressure. The product was purified by column
chromatography (n-hexane), to give 1.31 g (73 %) of white crystalline solid.

'H NMR (400 MHz, (CD;3),S0): & 8.15 (d, J= 7.7 Hz, 2H), 7.62 (d, J = 8.2 Hz, 2H), 7.45 (t, J= 7.7
Hz, 2H), 7.19 (t, J = 7.4 Hz, 2H), 4.44 (t, J = 6.6 Hz, 2H), 3.54 (t, J = 6.3 Hz, 2H), 2.00 — 1.70 (m,
4H).

13C NMR (101 MHz, (CDs),S0): 5 139.9, 125.7, 122.0, 120.3, 118.7, 109.2, 41.3, 34.7, 29.8, 27.2.

Anal. calcd for Ci;sHi6BrN, %: C 63.59, H 5.34, N 4.63, found, %: C 63.64, H 5.40, N 4.67.
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Diethyl [4-(9H-carbazol-9-yl)butyl]phosphonate (3d): 2d (1.3 g, 4.3 mmol) was dissolved in triethyl
phosphite (13 ml, 76 mmol) and the reaction mixture was heated at reflux for 24 h. After reaction
completion (TLC, acetone:n-hexane, 7:18, v:v) the solvent was distilled off under reduced pressure. The
crude product was purified by column chromatography (n-hexane; acetone:n-hexane, 1:4, v:v) to give
1.46 g (95%) of clear liquid.

'"H NMR (400 MHz, (CD5),SO): & 8.14 (d, J= 7.7 Hz, 2H), 7.62 (d, J = 8.2 Hz, 2H), 7.44 (t, J= 7.7
Hz, 2H), 7.19 (t, J= 7.4 Hz, 2H), 4.41 (t, J = 7.0 Hz, 2H), 3.89 (quint, J = 7.4 Hz, 4H), 1.96 — 1.63 (m,
4H), 1.58 — 1.39 (m, 2H), 1.13 (t, J = 7.0 Hz, 6H).

13C NMR (101 MHz, (CD5),SO): § 140.4, 126.1, 122.5, 120.7, 119.1, 109.8, 61.24, 61.18, 42.2, 29.76,
29.60, 25.4, 24.0, 20.26, 20.21, 16.71, 16.66.

Anal. caled for C20H26NOsP, %: C 66.84, H 7.29, N 3.90, found, %: C 66.58, H 7.21, N 3.82.

N

O=P-OH
OH

[4-(9H-carbazol-9-yl)butyl]phosphonic acid (4PACz): 3d (1 g, 2.78 mmol) was dissolved in
anhydrous 1,4-dioxane (30 ml) under argon atmosphere and bromotrimethylsilane (3 ml, 22.73 mmol)
was added dropwise. Reaction was stirred for 24 h at 25 °C under argon atmosphere. Afterwards
solvent was partially distilled off under reduced pressure, and the liquid residue was dissolved in
methanol (30 ml). Next, distilled water was added dropwise (30 ml), until solution became opaque.
Product was filtered off and washed with water to give 0.47 g (56 %) of white solid.

'"H NMR (400 MHz, (CD;3),S0): & 8.14 (d, J= 7.7 Hz, 2H), 7.61 (d, J = 8.2 Hz, 2H), 7.44 (t, J= 7.6
Hz, 2H), 7.19 (t, J = 7.4 Hz, 2H), 4.39 (t, J = 6.9 Hz, 2H), 1.85 (quint, /= 7.2 Hz, 2H), 1.64 — 1.42 (m,
4H).

BC NMR (101 MHz, (CD;),SO): § 140.2, 125.9, 122.2, 120.4, 118.8, 109.5, 42.2, 29.9, 29.7, 28.3,
26.9, 20.72, 20.67.

Anal. caled for CisHisNOsP, %: C 63.36, H 5.98, N 4.62, found, %: C 63.25, H6.11, N 4.54.
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Br

9-(6-bromohexyl)-9H-carbazole (2¢): 1b (1 g, 5.98 mmol) was dispersed in toluene (13 ml).
Afterwards, catalytic amount of tetrabutylammonium bromide, 50% KOH aqueous solution (13 ml) and
1,6-dibromohexane (1.84 ml, 11.96 mmol) were added. After 24h of stirring at room temperature,
additional amount of 1,6-dibromohexane (1 ml, 6.5 mmol) was added, and the mixture was stirred at
room temperature for additional 24h. After completion of the reaction (TLC, acetone:n-hexane, 3:22,
v:v)., extraction was done with ethyl acetate. The organic layer was dried over anhydrous Na,SO4 and
the solvent was distilled off under reduced pressure. The product was purified using column
chromatography (n-hexane), to give 1.38 g (70 %) of white crystalline solid.

'"H NMR (400 MHz, (CD3),SO): & 8.14 (d, J = 7.7 Hz, 2H), 7.59 (d, J = 8.2 Hz, 2H), 7.44 (t, J = 7.6
Hz, 2H), 7.19 (t, J= 7.4 Hz, 2H), 4.37 (t, J= 7.1 Hz, 2H), 3.46 (t, J = 6.6 Hz, 2H), 1.86 — 1.64 (m,
4H), 1.47 — 1.22 (m, 4H).

13C NMR (101 MHz, (CD1),S0) & 139.7, 125.4, 121.8, 120.0, 118.4, 109.0, 41.9, 34.8, 31.9, 28.1,
27.0,25.4.

Anal. calcd for CisH20BrN, %: C 65.46, H 6.10, N 4.24, found, %: C 65.52, H 6.09, N 4.26.

g
.

diethyl [6-(9H-carbazol-9-yl)hexyl|phosphonate (3e): 2e (1.18 g, 3.59 mmol) was dissolved in triethyl
phosphite (12 ml, 69.98 mmol) and the reaction mixture was heated at reflux for 24 h. After reaction
completion (TLC, acetone:n-hexane, 7:18, v/v) the solvent was distilled off under reduced pressure. The
crude product was purified by column chromatography (n-hexane; acetone:n-hexane, 1:4, v/v), to give
1.39 g (99%) of clear yellowish liquid.

'H NMR (400 MHz, (CD;3),S0): & 8.14 (d, J= 7.7 Hz, 2H), 7.59 (d, J = 8.2 Hz, 2H), 7.44 (t, J= 7.6
Hz, 2H), 7.19 (t, J = 7.4 Hz, 2H), 4.38 (t, J = 7.0 Hz, 2H), 4.07 — 3.94 (m, 4H), 1.79 — 1.57 (m, 6H),
1.43 — 1.23 (m, 10H).

13C NMR (101 MHz, (CDs),SO): 5 140.0, 125.6, 122.0, 120.2, 118.6, 109.2, 60.73, 60.67, 42.1, 29.43,
29.27,28.2,25.9,25.0, 23.6, 21.95, 21.90, 16.30, 16.24.

Anal. caled for CoHzoNOsP, %: C 68.20, H 7.80, N 3.62, found, %: C 68.33, H 7.84, N 3.68.
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O=P-OH
OH

[6-(9H-carbazol-9-yl)hexyl]phosphonic acid (6PACz): 3e (1.4 g, 3.16 mmol) was dissolved in dry
1,4-dioxane (30 ml) under argon and bromotrimethylsilane (3 ml, 22.73 mmol) was added dropwise.
Reaction was stirred for 24 h at 25 °C under argon atmosphere. Afterwards solvent was partially distilled
off under reduced pressure, and the liquid residue was dissolved in methanol (30 ml). Next, distilled
water was added dropwise (40 ml), until solution became opaque. Product was filtered off and washed
with water to give 0.33 g (25 %) of white solid.

'H NMR (400 MHz, (CD3),SO): & 8.15 (d, J = 7.7 Hz, 2H), 7.59 (d, J = 8.2 Hz, 2H), 7.45 (t, J = 7.6
Hz, 2H), 7.19 (t, J= 7.4 Hz, 2H), 4.37 (t, J = 7.1 Hz, 2H), 1.75 (quint, J = 7.2 Hz, 2H), 1.52 — 1.20 (m,
SH).

C NMR (101 MHz, (CD5),S0): § 140.0, 125.7, 122.0, 120.3, 118.6, 109.2, 42.2, 29.80, 29.64, 28.34,
28.10, 26.75, 26.15, 22.69, 22.64.

Anal. caled for CisHnNOsP, %: C 65.25, H 6.69, N 4.23, found, %: C 65.40, H 6.62, N 4.17.
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27.9% Efficient Monolithic Perovskite/Silicon Tandem
Solar Cells on Industry Compatible Bottom Cells

Eike Kéhnen, Philipp Wagner, Felix Lang, Alexandros Cruz, Bor Li, Marcel Rof3,
Marko Jost, Anna B. Morales-Vilches, Marko Topi¢, Martin Stolterfoht, Dieter Neher,
Lars Korte, Bernd Rech, Rutger Schlatmann, Bernd Stannowski,* and Steve Albrecht*

1. Introduction

Monolithic perovskite/silicon tandem solar cells recently surpass the efficiency of

silicon single-junction solar cells. Most tandem cells utilize >250 pm thick,
planarized float-zone (FZ) silicon, which is not compatible with commercial
production using <200 pm thick Czochralski (CZ) silicon. The perovskite/silicon
tandem cells based on industrially relevant 100 pm thick CZ-silicon without
mechanical planarization are demonstrated. The best power conversion efficiency
(PCE) of 27.9% is only marginally below the 28.2% reference value obtained on
the commonly used front-side polished FZ-Si, which are about three times
thicker. With both wafer types showing the same median PCE of 27.8%, the thin
CZ-Si-based devices are preferred for economic reasons. To investigate
perspectives for improved current matching and, therefore, further efficiency
improvement, optical simulations with planar and textured silicon have been
conducted: the perovskite’s bandgap needs to be increased by ~0.02 eV when
reducing the silicon thickness from 280 to 100 pm. The need for bandgap
enlargement has a strong impact on future tandem developments ensuring
photostable compositions with lossless interfaces at bandgaps around or above

1.7 eV.

Today’s photovoltaic market is dominated
by crystalline silicon-based solar cell tech-
nology. With a record power conversion
efficiency (PCE) of 26.7%," silicon
single-junction solar cells are approaching
their theoretical limit of 29.4%.” To over-
come this limit, silicon solar cells can be
combined with wider bandgap materials
into multijunction solar cells, where each
photovoltaic active material converts a spe-
cific part of the spectrum efficiently into
electrical power. With two active materials
(commonly termed tandem solar cells), the
theoretical PCE limit is ~46% based on
detailed balance arguments.”? The excel-
lent optoelectronic properties as well as
the tunable bandgap and potentially
low-cost fabrication make metal halide per-
ovskites suitable candidates for the top cell
material in tandem solar cells.*”**! Only
3years after the first realization of a
p—i-n tandem solar cell by Bush et al.,[*l
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the highest scientifically reported efficiency of 29.15% is close to
the theoretical limit of silicon single-junction solar cells."*! With
a certified efficiency of 29.52%, Oxford PV surpassed this limit
but did not disclose any further details.™™®’

These high efficiencies are achieved on rather thick
front-side polished float-zone (FZ) silicon heterojunction solar
cells, which are industrially not relevant for three reasons:
1) chemical-mechanical polishing (CMP) is time consuming
and expensive. Therefore, it is desirable to use either chemical
polishing as it is used in passivated emitter and rear cell (PERC)
industry or double-side textured wafers. The latter approach is
favored because such textures can be produced in a standard
batch process and they provide optical advantages. Perovskite/
silicon tandem processing on such wafers is addressed in recent
publications.'”2!] However, solution processing of high-
efficiency tandem solar cells using such textures still remains
challenging due to the difficulties of processing very thin perov-
skite layers on micrometer-sized pyramid structures. 2) FZ-sili-
con is not used for PV mass production. Instead, Czochralski
(CZ) silicon will remain the main method to fabricate silicon
ingots,’””! mainly because of lower costs. 3) The absorption
of Si for photon energies just above the bandgap, i.e., in the
infrared (IR) part of the spectrum, is relatively poor. For tandem
cells, however, where the top cell will absorb most of the higher
energy photons, the IR response of the bottom cells is
crucial.®?¥! Therefore, the bottom cell thickness in most
publications on perovskite/silicon tandem solar cells is 260 to
300 um, whereas according to current market forecasts, the
industrially relevant thickness for n-type monocrystalline
silicon is just 140 to 150 pm (as cut) in 2022.%4

In this article, we demonstrate for the first time monolithic
perovskite/silicon tandem solar cells based on thin non-CMP
n-type CZ-silicon bottom cells. The reduced response in
the IR region for thinner bottom cells will shift the optimal

CZ-based bottom cell

A

FZ-based bottom cell
D

www.solar-rrl.com

top cell bandgap for standard test conditions toward larger
energies.

2. Solar Cells

We use (100)-oriented ~130 pm thick (as cut) n-type CZ-silicon
wafers with random pyramids on the rear side and a specified
resistivity of =5 Q cm. The front side of these CZ-based bottom
cells was chemically polished using standard etching procedures
in PERC industry but using a more aggressive treatment, remov-
ing up to 20 pm, to obtain a surface compatible with the top-cell
processing.**?%! Tandem solar cells with these type of bottom
cells are termed “CZ-based.” As a reference, we use
(100)-oriented 280 + 20 pm thick FZ wafers with random pyra-
mids on the rear side, a CMP front side, and a resistivity of
~3Qcm (in the following termed “FZ-based”). The front and
rear side of all wafers are passivated with intrinsic amorphous
silicon ((i)a-Si:H) layers. On the rear side, p-doped a-Si:H is
deposited on the passivating layer. N-doped nanocrystalline sili-
con oxide (nc-SiO,:H) optimized in refractive index for optimum
NIR incoupling on the front passivating layer serves as
electron-selective contact.”! All silicon layers were deposited by
plasma-enhanced chemical vapor deposition (PECVD). On top
of the (n) nc-SiO,:H layer, an In,0s-based transparent conduct-
ing oxide (TCO) is deposited, whereas the rear contact consists of
a layer stack of aluminum-doped zinc oxide (AZO) and silver.
More details can be found in the Materials and methods section
in the Supporting Information. After processing the bottom cells,
the measured thicknesses of the CZ- and FZ-based bottom cells
are 100 and 280 pum, respectively. Figure 1 shows photographs of
the polished and nonpolished bottom cell front surfaces and the
topography of the respective wafers acquired via confocal 3D
laser scanning microscope (CLSM). For the CMP surface of
the FZ silicon, horizontal artifacts appeared during acquisition

nc-SiOy (n)
a-Si (i)

0.0

Figure 1. A,B) Photographs of the CZ-based silicon bottom cell and chemical-mechanical polished FZ-based silicon bottom cell. C,D) The topography of
the CZ-based bottom cell and FZ-based bottom cell is acquired with a confocal laser scanning microscope and similar z-scalebars. E) Schematic stack of

the monolithic perovskite/silicon tandem solar cell used in this work.
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leading to falsified roughness values (see Figure S2, Supporting
Information, for an adjusted scale). Therefore, atomic force
microscopy (AFM) is used to image and analyze the surface
of the FZ-based bottom cell (Figure S3, Supporting
Information). The root mean square roughness values (Sq) are
extracted from the areas as shown in Figure S3, Supporting
Information. They amount to 1 and 736 nm for the FZ-based
and CZ-based bottom cells, respectively. The maximum height
values (Sz) are 9nm and 7.7 pm for the FZ-based and CZ-based
bottom cells, respectively. Although the Sz for CZ silicon is very
high, the lateral dimension of the features is large enough to
enable complete coverage during spin coating. This is evident
for the saw mark visible for the CZ silicon in the CLSM image
(Figure 1C): The step height is ~5-6pm (see Figure S4,
Supporting Information), but since it extends over 100 pm, it
should not be problematic for solution-processed perovskite layers.

To investigate the influence of the different wafer types (i.e.,
thickness and topography) on the optical properties, we mea-
sured reflection of the bare wafers. The reflection spectra shown
in Figure S5, Supporting Information, demonstrate that the
reflection for wavelengths below 950 nm is not affected by the
difference in topography or thickness. For longer wavelengths,
the reflection is higher for the thin CZ silicon. Less light is
absorbed due to the thinner silicon. Thus, the amount of light
arriving at the rear side of the cell is increased, which conse-
quently increases the amount of light reflected at the rear side,
too. For the same reason, the light reflected at the rear side of the
cell is absorbed less while being transferred back in the thinner
silicon bottom cell, leading ultimately to an increased outcou-
pling at the front side and thus reflection.

For the p—i—n top cell which is identical on both types of bot-
tom cells (Figure 1E), a self-assembled monolayer, 2PACz, is
used as a hole-selective layer (HSL). In addition to its electrical
advantages, it enables conformal coverage on the nonpolished
bottom cell.”” The nominal perovskite composition is
Cso.05(MAO_23FA0,77)0_95Pb(Br0_23IO.77)3 yleldlng a bandgap of
1.68 eV. On top of the perovskite, LiF and Cg, are deposited
via thermal evaporation and SnO, is deposited via atomic layer
deposition. After the sputter deposition of zinc-doped indium

www.solar-rrl.com

oxide (IZO) as transparent conductive oxide, Ag and LiF are ther-
mally evaporated as split ring-type bus bar electrode and antire-
flective coating, respectively. The active area of the resultant
tandem solar cells is 1 cm?. A detailed description can be found
in the Materials and Methods section in the Supporting
Information. To monitor the process, opaque perovskite single-
junction solar cells with an active area of 0.16 cm” were fabricated
together with the tandem solar cells. The median performance
values (10 devices) for opaque perovskite single-junctions are
78.5% for the fill factor (FF), 20.3 mA cm ™2 for the short-circuit
current density (Jsc), 1.2V for the open-circuit voltage (Voc),
and 19.3% for the PCE (see Figure S6, Supporting
Information). A maximum efficiency of 19.9% with a V¢ of
1.21V was obtained in this p-i-n type configuration, which is
among the highest PCE and Voc values for perovskite cells as
typically used in two-terminal tandem solar cells.[*®!

Figure 2A shows the external quantum efficiency (EQE) and
reflection spectra of two-terminal (monolithic) tandem solar cell
champion devices based on thin CZ and thick FZ bottom cells.
In the short-wavelength range, a minor difference in reflection
occurs. We account this difference to very slight variations of layer
thicknesses in the front contact, leading to altered interference pat-
terns. The difference in the long wavelength range is a result of a
difference in the bottom cell thickness, as described previously.
For both tandem solar cells, the EQE spectra of the perovskite sub-
cells (top cells) are very similar. Consequently, the photogenerated
current densities (Jp,) under 100 mW cm > AM1.5 G illumina-
tion are also similar in both perovskite subcells (19.56 and
19.44 mA cm ™ for the CZ and FZ cells, respectively). The main
difference between the tandem cells occurs in the EQEs of the
silicon subcells (bottom cells). The Jpy, in the silicon bottom cell
of the thick FZ-based tandem solar cell is 19.08 mA cm % The
reduced bottom cell thickness in the CZ-based tandem solar cell
causes a lower response in the near-IR region leading to a reduced
photogenerated current density of 17.81 mA cm ™% Therefore, the
cumulative photogenerated current density decreases from
~38.52 to ~37.37mAcm 2 As the Jsc of tandem solar cells is
mainly determined by the Jp, of the limiting subcell, a lower
Jsc for the thin CZ-based tandem solar cell is expected. In contrast,

Aio0 TR B 20
80l 5 MPP-Track: 28.05% ~~
“o | B 15 MPP-Track: 27.81%
Mo
3 604 Perovskite Silicon b §
g mA cm-2 mA cm-2 ® 10+ Jse¢ Voo FF  PCE
o 40 | cz 19.56 17.81 g mAcm2 V% %
FZ 19.44 19.08 £ |FZVytody 1913 1.89 78.01 28.15
20 § 5{FZJ,toV,, 1943 1.89 77.20 27.96
] O  |czVy,tody, 17.81 1.93 81.05 27.80
CZJytoV,, 17.81 1.94 80.89 27.89
%0 600 80 1000 1200 0 05 1.0 15 2.0
Wavelength (nm) Voltage (V)

Figure 2. A) Comparison of the EQE spectra and reflection spectra (denoted
thin CZ-silicon. B) J-V measurement of the tandem solar cells shown in (A)
tracking as shown in Figure S9, Supporting Information.
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the current mismatch between the subcells increases. As we have
reported previously, the tandem’s FF is affected by the current
mismatch.” Generally, the FF increases with larger mismatch.
In addition, thinner silicon wafers lead to higher Vo values
due to an decreasing total recombination current density.””! To esti-
mate the gain in V¢, we simulated silicon single-junction solar
cells (illumination spectrum as in the tandem) with CZ- and FZ-
silicon as used for tandem solar cells with the program Quokka3
(see Figure S7, Supporting Information, and the Materials and
Methods section in the Supporting Information for more details).
A Vo enhancement of ~17 mV is expected when using 100 pm
CZ-silicon instead of 280 pm FZ-silicon. Even though the FF of
the bottom cell also depends on the thickness and fabrication
method, the simulations reveal that the configurations investi-
gated in this work, both cell types, FZ and CZ, should deliver
the same FF of 82.5% to 83% (see Figure S7, Supporting
Information). Summarizing, the thinner CZ-based tandem solar
cell is expected to have a lower Jsc, higher FF (due to larger current
mismatch), and higher Voc.

The J-V curves shown in Figure 2B confirm these expecta-
tions. The best reference device based on thick FZ wafers has
a Jsc of 19.13 mA cm ™2, Voc of 1.89V, and FF up to 78.01%
and as a result a PCE of up to 28.15%. This value is in very good
agreement to our previous results for similar tandem layer
stacks."”! For the thin CZ tandem solar cell, the high FF of
80.89% partially compensates the lower Jsc of 17.81 mA cm™2.
Combined with a higher Vo of 1.94V, the PCE of this cell is
27.89%. This value is just 0.26%,,s below the PCE of the
front-side polished, thick FZ reference cell. Note that another
J-V scan of the same cell led to a similar but yet slightly higher
FF of 81.15% which is to the best of our knowledge the highest
FF presented for perovskite/silicon tandem solar cells to date (see
Figure S8, Supporting Information). The improvement of the FF
per mismatch is higher than what we reported previously,”! but
as elaborated by Boccard et al., the improvement in FF depends
strongly on the performance of the individual subcells.*”! Stable
operation of the herein presented tandem solar cells is
highlighted by 5min maximum power point (MPP)-tracks as
shown in Figure S9, Supporting Information. After 300s
MPP-tracking, PCE values of 28.05% and 27.81% are measured
for the FZ- and CZ-based device, respectively, which is well in
line with the J-V curve-derived efficiency. The illuminated
J-V results for three CZ and four FZ tandem solar cells are sum-
marized in Figure S10, Supporting Information. They reveal the
same median PCE of 27.8% for both CZ- and FZ-based tandem
solar cells. The V¢ improvement by 30 to 40 mV for the best
devices is slightly more than expected from simulations.
Therefore, we measured absolute photoluminescence of the
top and bottom cell for both configurations to extract the
quasi-Fermi level splitting (QFLS or implied Voc).2%*" The
intensity of the laser was set to match the current density gener-
ated within each subcell under AM1.5G illumination. The PL
spectra, QFLS values, and radiative limits are shown in
Figure S11, Supporting Information. For the perovskite subcell,
the QFLS values are the same on both the FZ- and CZ-based tan-
dem solar cells. They amount to 21.20 eV, which is consistent
with the Vo of the perovskite single-junction solar cells (see
Figure S6, Supporting Information). The QFLS of the silicon
subcell in the FZ-based tandem solar cell is ~690 meV.
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Consequently, the sum of the perovskite and silicon QFLS for
the FZ-based cell is ~21.89 eV, which is in very good agreement
with its Vo extracted from the J-V curve (1.90-1.91V for this
specific sample). For the CZ-based tandem cell, a QFLS of
710 meV in the Si wafer was calculated. The enhancement of
~19meV compared to the FZ-based cell matches well with
the simulated Vo enhancement of 17 mV. We find well-agree-
ing values of the cumulative QFLS (1.910 eV) and the measured
Voc (1.92-1.93 V for this sample) for the CZ-based tandem cells.
Therefore, we account the previously mentioned Voc improve-
ment of up to 40 mV to a sample to sample variation.

To exclude any structural changes in the perovskite due to dif-
ferent surface topographies of the bottom cells, X-ray diffraction
(XRD) measurements were conducted. The XRD patterns
acquired for the HSL/perovskite stack deposited on the different
bottom cells reveal similar crystallization of the perovskite films
on both surfaces (see Figure S12, Supporting Information). We
attribute the additional peak around 32.8° for the FZ-sample to
stem from the In,0s-based recombination layer.

To analyze the effect of the bottom cell in more detail, we mea-
sured the J-V curve of the CZ-based tandem solar cell in a way that
the Jpy, values of both subcells are equal to the respective Jpy, values
in the FZ tandem solar cell (i.e., same mismatch conditions for
CZ- and FZ-based tandem solar cells). This required to increase
the illumination intensity only in the IR region of the spectrum,
which can be easily done with the utilized light-emitting diode
sunsimulator. In Figure S13, Supporting Information, this -V
measurement with adjusted Jpy, values is compared to the J-V
of the FZ tandem solar cell under AM1.5G conditions. In addition
to the increased Vo, just a slight deviation occurs at voltages just
below the MPP. The FF values of both measurements are very
similar, demonstrating that the increased FF of the CZ tandem
solar cell under AM1.5G conditions arises mainly from the
increased current mismatch.”)

The long-term stability of one CZ- and two FZ-based tandem
solar cells (nonencapsulated) is shown in Figure S14, Supporting
Information. The initial PCE values are 27.6% (CZ), 28.15%
(FZ), and 27.4% (FZ). The cells were held at 25°C in air, the
relative humidity (RH) was not actively controlled. In addition
to the Jupp, Vmpp, the resulting PCE, and the normalized
PCE, we show time series of the cell temperature and RH.
The latter one ranges from 11% to 26%. After 1000 h continuous
tracking, the cells were still performing at 67% (CZ), 70% (FZ),
and 67% (FZ) of their respective initial PCE values, where the
main parameter driving the reduction in PCE is Jypp.

These efficient monolithic perovskite/silicon tandem solar cells
demonstrate that it is not mandatory to use chemical-mechanical
polishing for spin-coated perovskite films. Instead, chemical pol-
ishing as it is already deployed in industry, is sufficient for solution
processing such as spin coating. Furthermore, it shows that indus-
try relevant, almost threefold thinner CZ-silicon wafers can enable
the same performance as the thick, CMP FZ-silicon wafers stan-
dardly used in lab-scale devices.

3. Optical Simulation

The reduced photogenerated current density for thinner silicon
bottom cells necessitates adjustments to achieve current
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matching or power matching conditions. Although the afore-
mentioned experiment and previous reports demonstrate that
the tandem solar cells are not highly sensitive to current
mismatch conditions,”**7* the highest PCE values might be
achieved with current or power matching conditions.
Moreover, there are various effects affecting the mismatch con-
ditions, as we will discuss later. Each of the effects needs to be
controlled to obtain ultimately a current or power matched tan-
dem solar cell.

Apart from increasing the IR response of the bottom cell by
optical improvements, which is not the focus of this study, current
matching can be achieved by reducing the perovskite thickness
and/or widening the perovskite bandgap. To shed light on this
aspect, we used GenPro4 to simulate the optical performance
of tandem solar cells.”® We simulated tandem solar cells with
a silicon bottom cell thickness of 100 and 280 pm. For both bottom
cells, the perovskite thickness and its bandgap were varied. The
lower limit of the thickness of 700 nm represents a realistic case
as this thickness can be easily achieved with solution process-
ing 2101718213638 Ag the ]y, saturates toward thicker films
(Figure 3A), an upper limit of 1500 nm was chosen. For each thick-
ness, the bandgap of the perovskite was varied by shifting the
refractive index n and extinction coefficient k (measured via spec-
tral ellipsometry for E;=1.63eV) along the wavelength axis to
cover a bandgap range of 1.63 to 1.78eV (Figure S15,
Supporting Information).?**” The bandgap is taken as the inflec-
tion point of the perovskite absorption edge as shown in
Figure S16, Supporting Information. All other layers were kept
as in the experiment. An example of simulated EQE spectra with
various perovskite bandgaps is shown in Figure S17, Supporting
Information. Figure 3B shows the ideal top cell bandgap
Eg top,matched as a function of the top cell’s thickness when utilizing
a 280 pm and 100 pm thick silicon bottom cell (see also Table S3,
Supporting Information). The photogenerated current density of
the perovskite top cell Jpp, perovskite iiCreases with thicker perovskite
layers. As a consequence, the photogenerated current density of
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the silicon bottom cell Jpy, siiicon decreases with thicker perovskite
layers (Figure S18, Supporting Information). Thus, for thicker
perovskite layers, it is necessary to widen the top cell bandgap
if current matching is desired. When increasing the thickness
from 700 to 1500 nm, the top cell bandgap needs to be increased
by 0.047 eV for both bottom cell thicknesses. In the best case, this
would improve the Voc. As evident from Table S3, Supporting
Information, the matched photogenerated current density
Jph.matched Stays almost constant. In addition, the bottom cell thick-
ness alters current matching conditions. We found that the reduc-
tion of the bottom cell thickness from 280 to 100 upm requires to
widen the top cell bandgap by 0.02 eV, regardless of the perov-
skite’s thickness. However, simultaneously Jpp matched decreases
from 19.64 to 19.14 mA cm™? (average values). Therefore, for a
perovskite thickness of 700 nm, its bandgap needs to increase
from ~1.69 to ~1.71¢eV if the bottom cell thickness is reduced.
The higher Voc from both top and bottom cell together
(40-50 mV) will exactly compensate the reduced Jsc (when assum-
ing that Jpp matched = Jsc). Obviously, the FF of the perovskite top
cells needs to remain the same regardless of the perovskite thick-
ness to maintain the high PCE. Ultimately, a trade-off between
high Jsc (thick silicon wafer and narrow perovskite bandgap)
and high V¢ (thin silicon wafer and wide perovskite bandgap)
needs to be made to yield the highest efficiency. Finding this opti-
mum bottom cell thickness will be work for the future. These sim-
ulations do not include any optimization of other (e.g., contact)
layer thicknesses. The adjustment of these layer thicknesses
can reduce the interference patterns appearing, especially in the
NIR wavelength range for the silicon subcell (see Figure S18,
Supporting Information). This would require an optimization
for each individual top cell bandgap and thickness.

The same simulations were performed for double-side tex-
tured tandem solar cells. As previously simulated and experimen-
tally demonstrated,”®'*?% the additional front-side texture
reduces reflection and removes interference patterns, enabling
higher Jp, and Jsc values (see Figure S19, Supporting
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Figure 3. A) Simulated photogenerated current densities J,, of perovskite/silicon tandem solar cells as a function of the perovskite thickness. The
thickness of the silicon bottom cell is 100 um and the perovskite bandgap is 1.73 eV. The rear side of the tandem cells is textured. The front side
is either flat (denoted as “Flat”) or textured (denoted as “Textured”). The corresponding EQE spectra are shown in Figure S18, Supporting
Information. B) Ideal top cell bandgap which is needed to obtain current matching conditions as a function of the perovskite’s thickness. Reducing
the thickness of silicon from 280 to 100 um increases the ideal top cell bandgap by ~0.02 eV for both textured and flat front sides. The values including
the photogenerated current density are shown in Table S3 (Flat) and Table S4 (Textured), Supporting Information.
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Information, for simulated EQEs). The same trends appear as for
planar devices: With thinner silicon, a larger perovskite bandgap
is needed to ensure current matching conditions (See Table S4,
Supporting Information and Figure 3). When reducing the sili-
con thickness from 280 to 100 um, the perovskite bandgap
should increase by 0.019 eV to maintain current matching at
the same perovskite thickness. However, this comes along with
a reduction of Jyn matched by ~0.5 mA cm 2

Ultimately, the optimum bandgap not just depends on the
thickness of the perovskite layer and the thickness of the silicon
wafer. Luminescence from the perovskite top cell into the silicon
bottom cell will relax the requirement for current matching con-
ditions.*!] Furthermore, it was previously shown that higher
operational temperatures and respective optical changes in top
and bottom cells will lead to different optimum perovskite top
cell bandgaps around 1.63 eV for highest energy yield with thick
bottom cell wafers.?” The transition from a monofacial to a bifa-
cial tandem solar cell reduces the bandgap as well, if current
matching should be maintained.”"! Therefore, the ideal device
design cannot be easily derived from the performance under
standard test conditions but needs to be derived for each case
individually considering realistic outdoor conditions.

4. Conclusion

We demonstrated perovskite/silicon tandem solar cells based on
industrially relevant silicon bottom cells, namely, 100 pm thin
CZ-wafer with an industrial deployed chemical polishing for
the front side and a textured rear side. For comparison, we fab-
ricated tandem cells based on 280 pm thick FZ-wafers with a
chemical-mechanical polished front side, which is standardly
used in lab-scale devices. The CZ-based tandem cells have a
PCE of up to 27.89%, which is just slightly below the value of
28.15% for FZ-based tandem cells. However, the median PCE
of 27.8% indicates equal performance for both bottom cell types.
The median Vo increases from 1.89V (max. 1.91V) for the
FZ-based cells to 1.92V (max. 1.94V) for the CZ-based cells,
explained by the higher Vo of the thin CZ bottom cell.
Simultaneously, thinner silicon bottom cells present a lower
EQE in the IR region, leading to a lower photogenerated current
density and, thus, a lower Jsc (19.1 vs 17.8 mAcm ?). The
increased mismatch, when using an identical top cell, results
in improved FF values (77.2% vs 80.9%). After 1000 h continu-
ous MPP-tracking, the nonencapsulated cells still performed at
67% (CZ) and 67 to 70% (FZ) of their initial PCEs. We performed
optical simulations to find current matching conditions for the
100 and 280 pm silicon bottom cells with planar and textured
front sides. The perovskite bandgap needs to be increased by
~0.02 eV when using a 100 pm thin silicon wafer instead of
the commonly used thickness of 280 pm. Simultaneously, the
expected Jsc reduces by ~0.5 mA cm™% The higher Voc from
both top and bottom cell together (40 to 50 mV) can exactly com-
pensate the reduction in Jsc for thinner wafers. Thus, to achieve
highest PCE values with industrial bottom cells, the perovskite’s
bandgap needs to be widened to values well over 1.71eV. The
precise optimum top cell bandgap in this region is highly impor-
tant, as these wide bandgap compositions are typically prone
to phase segregation or are limited by nonradiative
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recombination.[*>*? Therefore, this work highlights that further
investigation is needed to enable highly efficient and stable wider
bandgap compositions and with that, highest tandem PCE values
when using industry relevant bottom cells.

5. Experimental Section

Detailed information about the fabrication and characterization is given
in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Materials and methods

Device fabrication
Preparation of the silicon bottom cell:

The silicon heterojunction (SHJ)-bottom cells were fabricated on two different wafer types.
On the one hand a 130 um thick saw damage etched CZ <100> n-type crystalline silicon
(c-Si) wafer with a resistivity of ~5 Q cm. On the other hand a 260 to 300 pm thick
chemical mechanical polished FZ <100> n-type c-Si wafer with a resistivity of ~3 Q cm.
The front surface of the FZ wafers were left unmodified, while the front surface of the CZ
wafers were chemically polished using standard etching procedures in PERC industry [!!but
using a more aggressive treatment, removing up to 20um,! in order to obtain a smoother
surface compatible with the top cell processing. The rear surface of both wafer types were
wet-chemically textured to obtain random pyramid with <I111> facets in order to improve
the optical response of the bottom cell in the NIR region. After a final RCA clean and a
3 minute HF dip (1% dilution in water) to strip the SiO; of the surface, a 5 nm thick,
intrinsic (i) amorphous silicon (a-Si:H) layer was grown on both sides of the c-Si wafer in
order to passivate the c-Si surface. A 5 nm thick, p-doped a-Si:H was deposited on the rear
passivating layer to form the junction of the SHJ cell. On the polished front-side, a 90 nm
thick, n-doped nanocrystalline silicon oxide layer (nc-SiOx:H) with a refractive index »n of
2.7 at 633nm was used as a front surface field (FSF) of the SHJ bottom cell and
intermediate layer between the top and the bottom cells. All the a- and nc-Si layers were
deposited with an Applied Materials (AKT1600) plasma enhanced chemical vapor
deposition (PECVD) tool. In order to contact the bottom cell a ZnO:Al/Ag layer stack was
deposited on the textured back-side and a 20 nm thick commercially available InoO3-based
TCO (nSCOT by Advanced Nano Products Co.,Ltd) was deposited on the front-side on top
of the nc-SiOx:H interlayer, both depositions were DC-sputtered in an in-line sputtering
tool from Leybold Optics. The contact layers of the silicon were deposited using shadow
masks with an opening of 1.13 x 1.13 cm?. The thickness of the silicon bottom cells
(100 um for CZ-Si and 280 um for FZ-Si) was measured using a micrometer.

Perovskite materials:

Anhydrous DMSO (dimethyl sulfoxide), DMF (dimethylformamide) were purchased from
Sigma Aldrich. Anhydrous ethanol was purchased from VWR. Ceo (purity =99.9 %) and
lithtum fluoride (purity>99.99 %) were purchased from Sigma Aldrich. FAI
(formamidinium iodide) and MABr (methylammonium bromide) were purchased from
Dyenamo. Pbl, and PbBr; and 2PACz were bought from TCI. Csl was purchased from
abcr GmbH. The ceramic 2 inch 1ZO (In203(90)ZnO(10)wt%) target was purchased from
FHR Anlagenbau.

Preperation of the perovskite top cell:

The fabricated perovskite top cell has an inverted (p-i-n) planar structure and a layer
configuration of <bottom cell>2PACz/Perovskite/LiF/Cs0/SnO2/1Z0/Ag/LiF(ARC),
where 2PACz is the hole-selective layer, LiF/Cgo are the electron transport layer, SnO; is
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the buffer layer and IZO (zinc doped indium oxide) is the TCO, Ag is the silver electrode
and LiF(ARC) is the antireflective coating. The silicon substrates were blown with nitrogen
and ethanol was spincoated at 3000 rpm to remove any dust particles. Afterwards they were
treated in an UV-ozone cleaner for 10 min. 100 pl of the hole-selective material, 2PACz
(1 mMol I'! in anhydrous ethanol), was deposited on the substrate, spun at 3000 rpm for
30 s and annealed for 10 min at 100 °C. For the perovskite with the nominal composition
Cs0.05(MA0.23FA0.77)0.95Pb(Bro.2310.77)3, whereas a Pb X, (X=I or Br) excess of 9% was found
to be beneficial, all powders (Pblz, PbBr2, FAL, MABr and Csl) were weighed in a single
vial. The 1.5 mol I'! solution was fabricated by adding a mixture of DMF:DMSO with a
volume ratio of 4:1. Subsequently, the solution was shaked for 1 hour at 60°C. 100 pl of
perovskite solution was then spread on the HSL and spun using one-step spincoating
process (5s acceleration to 3500 rpm. Then 3500 rpm for 355s). 25 s after the start of a
spinning, 500 pul ethyl acetate anti-solvent drop was utilized. The films were annealed at
100 °C for 20 min. Afterwards, 1 nm LiF and 18 nm Cgo were thermally evaporated at a
rate of 0.05 and 0.15 A s°!, respectively. 20 nm SnO> were prepared by thermal ALD in an
Arradiance GEMStar reactor. Tetrakis(dimethylamino)tin(IV) (TDMASn) was used as the
Sn precursor and was held at 60 °C in a stainless steel container. Water was used as oxidant,
and was delivered from a stainless steel container without intentional heating, whereas the
precursor delivery manifold was heated to 115°C. For the deposition at 80 °C, the
TDMASn/purgel/H20/purge2 times are of 1s/10s/0.2s/15s with corresponding nitrogen
flows of 30sccm/90scem/90scem/90scem. With this, 140 cycles leads to 20 nm tin oxide.
1ZO was sputtered in a Roth&Rau MicroSys 200 PVD. At a RF-power of 70 W the cells
oscillated under the target to have a uniform deposition. A gas flow of 40 sccm Ar/O> (with
0.25v0l% O>) are used. A 100 nm thick Ag metal frame was evaporated at a rate of 1 A s°!
through a shadow mask as a top contact, giving an active area of ~1 cm?. Finally, 100 nm
LiF was evaporated at a rate of 1 A s! to serve as an anti-reflective coating.

Preparation of perovskite single junction devices

The perovskite single junction devices were fabricated very similarly to the top cell of the
tandem solar cells. ITO-covered glass (Automated Research GmbH, 15 Ohm/sq sheet
conductivity) was used as substrate, which was cleaned with Mucasol (2% in DI-water,
substrates were brushed), DI-water, acetone and isopropanol, each for 15 minutes in an
ultrasonic bath. Afterwards, the substrates were cleaned for 10 minutes in an UV-Os
cleaner (FHR UVOH 150 Lab). The deposition of the 2PACz/Perovskite/LiF/Ce0/SnO>
layer stack is done as described in the previous section. Subsequently, 100 nm Ag are
evaporated at a rate of 1 A s’ The active area is 0.16 cm?.

Characterization
J-V — Tandem solar cells

The tandem solar cells were measured in air under AM1.5G 1-sun-equivalent illumination
with a Wavelabs Sinus-70 LED class AAA sun simulator. The cells did not experience any
preconditioning. For calibration we used a slightly modified calibration route compared to
Meusel et al.® We adjusted the spectrum such that for both subcells it led to the
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photogenerated current densities obtained by EQE measurements. For this, we assumed
that the Jsc of the tandem solar cell is equal to the photogenerated current density of the
limiting subcell. Thus, for a silicon-limited cell, we first increased the intensity of the NIR
light in order to assure a perovskite-limited cell. Subsequently, the blue wavelength region
was adjusted until the Jsc of the perovskite-limited tandem solar cell was equal to the
Jph,perovskite (calculated from EQE and AM1.5G spectrum). Finally, the intensity of the blue
light was decreased until the tandem solar cell was silicon-limited again and the Jsc was
equal to the Jpnsilicon. Note, that one must ensure that a change in the NIR wavelength region
does not affect the photogenerated current density in the perovskite subcell and a change
in the blue region does not affect the photogenerated current density in the silicon subcell.
The backside of the cell was contacted with a metal vacuum chuck at 25°C, whereas the
front side was contacted with two Au probes. A black laser-cut aperture mask designates
the illuminated area to 1.008 cm?. The J-V measurements were recorded using a home-
built LabView software. The typical step size was 20 mV, with an integration time of 20
ms and settling time of 20 ms (250 mV/s).

J-V — Perovskite single junction solar cells

The J-V curves of single-junction cells were recorded in nitrogen atmosphere with a solar
simulator (Oriel LCS-100) and Keithley 2400 source-measure unit, controlled by a custom
LabView program. The intensity was calibrated to AM1.5G 1-sun-equivalent with a
filtered KG3 Silicon reference solar cell, calibrated by Fraunhofer ISE (spectral mismatch
is around 0.997, within the measurement error, thus no correction was applied). J-V scans
were as performed in a 2-point-probe configuration. The typical step size was 20 mV, with
an integration time of 20 ms and settling time of 20 ms (250 mV/s). The cells did not
experience any preconditioning.

EQE — Tandem solar cells

The external quantum efficiency (EQE) was measured as a function of wavelength from
300 nm to 1200 nm with a step of 10 nm using a home built small spot EQE system. The
beam size is 2x5 mm?, thus smaller than the active area. When measuring perovskite top
cell, infrared (850 nm) bias light was applied along with 0.6 V bias voltage to ensure a
measurement in short-circuit conditions. When measuring silicon bottom cell, blue
(455 nm) bias light was applied along with a bias voltage of 1 V.

Long-term stability

Monolithic non-encapsulated tandem solar cells were tracked in air at the maximum power
point (MPP) with a self-constructed ageing setup. To guarantee homogenous illumination
the LED-array consists of 193 LEDs, 144 of which are blue LEDs and 49 are NIR LEDs
with a wavelength of 470 nm and 940 nm, respectively. With an independent tuneability
of both intensities, the photocurrent of the top and bottom cell can be adjusted to increase
or decrease the current mismatch as intended. The bottom cell is electrically connected to
a copper block on the backside, whereas the top cell is connected with 2 pogo-pins. The
cells were cooled to 25 °C using a peltier-element, while the cells were kept in place with
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a vacuum pump. A black mask was used to cover the outside of the active area. The relative
humidity was tracked every 15 minutes with an ISO-calibrated sensor. The current and
voltage of each cell at MPP (using voltage perturbation), as well as the cell temperature
was recorded every 5 minutes. To account for any measurement noise, the normalized
PCE-track was normalized to the average of the first 60 minutes of the respective MPP-
track. For the same reason, the final value is the average of the last 60 minutes.

Quantification of the QFLS in the perovskite and silicon sub-cells

We calculate the quasi-Fermi level splitting in the individual sub-cells by using the
Shockley-Queisser equation, which links the radiative recombination density of free
charges (Jr.q) With the chemical potential per free electron-hole pair (u) or the quasi-Fermi
level splitting (QFLS) in the respective active material.!*!

Jrad = ]O,rad exp (QFLS/kgT), (eq. S1)

Here, Joraq 1s the radiative thermal recombination current density in the dark, kg the
Boltzmann constant and T the temperature. Note that equation S1 is a simplification of
Wiirfel's generalized Planck law, which is only valid for a QFLS that is a few kgT smaller
that the bandgap u < Eg — 3kgT.[} If radiative recombination comes only from free
charges, the radiative recombination current is identical to the photoluminescence yield
times the elementary charge, that is J.,q = ¢pL - €. Moreover, we can define the
photoluminescence quantum yield (PLQY) as the ratio of radiative to total recombination
(Jr tot), Where the latter is identical to the generation current density (/) under open-circuit
conditions (Vo)

PLQY = Jrad _ Jrad (eq. S2)
]R,tot ]G
The QFLS is then given by
QFLS = kyT In (PLQY * —5) (eq. S3)
0,rad

With T = 300K and the measured PLQY values.
For a PLQY =1, we further get the radiative limit of the QFLS (QFLS.q) via:

Jg ) (eq. S4)

QFLSrad = kBT In (]

0,rad

We note that equations 2 and 4 are only valid if the spectral dependence of /.4 is identical
to /o rad, meaning recombination goes through the same channels regardless of the QFLS.
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The parameters /g and ], roq Were obtained in the following way: The generation current
density J; was approximated with the short-circuit current density of the complete solar
cell. Similarly, the ] .oq Was estimated by integrating the overlap of the external quantum
efficiency of the device (EQE) with the black body spectrum ¢pgg at 300 K over the energy.

]O,rad = f EQE ¢pp de (eq. S5)
with
1 E? (eq. S6)
T 42p3c2 E
exp (kB—T) -1

d)BB

As shown in Figure S1.
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Figure S1: EQEpy onset of the two silicon and two perovskite subcells and their emitted spectral photon flux calculated
when the device is in equilibrium with the black-body (BB) radiation of the surroundings at 300 K according to equation
S5 and S6.

Table S1: Summary of the derived ] and ] rqq values for the respective perovskite top and silicon bottom cells

]O,rad ]O,rad ]gen ]gen
perovskite silicon perovskite silicon
sample subcell subcell subcell subcell
(A/m?) (A/m?) (A/m?) (A/m?)
FZ 1.50E-21 2.71E-12 196 178
Cz 1.49E-21 1.56E-12 196 190
214



Absolute Photoluminescence Characterization: Photoluminescence of the perovskite
top-and the silicon bottom-cell were recorded under selective excitation using a 445 nm or
808 nm CW laser from Insaneware. Both lasers were coupled through an optical fiber into
an integrating sphere. The intensity of the lasers was adjusted to a one sun equivalent
intensity, which matched the current density generated within each subcell (1.4 x10'7 and
1.3 x10'7 photons cm™ s™! for the perovskite top-and the silicon bottom-cell, respectively).
The photoluminescence was then detected via a second optical fiber that coupled the output
of the integrating sphere to an Andor SR3931-B spectrometer equipped with an Andor iDus
silicon CCD camera and an iDus InGaAs (1.7um) detector array. Photoluminescence from
the perovskite was then measured with the silicon CCD, while the silicon bottom cell PL
was measured with the InGaAs detector. The system was calibrated using a calibrated
halogen lamp with specified spectral irradiance, which was shone into the integrating
sphere. For each detector array, a spectral correction factor was calculated to match the
detector's spectral output to the calibrated spectral irradiance of the lamp. The spectral
photon density was obtained from the corrected detector signal (spectral irradiance) by
division through the photon energy (hf), and the photon numbers of the excitation and
emission obtained from numerical integration using Matlab. We corroborated the accuracy
of derived PLQY values for the Si detector by measuring three fluorescent test samples
with high specified PLQY (= 70%) supplied from Hamamatsu Photonics, where the
specified value could be accurately reproduced within a small relative error of <5%. The
accuracy of PLQY values measured with the InGaAs detector was double-checked with
the Si detector.

X-Ray Diffraction

For the X-ray diffraction patterns a Bruker D8 diffractometer in Bragg-Brentano geometry was
used. The X-ray tube was operated at 40 mA and 40 kV acceleration voltage, emitting Cu K-alpha
radiation. All X-ray diffraction patterns were recorded at room temperature using a self-
constructed nitrogen filled sample holder.

Simulation of Silicon single junction solar cells

To simulate the J-V parameters of the silicon heterojunction solar cells used for bottom
devices, the Quokka3 simulation tool was utilized.!”! For this purpose, typical silicon wafer
absorber properties were introduced as input parameters as enlisted in Table S2. Most
parameters are equal for CZ and FZ wafers in this case except for the wafer resistivity
which was acquired via QSSPC measurements from the experimental wafers.!®) The
obtained wafer resistivities (pW) were of 7 and 3 Qcm for the CZ and the FZ wafer,
respectively. Apart from this parameter, the wafers differ on their electron and hole
fundamental lifetime (te, tp) which were set to 3000 and 6000 pus for the CZ and the FZ
wafer, respectively. The wafer thickness was varied from 100 to 340 pm to highlight the
behavior of the J-V parameters of the bottom cells in dependence of this parameter.
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Table S2: Quokka3 simulations parameter settings for Silicon Heterojunction bottom solar cells based on a Czochralski

and a Float Zone wafer. Parameters that were equal for both wafer types are enlisted once.

Parameter Czochralski Float Zone Unit
Dimensions 2

Unit Cell Thickness 100 - 340 pum
Unit Cell width 10000 um
Material Group

Jo njerr Type User Constant and a Temperature

Jo nj efr Temperature 298.15 K
Generation Profile File 'GenProf c¢Si PST_ AlbrechtsStackNK.txt'

Auger Model Si-Altermatt2011

Radiative Recombination Si-Nguyen

Model

Density of State Si-Green1990

Intrinsic Carrier Density user-const

Model

Intrinsic Carier Density nio 9.65¢9 cm’
Silicon Mobiylity Model Si-Klaassen1992

Si Band Gap Narrowing Si-Schenk1998

Model

Doping Setting Type dopingtype-resistivity

Doping Type n-type

Doping Resistivity 7 3 Qcm
Bulk Recombination Type intrinsic plus SRH

Bulk Recombination SRH T-Et

Type

Bulk Recombination SRH 3000 6000 us

Tn
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Bulk Recombination SRH 3000 6000 us
Tp

Bulk Recombination SRH t 0 eV
E-E;

Electron Selective Contact

Electron Skin Feature (i-aSi + n-aSi + TCO stack)

Geometry Plane front

Geometry Shape full

Electrical Model Type lumped

Rsh 120 Q
Conduction Type n-type

Vertical Resistivity Type ohmic

Vertical Resistivity 0.05 Qcm?
Contact Recombination Jo

Type

Contact Recombination Jo 3.le-15 A/em?
Electron Contact Feature

Geometry Plane front
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Figure S2: Confocal 3D laser scanning microscope image of the chemical-mechanical polished FZ bottom cell shown in the main
text in Figure 1D with an adjusted scale. The horizontal features are artefacts generated during acquisition.

A

18.9 pm 12.5 pm
18.0

16.0

5 10.0
12.0 - 8.0
10.0

8.0 =
6.0 4.0
4.0

2.0 24
0.0 0.0

RMS roughness (Sq) = 1.257 nm RMS roughness (Sq) = 735.881 nm

Maximum height (Sz) = 8.860 nm Maximum height (Sz) = 7.7260 pm

Figure S3: Surface analysis of the FZ-Si (chemical-mechanical polished) (4) and CZ-Si (chemically polished) (B) wafers. For the
FZ-Siin (A), AFM is used. Due to the large feature size for the CZ-Si wafers in (B), 3D laser scanning microscopy is used to image
the surface. The root mean square roughness values (Sq) and maximum height values (Sz) are extracted from the orange indicated
area.
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Figure S4: Profile of the saw mark of the non-polished silicon wafer. (A) is the confocal 3D laser scanning microscope image
including profile line. The height profile is shown in (B). The saw mark creates a 5 to 6 um step which ranges over approx. 100 um.

220
12



Reflection (%)

— FZ-Silicon
—— CZ-Silicon

I I I
600 800 1000

Wavelength (nm)

T
400

1200

Figure S5: Reflection spectra of bare wafers. The reflection up to 950 nm for the thin, rough CZ silicon and the thick, chemical-
mechanical polished FZ silicon is identical. The difference in reflection for wavelength above 950 nm is a result of different wafer

thicknesses.
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current generation, the EQE of a tandem solar cell is used (i.e. around 20 mA cm?). More details can be found in the section
“Materials and Methods” and in Table S2
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Figure S8: J-V scan of a CZ-based perovskite/tandem solar cell presenting the highest FF achieved in this work (blue curve). The
J-V curve, measured immediately afterwards (red curve) presents the highest PCE measured for this tandem design (same J-V as
shown in the main paper in Figure 2).
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Figure S9: Maximum power point tracks of the floatzone (FZ) and czochralski (CZ) based tandem solar cells shown in the main
text in Figure 2. After 300 seconds, the FZ and CZ-based tandem cells had a PCE of 28.05% and 27.81%, respectively.

223
15



84 20

82 i
go| Ty o
s (19 E
32 =]
° 78' <
c B <
b 761 : c

741 ' [Py 18 3

721 :

70 17
29.0 2.00
28.0- 3 1.9

= | S ) % >
= 1190=
w i E% O
827.0 >O
1 11.85
26.01
1.80

Thin CZ Thick FZ Thin CZ Thick FZ

Figure S10: Statistical distribution of perovskite/silicon tandem solar cells fabricated on 100 um thin CZ silicon with a chemically
polished front side surface and 280 um thick FZ silicon with a chemical-mechanical polished front side surface. The boxes indicate
the 25/75 percentiles and the whiskers mark the minimum and maximum values. The line in the plots mark the respective median
value.

224
16



1021 E T T T T T T T T T
] Silicon
1 —— FZ-based: 691 meV .
1020 3 — CZ-based: 710 meV Perovskite 3
= 3 ——FZ-based: 1.2 eV
% ] —— CZ-based: 1.2 eV
" 1019_§ -
b E
E ]
E 1018 4 E
i E
o
1017 4 -
1016 T T T T T T

T T T
08 1.0 1.1 1.2 1.3 14 15 16 17 1.8

photon energy (eV)
Figure S11: A) Absolute photoluminescence spectra of the perovskite and silicon subcells in FZ and CZ-based tandem solar cells.
The extracted quasi fermi level splitting (QFLS) values are given in the figure. The QFLS values of the perovskite subcell are equal
for CZ and FZ-based cells. In the silicon subcells, CZ-based tandem solar cells lead to an enhancement of 19 meV. Note that the
generation current is adapted from the respective EQE. B) QFLS values and radiative limits of the perovskite and silicon subcells
in FZ and CZ based tandem solar cells including the values for the respective tandem solar cells (sum of the subcells).
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Figure S12: XRD patterns of the hole selective layer/perovskite stack deposited on bottom cells based on CZ and FZ-silicon. The
blue lines indicate peak position of the Pbl> and the red lines indicate peak position from the perovskite. Additionally, the
orientations of the perovskite peaks are given.
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solar cells under an adjusted spectrum. For the letter, the blue and infrared part of the spectrum is adjuated in a way that the
photogenerated current densities of the perovskite and silicon subcell is equal to the photogenerated current densities of the
respective subcells of the FZ tandem solar cell under AM1.5G conditions. In other words, for both cells (FZ and CZ), the Jpi of the
perovskite subcell is 19.44 mA cm™ and the Jpi of the silicon subcell is 19.08 mA cm™.
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Figure S14: Long-term stability of one CZ and two FZ-based tandem solar cells under 1 sun AM1.5G conditions. The cells were

continuously loaded with Vyuprp, which was determined via voltage perturbation. The photogenerated current density in the subcells

was set by adjusting the intensity of blue (470 nm) and infrared (940 nm) LEDs. The performance (Vurp and Jurp) was recorded

every 5 minutes. During the measurement (after 680 h), the setup needed to be moved to another lab. Therefore, the measurement

had to be stopped for approx. 10 min but continued immediately. More details can be found in the section “Materials and methods”.
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Figure S15: Optical data of the perovskite as input for optical simulations. The refractive index n and extinction coefficient k are
measured via spectral ellipsometry for the lowest bandgap (black line). For wider bandgaps, the values are shifted along the x-
axis towards lower wavelengths. The evaluation of the bandgap using the inflection point of the extinction coefficient k is shown in
Figure S14.
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Figure S16: Evaluation of the perovskite’s bandgap from the data shown in Figure S13 using the inflection point of the extinction

coefficient k. The inflection points of the extinction coefficients k range from 695 nm to 760 nm which corresponds to bandgap
energies of 1.78 eV to 1.63 eV.
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Figure S17: Simulated external quantum efficiency spectra of perovskite/silicon tandem solar cells with varying perovskite bandgap
values ranging from 1.63 eV to 1.78 eV. The perovskite and silicon thicknesses are 700 nm and 280 um, respectively. The front
side is planar, whereas the rear side is textured.
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Table S3: Results of optical simulations of perovskite/silicon tandem solar cells with planar front side and textured rear side. For
perovskite thicknesses ranging from 700 nm to 1500 nm the ideal top cell bandgap to obtain current matching conditions
(Eg.top.marched) is stated together with the corresponding current density, which is generated in both subcells (Jphmaiched). The data
were extracted for tandem solar cells with 100 um and 280 um thick silicon bottom cells. Additionally, the differences between the
values for 280 um and 100 um thick silicon are calculated.

Planar front side

100 pm Silicon 280 pm Silicon
flfil:l)(‘::{siste Egtop,matched . JPhmatched  Eg top.matched  JPh,matched = Difference Difference
(nm) (eV) (mA cm™  (eV) (mA cm”  Eg top,matched,100-  JPh,matched,100-
%) %) Eg top,matched,280  JPh,matched,280
(eV) (mA cm™)
700 1.709 19.094 1.689 19.591 0.020 -0.497
800 1.719 19.152 1.700 19.641 0.020 -0.490
900 1.730 19.123 1.711 19.615 0.020 -0.491
1000 1.737 19.160 1.717 19.655 0.020 -0.495
1100 1.743 19.133 1.723 19.630 0.020 -0.497
1200 1.747 19.167 1.727 19.662 0.020 -0.495
1300 1.751 19.144 1.731 19.642 0.020 -0.498
1400 1.753 19.168 1.733 19.657 0.020 -0.490
1500 1.756 19.160 1.736 19.662 0.020 -0.502
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Figure S18: Simulated external quantum efficiency of perovskite/silicon tandem solar cells for a perovskite bandgap of 1.73 eV’
and a perovskite thickness ranging from 700 nm to 1500 nm. The rear side of the tandem cells is textured whereas the front side is
either flat (left) or textured (right). The silicon bottom cell has a thickness of 100 um
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Figure S19: Optical simulations of double-side textured perovskite/silicon tandem solar cells using GenPro4. Left: Variation of

the perovskite’s bandgap for perovskite and silicon thicknesses of 700 nm and 280 um, respectively. Right: Variation of the

perovskite thickness for a perovskite bandgap of 1.68 eV and a silicon thickness of 280 um

231

23



Table S4: Results of optical simulations of perovskite/silicon tandem solar cells with textured front and rear side. For perovskite
thicknesses ranging from 700 nm to 1500 nm the ideal top cell bandgap to obtain current matching conditions (Egwop.matched) is
stated together with the corresponding current density, which is generated in both subcells (Jpnmatched). The data were extracted
for tandem solar cell with 100 um and 280 um thick silicon bottom cells. Additionally, the difference between the values for 280
um and 100 um highlights are calculated.

Perovskite Textured front side
thickness
(nm) 100 pm Silicon 280 um Silicon
Difference Difference
E JPh,matched E JPh,matched
g,wp,;n/atched (mA cm’ g’“’P’{“]“tChed (mA cm” Egtopmaiched,100-  JPh,matched, 100-
(C ) 2) (e ) 2) Eg,top,matched,280 JPh,matched,ZSO
(eV) (mA cm)
700 1.715 19.927 1.696 20.425 0.019 0.497
800 1.726 19.946 1.708 20.439 0.018 0.493
900 1.735 19.949 1.716 20.441 0.019 0.492
1000 1.742 19.945 1.723 20.445 0.019 0.500
1100 1.747 19.954 1.728 20.446 0.019 0.492
1200 1.751 19.953 1.732 20.447 0.019 0.493
1300 1.754 19.956 1.735 20.451 0.019 0.495
1400 1.757 19.950 1.738 20.449 0.019 0.499
1500 1.759 19.961 1.740 20.449 0.019 0.488
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