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Abstract

Perovskite-based tandem solar cells have the potential to surpass single junction effi-
ciency limits at low costs and to further spur the expansion of solar energy. This thesis
deals with the optimization of tandem-relevant perovskite solar cells (PSCs), by mitiga-
tion of interfacial power losses between perovskite and charge-selective layers. A key
theme in this work is the establishment of hole-selective self-assembled monolayers
(SAMs), which can functionalize oxide surfaces in a self-limiting process with precise
control. This enabled a simple and robust PSC structurewith power conversion efficien-
cies of over 21% with single junction cells, over 24% with perovskite/CIGSe tandem so-
lar cells and over 29%with perovskite/silicon tandem solar cells. It furthermore enabled
studies on device-relevant model systems to gain understanding about optimal charge-
selective layer design, characterization of charge extraction and stability enhancement.
The gains in efficiency were rationalized by photoluminescence studies, both with ab-
solute calibration for quantifying the voltage gains at the interfaces and with time
resolution to investigate the charge carrier dynamics. By employing a combination of
photoluminescence, solar cell characteristics and measurements of the energetic align-
ment between hole-selective layer and perovskite, we identified the energetic offset
between the hole-accepting energy level of the SAM and the perovskite valence band
maximum as the critical parameter that determined the open-circuit voltage (𝑉OC) of
the solar cell. One of the studied SAMs, a carbazole unit attached to ethylphospho-
nic acid (2PACz), has shown optimal energetic alignment and minimal non-radiative
recombination losses, rendering a “lossless” interface and enabling a 𝑉OC of 1.19 V at
1.63 eV bandgap, without interlayers, dopants or additives. By using the SAM on rough
CIGSe as hole-selective layer for the perovskite top cell, we have shown a certified
23.3%-efficient, monolithic perovskite/CIGSe tandem solar cell with 1 cm2 active area,
which surpassed the previous record in size and efficiency (22.4% on 0.04 cm2), demon-
strating how SAMs can simplify cell fabrication. Further optimization with a focus on
the fill factor, the only parameter where best perovskite solar cells still lack behind
mature solar cell technologies, led to the finding that a methyl-substituted carbazole-
based SAM (Me-4PACz) considerably enhanced the hole-extraction speed and thus the
fill factor (up to 84%), while keeping the high-𝑉OC feature of 2PACz. By combining tran-
sient photoluminescence with photoconductivity measurements and solar cell data, we
identified that the hole-selective interface was limiting the fill factor in p-i-n PSCs. In-
tegrating Me-4PACz into perovskite/silicon tandem solar cells led to a certified record
efficiency of 29.15% and to a cell retaining 95.5% of its initial efficiency after 300 h un-
der continuous operation in ambient air. The results helped progressing perovskite
tandem photovoltaics and might lay guides for future endeavors of industrial entry.
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Zusammenfassung

Perowskit-basierte Tandemsolarzellen bergen das Potenzial, Einzelsolarzell-Effizienzen zu
übertreffen und die Nutzung von Solarenergie auszuweiten. Die vorliegende Arbeit be-
fasst sich mit der Optimierung von Tandem-relevanten Perowskitsolarzellen (PSZn) durch
Reduktion von Leistungsverlusten an den Grenzflächen zwischen Perowskitschicht und
den ladungsselektiven Schichten. Ein Hauptmotiv dieser Arbeit ist die Etablierung von
Loch-selektiven selbstorganisierten Monolagen (SAMs), die Oxidschichten selbstständig
funktionalisieren können. Dies ermöglichte eine einfache und robuste PSZ-Struktur mit
Leistungsumwandlungseffizienzen (PCEs) von über 21% mit Einzelsolarzellen, >24% mit
Perowskit/CIGSe Tandemsolarzellen und >29% mit Perowskit/Silizium Tandemsolarzellen.
Außerdem ermöglichte es Solarzell-relevante Modellsysteme für einen Verständnisgewinn
über optimales Design von ladungsselektiven Schichten, Ladungsträgerextraktion und Er-
höhung der Stabilität. Die Effizienzgewinne wurdenmit Photolumineszenz-Studien erklärt,
sowohl mit absoluter Kalibrierung zur Quantifizierung von Spannungsgewinnen an den
Grenzflächen, als auch mit Zeitauflösung, um die Ladungsträgerdynamik genauer zu un-
tersuchen. Mit einer Kombination von Photolumineszenz, Solarzell-Eigenschaften und der
Messung von Energieniveauswurde die Ausrichtung zwischen Loch-selektiver Schicht und
der Perowskit-Valenzbandkante als entscheidender Parameter für die Leerlaufspannung
(𝑉OC) der Solarzelle identifiziert. Einer der untersuchten SAMs, eine Carbazol-Einheit ver-
bunden mit Ethanphosphonsäure (2PACz), zeigte optimale energetische Ausrichtung und
minimale nichtstrahlende Verluste, was eine “verlustfreie” Grenzfläche ermöglichte und zu
hohen 𝑉OC-Werten von bis zu 1,19 V bei 1,63 eV-Bandlücke führte, ohne Zwischenschich-
ten, Dotierung oder Additiven. Durch einen SAM auf rauer CIGSe-Oberfläche als Loch-
selektive Schicht für die Perowskit-Topzelle, wurde eine monolithische Perowskit/CIGSe
Tandemzelle realisiert mit zertifizierter Effizienz von 23,3% auf einer Fläche von 1 cm2, was
den vorigen Rekord in Fläche und Effizienz übertraf (22,4% auf 0,04 cm2). Weitere Opti-
mierung mit Fokus auf den Füllfaktor der Solarzellen, den einzigen Parameter bei dem
beste PSZn noch nicht die Werte von ausgereiften Solarzell-Technologien erreicht haben,
führte zu der Erkenntnis, dass eine Methyl-substituierte Carbazol-SAM (Me-4PACz) die
Loch-Extraktion deutlich beschleunigte und damit den Füllfaktor erhöhte (bis auf 84%),
unter Beibehaltung der hohen𝑉OC von 2PACz. Durch transiente Photolumineszenz, Photo-
Leitfähigkeitsmessungen und Solarzell-Daten ergab sich, dass die Loch-selektive Grenzflä-
che in p-i-n PSZn den Füllfaktor limitierte. Der Einsatz vonMe-4PACz in Perowskit/Silizium-
Tandemsolarzellen führte zu einer zertifizierten Rekordeffizienz von 29,15% und zu einer
Zelle, die 95,5% ihrer Initialeffizienz nach 300 h unter dauerhaftem Betrieb an Luft behielt.
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Chapter1
Introduction

"...the beginning of a new era, leading eventually to the realiza-
tion of one of mankind’s most cherished dreams–the harnessing
of the almost limitless energy of the sun for the uses of civiliza-
tion."

New York Times (front page), April 26, 1954.

Life on earth in its current form would not have been possible without the enormous
amount of energy that our sun has been providing as a major driving force for a

variety of life cycles on planet earth. Today and in future, the sunlight hitting earth’s
surface carries enough power to match our growing demand for electricity. In fact, the
potential lying within the harvest of solar energy outclasses all other existing, scalable
possibilities [1–3]. Compared to other forms of energy, it is furthermore more equally
distributed across the nations. Together with appropriate, responsive energy storage,
i. e. electrochemical, mechanical or in the form of chemical bonds, solar energy will be
part of a global, decentralized solution to sustainably power civilizations.
The enormous challenge posed by anthropogenic climate change and the burning

of coal, natural gas and oil are interwoven: The CO2-equivalent footprint1 of every
individual can be roughly divided into consumption of goods, diet, travel and housing
(including electricity and heating), with similar weights [4]. The energy consumption
of industrial production, travel, electricity and heating can be covered by renewable
energies, which could reduce the footprint of three of the four points. Thus, besides
the practices of sufficiency and dietary optimization [5, 6], the scale-up of renewable
energies is an obvious path for reducing the average CO2-equivalent footprint per
person from now 11 t in Germany towards climate neutrality. This is critical to keep the
global average temperature rise below the threshold of 1.5−2 ◦C, above which spirals of
self-reinforcing tipping points are expected to lead to unstoppable climate catastrophes

1The "equivalent" figure accounts for other greenhouse gases as well, e. g., methane with a 25-times
higher climate effectivity than CO2.

1



Chapter 1 Introduction

[7]. Today, the energy needs of our civilizations largely rely on the exploitation of fossil
resources that needed hundreds of thousands of years to form (Fig. 1.1). Considering
that energy consumption scales with level of civilization and that developing countries
will follow the economic pathways of industrial nations, the fossil reserves are not
likely to last until later than 2100 [8], with oil and gas reserves estimated to deplete in
even less than 50 years.

Figure 1.1: Energy consumption of humankind (left axis) in a stacked plot itemizing the sources
by color. The right axis (red curve) shows the accumulated CO2 emission. Data from ref. [8].

In the light of this perspective, the share of renewable energies should rise at a much
faster pace than currently observed (see Fig. 1.1). For the world’s energy needs to be
covered half by solar power, the global capacity of installed modules has to rise by a
factor of 30-40 [1]. The needed speed growth must be driven by economy, which itself
is guided by price differences between available options. Currently, solar electricity
is the cheapest form of energy and its installation growth is experiencing positive
acceleration [1]. To be precise, the growth is so large that the International Agency of
Energy (IEA) had to correct their (optimistic) predictions upwards several times [9],
with total installed capacity now being >500GW, which was not expected to be reached
until 2030. Nevertheless, e. g., in Germany throughout the year 2020, photovoltaics
made only 10.5% of the electricity mix, which was lower than the declining nuclear
energy (12.5%) [10]. Hence, there is hope that a further decrease of the levelized cost of
electricity, by increase of power conversion efficiency and decrease of fabrication cost,
solar energy will gain even more popularity, availability and ubiquity.
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Chapter 1 Introduction

1.1 Generations of solar cells
Today, the largest share of the solar market is held by silicon wafer technology. The
large abundance of silicon, excellent stability and over half a century of research &
development make it an advantageous technology that has proven its scalability. Silicon
solar cells are regarded as the ’first generation’ of solar technology [11]. A downside
of solar cell production from silicon wafers is the high amount of energy needed for
wafer purification and fabrication. At some point, the decrease of total module cost is
limited by the material and fabrication costs, making it necessary for other technologies
to emerge. The ’second generation’ photovoltaics therefore consists of materials that
are easier to produce under a lower material and energy consumption. Mostly it is
based on thin-film technologies like, e. g., cadmium telluride (CdTe) and copper indium
gallium selenide (CIGSe), which already experienced market entry. The energy payback
time, i. e., the time of solar cell operation needed to offset the embedded energy from
production, is 2-3 times lower than that of silicon solar cells [12]. Still, the price of
silicon solar cells is lower than that of thin-film technologies, presumably due to a
combination of their larger market scale, government incentives and possibly more
conservative processing methods.

Finally, ’third generation’ photovoltaics means more advanced technologies, such as
organic solar cells, and new concepts of solar-to-electricity conversion for overcoming
the theoretical efficiency limit of single solar cells. Examples are multilayer solar cells
consisting of stacked absorber materials with different absorption thresholds (bandgaps)
to more effectively capture solar radiation and lose less energy through heat in the
conversion process. More sophisticated methods include the capture of "hot charge
carriers" and the down-conversion of high-energy light into low-energy light of higher
intensity. However, to date only the multijunction approach, including tandem solar
cells, has experimentally proven that it can surpass single cell efficiency limits [13, 14].

1.1.1 Perovskite solar cells

The solar cell research communities experienced a disrupting shake in recent years since
the rapid surge of perovskite solar cells gathered pace after 2009 [15]. They expanded
the choice of thin-film photovoltaic materials by a high-efficiency technology that is
capable of low-energy fabrication with low material consumption. Perovskite solar cells
are called after their crystal structure and often consist of hybrid organic/inorganic
metal halide materials. Due to their rare combination of favorable properties, they
might in near future belong to high-efficiency second-generation photovoltaics and be
a catalyst for the rise of affordable third-generation solar cells. One reason is that the
absorber bandgap can be tuned across a wide range, similar to CIGSe, either for making
highly efficient single junction cells (currently >25% efficiency [13]) or for optimized
operation in tandem with a lower bandgap material (currently >29% in conjunction
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Chapter 1 Introduction

with silicon). Across the wide bandgap range, the perovskite solar cells remain efficient
and can be fabricated either via solution-processing (leading to the vision of super-
lightweight, flexible and/or semi-transparent solar cells being roll-to-roll printed like
newspaper) or via evaporation from dry sources, similar to CdTe or CIGSe. A more
detailed background of perovskite solar cell research is given in section 2.4.

There are several philosophies concerning the market entry of perovskite-based pho-
tovoltaics [16, 17]. Low-cost fabrication can be realized most effectively if the solar cells
are solely based on perovskite, either in single or multijunction configuration. However,
they would have to face the dominating silicon solar cells which filled the market with
very competitive prices. New companies would need to gain returns on their invest-
ments of new equipment, which requires higher pricing in the beginning, leading to a
disadvantage compared to the established and trusted silicon technology with highly
optimized supply and mass production chains. Therefore, an often considered market
entry path of perovskite photovoltaics is as an expansion of existing silicon production
lines. As such, perovskite-based devices would act as a top cell in perovskite/silicon
tandem solar cells [18, 19]. Due to their combination of low cost, tunability and high
efficiency, they can potentially lower the levelized cost of electricity (LCOE) across
the lifespan of the solar modules. This would also be an attractive progression for
the silicon industry, because commercial silicon solar modules are approaching their
practical efficiency limits [20, 21].
This thesis is dedicated to contribute to the progress of perovskite solar cells for

tandem applications. Throughout this work, tandem-relevant single junction devices
have been fabricated, optimized and analyzed to find design guidelines for surpassing
a tandem power conversion efficiency of 30% in perovskite/silicon tandem solar cells
and >25%-efficient perovskite/CIGSe tandem solar cells. As detailed in section 2.4,
state-of-the-art perovskite solar cells that are most suitable for tandem cells are cur-
rently limited by power losses at their interfaces to the charge-selective contacts. Key
themes of this work are the introduction, application and development of new materials
that can act as surprisingly efficient charge-selective layers by forming a molecular
self-assembled monolayer (SAM) on the electrode. This progress was developed in close
collaboration with the group of Prof. Vytautas Getautis and especially Artiom Magome-
dov from Kaunas University of Technology, who initially suggested this possibility
and synthesized most of the molecules. Importantly, while the SAMs help to improve
perovskite solar cell performance and simultaneously simplify the fabrication, they are
ideal for constructing model systems for deepening the physical understanding of loss
mechanisms and charge carrier dynamics in devices, as detailed in the results chapters.

After an introduction to the general concepts of solar cell physics, a brief summary
of perovskite solar cell research and the history as well as advantages of SAMs in chap-
ter 2, the following chapters chronologically present the peer-reviewed and published

4



Chapter 1 Introduction

reports of this thesis. The experimental methods, sample fabrication protocols, solar cell
measurement conditions and explanations of more advanced material analysis methods
are summarized in the appendix. The respective publications that form the basis of the
chapters are reprinted in the appendix as well, along with the supporting information
of the publications.

Chapter 3 is dedicated to the first publication of this thesis, introducing a hole-selective
SAM (V1036) applied as the sole hole-selective layer in perovskite solar cells for the
first time. The chapter furthermore explains why SAMs can fill an urgent gap of
tandem-relevant perovskite solar cell architectures and discusses first hints on what
hole-selective layers have to fulfill in order to work efficiently in perovskite solar cells.

Chapter 4 presents a follow-up study that emerged from searching for SAMs that
work more efficiently than V1036. The new SAMs from this second generation (2PACz
and MeO-2PACz) enable solar cell efficiencies surpassing state-of-the-art cells and help
understanding how to mitigate open-circuit voltage losses more easily. Furthermore,
a monolithic perovskite/CIGSe tandem solar cell with a record efficiency of 23.3% at
1 cm2 active area is presented. With this, it was demonstrated that SAMs can confor-
mally cover rough surfaces with high aspect ratios such as with CIGSe bottom cells,
overcoming the challenge of voltage losses at such rough interfaces.

Chapter 5 presents the application of high-efficiency SAMs in perovskite/silicon tan-
dem solar cells that enable a record power conversion efficiency of 29.2% with an
optimized SAM (Me-4PACz). While in the previous paper the aim was to decrease
voltage losses, the purpose in this work was to decrease transport losses in perovskite
single junction and tandem solar cells. It was shown that while the electron-selective
interface usually limits the open-circuit voltage, the hole-selective interface limited
charge extraction speed.
Finally, the chapter closes with further results of ongoing work that is dedicated

to revealing more details about charge extraction speed in order to understand what
makes the charge-selective interfaces either perform well or limiting further gains.
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Chapter2
Fundamentals

2.1 Basic principles of solar cells
Solar cells are devices designed to transform the power carried by light into electrical
power. An intermediate step is the conversion of the energy carried by light into energy
carried by excited charge carriers (chemical energy), which implies strong light-matter
interaction and the possibility to harness the electrical power via conducting terminals
– the contacts. The purpose of this section is to briefly introduce the physics that
describes this conversion process and operational behavior of solar cells.

Semiconductor physics, with a focus on describing charged quanta (charge carriers)
in a crystalline environment, is the framework in which most models describe how,
and how well solar cells work. Alternatively, a solar cell can be seen as a thermo-
dynamic machine that converts heat of the sun into extractable work. Throughout
the developments of models for describing solar cells, inputs from both disciplines,
thermodynamics and semiconductor physics, have been used [22–27]. This chapter
gives a brief summary of the "microscopic" view on solar cells (charge carrier dynamics
inside the semiconductor) with relevant recalls on thermodynamic principles that form
the basis of solar cell physics and which have proven useful in analyzing them.
The history of the photoelectric effect, an underlying physical law of every solar

cell, is an example of how fundamental research led to a widespread, finely engineered
technology. It is furthermore deeply interconnected to the birth of quantum mechanics,
now considered to be the most advanced picture of nature developed by modern
humanity. In 1839, A. E. Becquerel reported an electrical current flowing between
two electrodes in an electrolyte when exposing the electrodes to sunlight [28, 29].
A series of further experiments involving prominent scientists of the 19th and 20th
century followed this discovery of a photovoltaic effect. After J. J. Thomson found
that electrons are emitted from metal surfaces into vacuum when ultraviolet light is
shone onto them. Philipp Lenard published in 1902 that the energy of these electrons
depends on the frequency of the impinging light [30]. At that time, this observation
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Chapter 2 Fundamentals

seemed contradictory to the Maxwell theory of light, which rather predicted that the
energy of ejected electrons would depend on the intensity of incident light. The modern
explanation of the photoelectric effect led to the Nobel prize of Albert Einstein. In 1905
Einstein followed Max Planck’s suggestion that light can carry energy only in discrete
packets (later called “photons”), and deduced that the energy of light, 𝐸 = ℎ𝜈 = ℏ𝜔 ,
which is the wave frequency 𝜈 times the Planck constant ℎ ≈ 6.6 × 10−34 J s, has to be
above a certain threshold to eject an electron out of a material [31]. The photon transfers
its energy to a single electron, solving the riddle why under some circumstances light
with high energy photons at low intensity can lead to free electrons out of metals, while
light with low energy photons at high-intensity cannot.
The first solar cell to make use of the photoelectric effect was published in 1883 by

Fritts [32] (using Selenium) and it took over 70 years more for the first practically viable
solar cell to be published by Chapin [33], using crystalline silicon as the semiconducting
absorber. Several decades of research & development later, solar cells now power,
among other things, homes, ships, backpack batteries and mars rovers.

2.1.1 Absorption of light and charge carrier generation

Semiconductors are ubiquitous in our modern world, since their material properties can
be dynamically adjusted to fit the intended applications, which has been most promi-
nently mastered in electronics. A typical semiconductor is a material with electrical
conductivities and bandgaps between those of insulators and metals. Different to insu-
lators, they can conduct small currents at room temperature, and the conductivities can
be tuned by multiple orders of magnitude by the introduction of impurities (“doping”).
Common semiconductors absorb light above a certain energetic threshold that lies
in the visible to infrared range, depending on the band diagram of the material. The
band diagram of a solid gives the distribution of states that electrons can occupy. It
is determined by the crystalline structure and can be calculated using quantum me-
chanics if the crystal atoms and their ordering are known. The bandgap of a solid state
semiconductor determines the absorption threshold and is a characteristic feature that
also determines its usability for photovoltaics. It is defined by the energetic difference
between the valence band maximum (VBM) and the conduction band minimum (CBM)
and marks the minimum energy photons must have for being absorbed by the material.
When a photon of higher energy than the bandgap hits the semiconductor, it is

absorbed with a certain probability that follows from the band structure. This leads to
an electron from the valence band to occupy a higher-energy state in the conduction
band, leaving a vacancy in the valence band, which can conveniently be treated as
a quasi-particle – a ’hole’. The task in building solar cells is to optimize the light
incoupling and the continuous collection of electrons and holes at two different electric
terminals to be as efficient as possible, i. e. under minimal loss of the excited charge
carriers on their way to the terminals.

7



Chapter 2 Fundamentals

The spectrally resolved absorption characteristics (absorptivity 𝑎(𝐸)) of materials
contain information about the position and type of bandgap, the photon absorption
probability per thickness of the material and the electronic disorder. If the electrons
and holes can be separated by each other, say by two ’semi-permeable membranes’
that only let through one type of charge carrier [24, 34], and are subsequently led to
conductive terminals, a simple solar cell is already built. The light thereby leads to
electrical current that can be extracted, which depends only on the absorptivity of the
material and spectrum 𝜙sun of the incoming light. When externally shorting the two
terminals, the flowing short circuit current density 𝐽SC is:

𝐽SC = 𝑒

∫ ∞

0
𝑎(𝐸)𝜙sun(𝐸)d𝐸 (2.1)

2.2 Charge carrier extraction and recombination
In a solar cell, the absorbed light can be considered as the driving force for the creation
of free charge carriers, bringing the material into a non-equilibrium state, while all
other concurrent processes of the carriers drive towards their relaxation back to thermal
equilibrium. For extracting the charge carriers at different terminals, their separation
and opposite flow is necessary. In general, the charge currents for electrons ( 𝑗𝑒 ) and
holes ( 𝑗ℎ) are analogous to Fick’s law of particle diffusion and are given by the gradient
of their electrochemical potentials 𝜂𝑒,ℎ (which is the sum of chemical potential and
electrical potential = quasi-Fermi levels 𝜖𝐹 ) [35]. The total charge current is then

𝑗 =
𝜎𝑒

𝑒
grad𝜂𝑒 −

𝜎ℎ

ℎ
grad𝜂ℎ (2.2)

=
𝜎𝑒

𝑒
grad𝜖𝐹,𝑒 +

𝜎ℎ

ℎ
grad𝜖𝐹,ℎ, (2.3)

which holds true with and without the presence of electric fields in the absorber. 𝜎𝑒,ℎ is
the conductivity for electrons/holes, 𝑒 is the elementary charge, 𝜖𝐹,𝑒 is the quasi-Fermi
level for electrons and 𝜖𝐹,ℎ = −𝜂ℎ the quasi-Fermi level for holes. The generation of
charge carriers is given by eq. (2.1) and their charge flow (current) by eq. (2.3). If the
concentrations of electrons and holes are spatially uniform, the electric field can be
the only driving force on the charge carriers – then the ’diffusion’ current is zero and
the flowing current is solely a ’drift’ current [35]. Besides charge flow into terminals,
another rate that reduces the amount of excited charge carriers after absorption is
recombination, as discussed in the following.

The description of how a device based on the studied semiconductor behaves can be
captured by rate equations, for establishing simple pictures of charge carrier dynamics.
This section describes the usually considered recombination mechanisms that are part
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Chapter 2 Fundamentals

of the rate equations. Once free electrons and holes are created inside the semiconductor
after optical absorption with a generation rate 𝐺 , their energy seeks to be minimized.
An electron in the conduction band carrying the energy ℎ𝜈 − 𝐸g will firstly dissipate it
to the surrounding crystal by creating lattice vibrations (heat), until its energy reaches
values close to 𝐸g. This process is called ’thermalization’ and is considered to take place
within a several orders of magnitude shorter time than the recombination processes
following afterwards, as detailed next. If the electron subsequently occupies a hole in
the valence band by skipping the bandgap (’band-to-band recombination’), it releases a
photon with an energy near 𝐸g. This process is called ’radiative recombination’ and its
rate is a material parameter (bimolecular recombination coefficient) which determines
how bright the material luminesces upon excitation of charge carriers. In light-emitting
diodes (LEDs), this rate is the main figure of merit for their brightness. As elaborated
below, it also determines how efficient a solar cell can be. Since both charge carriers are
involved, the rate scales with the product of electron density 𝑛 and hole density 𝑝 (thus,
in intrinsic semiconductors with ∝ 𝑛2). This type of recombination is also referred to
as bimolecular, direct or second-order.
If there are energetic states inside the bandgap that electrons or holes can occupy

(’defects’), the radiative recombination rate is reduced by ’non-radiative’, or ’Shockley-
Read-Hall’ (SRH) recombination [36] (sometimes also called monomolecular, trap-
assisted or first-order recombination). This non-radiative recombination rate generally
reduces solar cell performance and depends on the number and energetic position of the
defects, as well as their capture cross sections. Since electrons and holes can be captured
by defects with the same rate if the defect lies in the exact middle of the bandgap, such
a ’midgap defect’ leads to the strongest loss of free charge carriers. Contrary, a charge
carrier can easily escape a ’shallow trap’ state that is close to a band edge, when it
carries a certain thermal energy. The SRH recombination rate scales proportionally to
the carrier density (∝ 𝑛). The proportionality factor is a figure of merit for strength of
non-radiative losses, either expressed as a rate at which this recombination process is
happening, or as a lifetime value, the inverse of the rate. Another rate competing to
radiative recombination is surface recombination 𝑅surf, that is described by a surface
recombination velocity 𝑆surf in units of cm/s: 𝑅surf = 𝑆surf(𝑛 − 𝑛0), where 𝑛0 accounts
for the equilibrium charge carrier density in the dark (in cm−3). 𝑅surf is a value for
charge extraction across an interface1. High surface recombination rates are the major
challenge for high-efficiency PSCs, as discussed in section 2.4.2 and chapter 4.

Another form of non-radiative recombination occurs when the band-to-band energy
is transferred to a third charge carrier instead of emitted via a photon (Auger recombina-
tion). The rate of this process scales with 𝑛3. For silicon cells, Auger recombination is of
special importance, because it limits the maximum achievable efficiency [20], whereas

1If considered for minority carriers, it represents a loss channel, while it can also be referred to the
extraction ’speed’ of majority carriers for which a high value is desirable.
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for perovskite solar cells (PSCs), Auger recombination does not play a role for operation
under non-concentrator, terrestrial application.
In summary, the density of free charge carriers can be described by the following

rate equation for the time derivative, which is often useful in describing transient
experiments:

𝜕𝑡𝑛(𝑡) = 𝐺 − 𝑅 (2.4)

= 𝐺 − 1
𝜏
𝑛 − 𝛽𝑛2 −𝐶𝑛3 − 𝑆surf(𝑛 − 𝑛0). (2.5)

𝐺 is the generation rate of free carriers, 𝜏 the SRH lifetime, 𝛽 the bimolecular recombi-
nation coefficient and 𝐶 the Auger coefficient. While Auger and SRH recombination
are in principle avoidable, radiative recombination is thermodynamically required and
dominates in good solar cells. 𝐶 and 𝛽 are material constants and can determine how
well a material is potentially suited for making a solar cell. 𝜏 is a measure for the
amount of non-radiative recombination that takes place in the material, which usually
depends on the amount of defects in the material and nature of the surfaces. If charge
flow needs to be considered as well, eq. (2.5) can be subtracted by the divergence of
eq. (2.3), such that for one carrier type: 𝜕𝑡𝑛𝑒 (𝑡) = 𝐺𝑒 − 𝑅𝑒 − div 𝑗𝑒 . Typical values for
metal halide perovskites used for solar cells are 100-1000 ns for 𝜏 , 3-6 × 10−11 cm3s−1
for 𝛽 and roughly 1 × 10−28 cm6s−1 for 𝐶 [37, 38].

2.2.1 Photoluminescence and radiative efficiency

In equilibrium, the charge carrier distribution of an intrinsic semiconductor is suffi-
ciently described with one value for the Fermi energy level. However, under illumi-
nation, the electron density increases in the conduction band and likewise the hole
density in the valence band. Both distributions follow two separate Fermi-Dirac statis-
tics with two different ’quasi’ Fermi levels. By the photoelectric effect, this creates
an internal voltage equal to the difference between both Fermi levels (or chemical
potentials) divided by the elementary charge. This value determines the maximum
voltage that could be externally measured in a device at the given illumination intensity
and indicates the relation of recombination rates. Radiative recombination and the
corresponding luminescence (or "non-thermal radiation") can be a useful measure to
draw conclusions about the quality of the material and its usability in solar cell devices,
as used throughout this thesis. Hence, the fundamentals of photoluminescence (PL) are
important for solar cells and thus covered below.

Every solidmaterial of non-zero temperature emits electromagnetic radiation. Planck’s
law of thermal radiation describes the spectral intensity of a blackbody with absolute
temperature 𝑇 by [35, 39]
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𝜙BB(𝐸) =
2𝑛20𝐸2

ℎ3𝑐2

[
exp

(
𝐸

𝑘𝑇

)
− 1

]−1
≈ 2𝐸2
ℎ3𝑐2

exp
(
− 𝐸

𝑘𝑇

)
, (2.6)

where 𝑘 is the Boltzmann constant, 𝑛0 the refractive index of the medium, 𝐸 the photon
energy and 𝜙BB the number of photons per unit time, area and energy interval into a
solid angle (𝜋 ·𝜙BB gives the photon flux as Lambertian emission, 4𝜋 ·𝜙BB the emission
into all directions). The approximate expression on the right is called the Boltzmann
approximation, which holds if the exponential term dominates in the denominator
(𝑘𝑇 << 𝐸).

Kirchhoff has derived the equivalence at each wavelength between emission and
absorption of black body radiation [40]. This means that a photon of certain wavelength
𝜆 can only be absorbed if it can also be emitted with the same 𝜆. In fact, this "Principle
of Detailed Balancing" has proven useful in theoretical thermodynamics [41] and says
that a microscopic process or energetic transition is only possible if its reverse process
is given as well. The principle follows from the conservation of energy [42] and
was utilized by Shockley and Queisser to elegantly calculate the maximum efficiency
potential of solar cells. The theory was later extended to not only cover thermal
radiation, but also luminescence [23]. P. Würfel has thereby connected an internal
property of the semiconductor, namely the splitting between electron and hole quasi
Fermi levels (Quasi Fermi level splitting, QFLS) with an externally accessible measure,
the intensity of luminescence.

On the basis of Planck’s law of thermal radiation, Würfel studied light-matter inter-
action and derived a generalized formula (describing both thermal and luminescent
radiation) for the flux2 of photons emitted by a material with QFLS 𝜇 depending on the
photon energy 𝐸:

𝜙 (𝐸) = 𝐸2𝑎(𝐸)
4𝜋2ℏ3𝑐2

[
exp

(
𝐸 − 𝜇

𝑘𝑇

)
− 1

]−1
. (2.7)

Here, 𝑎(𝐸) is the absorptivity of the material and 𝑇 is its temperature. The emission of
only black body radiation is a special case of this equation, with 𝑎(𝐸) = 1 and the 𝜇 set
to zero, describing a system without two separate states that form an optical transition
[23]. In the derivation, the photons were assigned a chemical potential equal to the
QFLS. If it is an external voltage 𝑉 that creates a QFLS instead of optical excitation, the
term 𝜇 can be replaced by 𝑒𝑉 . When the absolute intensity of the emitted photons is
known, the QFLS can be calculated. The QFLS is the upper limit of energy in a material
(or solar cell) from which work can be extracted.

Using the detailed balance principle (implying the reciprocity of emission and absorp-

2This formula is in units of number of photons per energy, area and time at Lambertian emission. R.
Ross has arrived to a comparable expression between QFLS and photon emission flux already in 1967
[22], albeit with a much shorter discussion of the implications.
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tion [43]) and Planck’s law of thermal radiation, R. T. Ross has derived a relationship
between the ratio of emitted to absorbed photons (external photoluminescence quantum
yield, PLQY) and the QFLS [22]:

QFLS = QFLSmax + 𝑘𝑇 ln(PLQY), (2.8)

where QFLSmax = 𝑘𝑇 ln(𝐽SC/𝐽0), (2.9)

and 𝐽0 = 𝑒

∫ ∞

0
𝑎(𝐸)𝜙BB(𝐸)d𝐸. (2.10)

This relationship was derived from a basic thermodynamic consideration and is thus
valid for every system that involves the interaction of radiation with an optical transi-
tion in matter (be it organic molecules or crystalline semiconductors), in equilibrium.
Equation (2.8) is experimentally useful, because the measurement of PLQY only requires
a setup that is calibrated with regard to its spectral sensitivity, as then the PLQY follows
as a ratio between the PL counts of emitted to absorbed light. In contrast, calculating
the QFLS with eq. (2.7) requires a system calibrated to absolute photon numbers.

Relevance for solar cells

QFLSmax (eq. (2.9)) corresponds to the highest free energy that the material can hold.
It rises with decreasing temperature and for a semiconductor of given bandgap 𝐸g,
QFLSmax is largest when the absorptivity is a step-like function at 𝐸g, as then 𝐽0 is
smallest. If the absorption onset deviates from a step-like function through, e. g., defect
states in the bandgap or electronic disorder (higher Urbach energy), QFLSmax reduces.
The corresponding voltage QFLSmax/𝑒 in a solar cell could only be reached if radiative
recombination is the only relaxation process. The PLQY is a number between 0 and
1, therefore the QFLS is always smaller than QFLSmax. In non-perfect materials that
contain trap states for charge carriers, non-radiative recombination lowers the PLQY
(lower 𝜏 and thus lower ratio between second-order recombination and the sum of
all recombination processes, eq. (2.5)). With the measured PLQY of a material or
photovoltaic device, QFLS/𝑒 is an upper bound for the open-circuit voltage (𝑉OC) it
can reach. The 𝑉OC is the voltage the device reaches without any load, where charge
carrier generation is in equilibrium with recombination. This makes the measurement
of PLQY a convenient tool for quantifying the degree of non-radiative recombination
and to determine the maximum potential of a solar cell. Typical PLQY values under
1-sun equivalent charge carrier densities of good metal-halide perovskite solar cells
(around 20% power conversion efficiency) reach from 0.01% to almost 10% [37, 44].
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Figure 2.1: Energy-space scheme of an idealized heterostructure cell with labels of parameters
that are typically used in discussions about charge-selective layers and solar cells. The larger
bandgap semiconductors on each side of the absorber ideally are resistive to minority carriers
and conductive for majority carriers. The energetic offset ensures that the minority carrier
density in the charge-selective layers is small. This keeps the minority current density low
despite the large gradient of their quasi Fermi levels (𝜖𝐹 ).

2.2.2 Charge separation

The conversion of the chemical energy that the electron-hole pairs carry into electri-
cal energy requires the spatial separation of electrons and holes onto two different
terminals before they recombine. This is possible via a strong enough gradient of the
carrier density or electric field (or in summary, the quasi-Fermi levels), ideally via
charge-selective layers interfacing the absorber. In general, charge selective layers3 are
materials that only let one type of charge carrier pass through, while being resistive
to the other. Such layers were coined ’semi-permeable membranes’ by Würfel [24]
and earlier by Shockley [34]. In the general notion they are imagined by having a
large conductivity for one carrier type and low conductivity for the other carrier type.
For instance, a p-doped semiconductor would be considered a hole-selective layer if

3The term ’charge-selective layer contact’ means the layer responsible for carrier separation at the
interface. A ’charge selective contact’ includes an interfacing metal-like material (electrode) that
constitutes the electrical terminal and is covered by the charge-selective layer.
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adjacent to its intrinsic version, if there is no energetic barrier for the holes to reach
the p-type layer.
The typical way to let electrons and holes flow into different directions is by a

gradient of their electrochemical potentials (quasi-Fermi levels) into correct directions,
e. g., by forming a junction between strongly p- and n doped semiconductor material
(’homojunction’ if the same material is used for p and n). However, for a solar cell,
this approach is not ideal, because it comes with two contradicting requirements for
good cell operation [35]: 1) High minority carrier concentration under illumination
(electrons in the p-doped region and vice versa) in order to achieve a high QFLS. 2) Low
conductivity for minority carriers (and thus low minority carrier concentration), in
order to be selective. One ideal cell design thus features two selective layers at each of
the absorber interfaces, each being selective to a different charge carrier type. Such a
’heterostructure’ architecture consists of three different semiconductor materials, with
the charge-selective layers having a larger bandgap than the absorber layer, which also
ensures that parasitic absorption is suppressed. To prevent charge carriers entering the
wrong layer, an energetic barrier works efficiently by deflecting minority carriers, as
depicted in Fig. 2.1. This way, the minority carrier concentration in the charge-selective
layers is kept low (low specific conductivity), and thus, despite of the larger gradient
for minority carriers inside the charge-selective layers, their current density is low [35].
The electrodes are ideally metallic and fix the Fermi levels at the surface, where both
quasi Fermi levels (𝜖𝐹,𝑒 and 𝜖𝐹,ℎ) meet.

2.3 Performance metrics and maximum efficiency of
solar cells

Assuming that a device with photovoltaic material manages to separate holes from
electrons, a diode model can describe the voltage-dependent behavior of solar cells
well and it comes with the convenience of delivering intuitive pictures. A diode is
a semiconductor element allowing for a charge carrier current to flow in only one
direction. The current density 𝐽 flowing through is

𝐽 = 𝐽0 exp (𝑉 /𝑉th) , (2.11)

with 𝐽0 being the reverse saturation current and𝑉th the thermal voltage,𝑉th = 𝑘B𝑇 /𝑒 . In
the diode picture, 𝐽0 is the current density that flows in reverse direction, due to charge
carriers that were thermally excited. In thermal equilibrium, these charge carriers are
generated by the black body radiation of the surrounding with temperature 𝑇 . Thus, 𝐽0
also depends on absorption characteristics of the material, as given by eq. (2.10).

Under the considerations of detailed balance that recombination must equal genera-
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tion, Shockley and Queisser calculated current-voltage curves of solar cells that almost
fit to the experimentally measured ones [34, 45]:

𝐽 (𝑉 ) = 𝐽SC − 𝐽0

(
exp

(
𝑒𝑉

𝑘𝑇

)
− 1

)
. (2.12)

This formula only includes radiative recombination as the only carrier relaxation
mechanism. To describe non-ideal solar cells more closely, 𝐽0 also includes non-radiative
recombination losses when the real absorptivity or external quantum efficiency is used
in eq. (2.10). Resistive losses can be accounted for by extending the formula to:

𝐽 (𝑉 ) = 𝐽SC − 𝐽0

(
exp

(
𝑒 (𝑉 − 𝐽𝑅s)

𝑛id𝑘𝑇

)
− 1

)
− 𝑉 − 𝐽𝑅s

𝑅p
. (2.13)

𝑛id is the diode ideality factor that corrects the exponential slope of the ideal model. It
is 𝑛id = 1 in the "ideal" case, when radiative recombination largely dominates. For only
trap-assisted recombination, it is 𝑛id = 2 and for only Auger recombination, the ideality
factor takes the value 2/3 [35]. Realistic solar cells show values between 1 and 2. Most
perovskite solar cells with high efficiencies show ideality factors of 1.4− 2 and the exact
interpretation is often not straight-forward; only in special cases conclusions about the
underlying recombination mechanisms are possible [46–48]. 𝑅s is the series resistance,
at which part of the applied voltage drops, which becomes more severe the higher the
current density 𝐽 is. 𝑅p denotes the parallel resistance (or also called shunt resistance)
and refers to a hypothetical resistance connected in parallel to the diode. The higher 𝑅p,
the more resilient the device is to currents flowing through shunts instead of delivering
electrical power.

Solving eq. (2.12) after 𝑉 , for the case of zero net current, where total recombination
current density equals the generation current density 𝐽SC, one obtains the open-circuit
voltage 𝑉OC:

𝑉OC =
𝑘𝑇

𝑒
ln

(
𝐽SC
𝐽0

+ 1
)
. (2.14)

For very good solar cells, the𝑉OC value is a few 10mV below QFLSmax/𝑒 , which in turn
usually lies 200-350mV below 𝐸g/𝑒 , at room temperature. These regimes have been
achieved with perovskite solar cells already, showing deficits of only 60-70meV [44,
49].

The power conversion efficiency (PCE) of a solar cell is defined as the ratio between
output electrical power and incoming radiation power density 𝑃in and reads:

PCE =
|max(𝐽 ·𝑉 ) |

𝑃in
=

𝐽SC𝑉OC𝐹𝐹

𝑃in
, (2.15)
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where FF is a unit-less geometrical factor of the 𝐽 −𝑉 curve, expressed by

𝐹𝐹 = 𝑃max/(𝐽SC𝑉OC)),

where 𝑃max is the maximum extractable power density of the cell, being the product of
current density 𝐽MPP and voltage 𝑉MPP at the cell’s maximum power point (MPP). The
FF indicates how closely the curve resembles a rectangular shape. For good solar cells,
the value lies between 0.8 and 0.9. For silicon (𝐸g = 1.12 𝑒𝑉 ), the detailed balance FF
limit4 is 87%, with the best Si solar cell already achieving up to 84.9% [14]. The highest
experimental FF (at 1-sun equivalent illumination) has been achieved with epitaxially
grown GaInP, with a value of 90.2% at a detailed balance limit of 91.9%. With PSCs,
high values were only recently achieved, with a maximum FF of 84.8% in the current
record device [14], while the theoretical maximum lies at 90.2% (at 1.55 eV bandgap, it
generally increases with the bandgap).

Figure 2.2: Solar irradiance spectrum AM1.5G versus photon energy (left axis, gray line) and
maximum solar cell efficiency versus material bandgap (right axis, red line) calculated via the
detailed balance limit with the AM1.5G spectrum at a cell temperature of 300 K. The dashed
line marks the bandgap of silicon and the yellow rectangle marks the range of bandgaps for
perovskite solar cells used in this work. The spectrum data is from the National Institute of
Standards and Technology (NIST).

The above considerations allow for an estimation of the maximum efficiency a
solar cell featuring a material of bandgap 𝐸g can achieve. It strongly depends on
4The high Auger recombination rate in silicon sets the lowest possible ideality factor to below 1, which
leads to a maximum FF of 89.3%, higher than the detailed balance limit.

16



Chapter 2 Fundamentals

the spectrum of illumination and bandgap of the semiconductor material. It also
changes with the cell temperature, solid angle of the illumination source and material
properties such as Auger and bimolecular recombination coefficient. In terrestrial solar
cell testing, the standardized solar illumination spectrum (AM1.5G) is taken as the
reference, with ~100 mW/cm2 incident irradiance. In an idealized scenario where only
radiative recombination occurs, the maximum efficiency, the so called detailed balance
limit for the PCE (or Shockley-Queisser5 limit [45], or radiative limit) can be calculated.
Both the standard terrestrial solar spectrum and detailed balance limit versus energy
are shown in Fig. 2.2.
The maximum possible single-cell efficiency is thus 33.5%. For the Si bandgap, it

is 33.4%, however, the Auger recombination rate in Si is limiting the possible PCE
maximum to 29.4% [20]. In metal-halide perovskites, the Auger recombination rate is
high as well, but partly compensated by the high radiative recombination rate, leading
to a maximum possible PCE of 30.5% at 1.55-1.6 eV bandgap [50].

2.3.1 Current-voltage characteristics

The 𝐽 -V curve reflects the above discussed cell parameters in its shape. Figure 2.3 shows
simulated 𝐽 -V curves with isolated variations of 𝑅p, 𝑅s and 𝑛ID. The influence of 𝑅p is
most strongly visible near 0 V, where the slope of the curve can be used to estimate the
value of it. 𝑅s can be estimated by the slope at 𝑉OC. The ideality factor determines the
curvature around the maximum power point (The MPP is exemplary indicated in Fig.
2.3b), thus having a strong effect on the fill factor as well (see inset in Fig. 2.3c).
Low 𝑅p values usually indicate a shunt or shortening between the contacts, where

the generated current can flow through with a lower resistance than through the load.
In thin-film solar cells, the shunt resistance is often a parameter that needs optimization,
because a speck of dust can be enough to cause a spot in the active area which the
absorber is not covering, thus creating a possibility of the electrodes touching each
other. The more conducting the contact materials and the absorber are, the higher
the shunt current and power loss can be. Loss of power also occurs through voltage
drops across series resistances, which include contact resistances at interfaces, “internal”
resistance of the absorber material and resistance coming from the conductivities of
the electrodes.
The ideality factor can be determined by measuring the 𝑉OC at different intensities,

as it determines the slope via:

𝑉OC =
𝑛ID𝑘𝑇

𝑒
ln

(
𝐽SC
𝐽0

)
. (2.16)

5It is increasingly called ’detailed balance limit’ due to Shockley’s propagations and works on racial
genetics.
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(a) (b) (c)

Figure 2.3: Solar cell JV curves calculated from eq. (2.13), showing the influence of parallel
resistance (a), series resistance (b) and ideality factor (c). For (a) and (b), an ideality factor of
1.4 was used. In (b), the triangle marks the maximum power point for the 0Ω curve. In (c), 𝐽0
was tailored for each 𝑛𝑖𝑑 such that the 𝑉OC stays the same. The inset shows the fill factor
of the displayed curves. The cell parameters were derived from a standard p-i-n PSC (see
section 2.4) with 1.63 eV bandgap.

Additionally, 𝑛ID determines the linear slope 𝑛ID/𝑉th of the 𝐽 -V curve obtained under
dark condition, near 𝑉MPP. If 𝑅p is high enough and 𝑅S low enough to not mask the
slope given by 𝑛ID, its value follows from the dark current 𝐽D via

𝑛ID =
𝑒

𝑘𝑇

d𝑉
d𝐽D(𝑉 ) . (2.17)

Near 𝑉 = 0V, the dark 𝐽 -V curve is mostly influenced by the shunt resistance, whereas
for low series resistances, 𝑅s reduces the 𝐽 -V slope above 𝑉MPP. For higher 𝑅s, the
slope is already influenced below 𝑉MPP, which makes the determination of 𝑛id via
intensity-dependent 𝑉OC the more accurate method.

2.3.2 Tandem solar cells

According to Fig. 2.2, the maximum efficiency limit of a solar cell under AM1.5G
illumination is 33.5% at a bandgap of 𝐸g = 1.35 eV. The remaining power is lost due to
a combination of transmission of photons that carry not enough energy and due to
thermalization losses, i. e., energy lost as lattice vibrations from thermalizing electrons
excited above the conduction band edge. Real solar cells additionally suffer losses
coming from non-radiative and Auger recombination and non-perfect collection of the
charge carriers [51].
One way to reduce the thermalization losses and use the solar spectrum more effi-

ciently is to stack solar cells consisting of materials with different bandgaps. For of a
cell made out of two stacked subcells, a tandem solar cell, the detailed balance limit
calculation [52, 53] under AM1.5G spectrum yields a maximum of around 45% when
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combining a 0.94 eV-bandgap bottom cell with a 1.61 eV top cell. This way, the absorbed
spectrum is divided into the subcells that each deliver their power. Under direct series
connection (monolithic configuration), the voltage of the subcells add up, while the
current density is set by the smaller value. Thereby, under setting of optimal bandgap
combinations, the single junction detailed balance limit can be overcome. Relying on
Si for the bottom cell, the ideal partnering top cell needs a bandgap of ~1.72 eV [54,
55], which results in a maximum possible tandem cell efficiency of around 44% under
standard test conditions. Notably, this value assumes that the subcells fully absorb the
light with energies above the step-like absorption onsets. If, e. g., the top cell absorber
is not thick enough, the optimal bandgap shifts to lower values: For typical perovskite
absorbers, the optimal value is near 1.68 eV and even lower when considering that solar
cells experience elevated temperatures of >60 ◦C ([56, 57]).

Two subcells can either be independently completed and stacked mechanically on top
of each other, or the top cell can be processed on top of the topmost layer of the bottom
cell, such that both cells share a common contact (monolithic). In the first approach,
both subcells can be independently adjusted (usually called "4-terminal" cell) and thus
dynamically optimized for maximum yield over the course of the day, depending on
the light spectrum. For characterization, both subcells have to be measured, with the
top cell simply acting as a filter for the bottom cell, and their efficiencies add up. In the
monolithic case ("2-terminal"), the subcells are connected in series, hence their voltages
add up, but they share the same current flow – the tandem current density is given
by the limiting cell, i. e. the one with the lower current density. Thus, for maximum
efficiency, in the monolithic tandem cell, ’current matching’ is of critical importance
for efficient operation. It is, however, noteworthy that under current mismatch due
to changing solar spectrum (over the course of the day), the tandem FF increases,
dampening losses in total energy yield [58, 59]. Compared to the 4-terminal approach,
monolithic tandem cells need one less transparent contact and one less inverter, thus the
balance of system costs are considered to be lower. In an intermediate case, the subcells
share one contact which can independently be voltage-controlled as an electrode ("3-
terminal"). This approach can combine both advantages, lower complexity and lower
sensitivity on spectral changes. However, experimental demonstrations are still in the
proof-of-concept phase [60, 61].
Experimentally, combinations of III-V semiconductors have already proven that

multi-junction solar cells can surpass the single junction detailed balance limit, with a
maximum value of 38.8% for a 5-junction cell [62] and 32.8% for the best 2-junction cell
consisting of GaInP and GaAs [14]. However, the material costs and need for their slow,
ultra-clean deposition via epitaxy of such systems prevents them from being economi-
cally relevant in large scale. Additionally, the global market and industry are already
interspersed by silicon cell technology, which itself comes with a large abundance and
already available engineering specialization for large scale. Thus, it is wise to search for
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a material that can work in tandem with silicon while bringing economic benefit to the
levelized cost of electricity. This is where metal-halide perovskite solar cells fill the gap.

2.4 Metal-halide perovskites
Perovskite denotes the generalization of the crystal structure of CaTiO3, which contains
three different constituents in the formula ABX3. For the class of metal-halide per-
ovskites (MHPs), X stands for a halide, B for a divalent metal ion and A for a monovalent
cation. A can be either an organic molecule or inorganic element, or a mixture of both,
thus the material class is often called ’organic-inorganic metal-halide perovskite’. B
sits inside an octahedron spanned by X6, and A sits inside a cube made out of eight
octahedra, as depicted in Fig. 2.4. Both X and B can also be a mixture of different
elements. Often used constituents for A are Cs, K, methylammonium (CH3NH+

3 ) and
formamidinium ((NH2)2CH+). B is usually Pb2+, Sn2+ or Ge2+ and X is often I−, Br− or
Cl−.
The original perovskite was first discovered by Gustav Rose in 1840 [63] and the

first publication featuring an organic cation appeared in 1978 by Weber [64]. After a
description of the semiconducting properties of a halide perovskite by Mitzi in 1994
[65], it took until 2009 when the first use of a MHP as a solar cell was published by
the group of Miyasaka [15]. After this birth of PSCs, an unparalleled technological
development followed with around 4000 publications in 2020 alone [66], and record
PCEs rising from 3.8% in 2009 to 25.5% in 2020 [67], a faster development than for any
other solar technology [13]. This speed was certainly nourished by the knowledge
gained in mature technologies (Si, GaAs, CIGSe, CdTe) and the organic photovoltaics
community concerning the available choice of charge-selective materials. In addition, it
was accelerated by the favorable material properties of MHPs, as are discussed below.

Figure 2.4: Schematic
picture of the general
perovskite crys-
tal structure with
composition ABX3.

The versatility of compositions make MHPs a highly adaptable material class [68].
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Importantly, by compositional tuning of the crystal elements, the bandgap is adjustable,
mostly by tuning the X part [69, 70], while there is also an effect on the crystal unit
size via compositional change at the A site [71]. Additionally, MHPs feature a series of
desirable properties for both, efficient solar cell operation and potential low-cost scala-
bility. Hence, they can be adjusted to work well as the top cell in tandem architectures
with established, low-bandgap solar cell technologies like silicon or copper indium
gallium Selenide (CIGSe). MHPs are ionic materials, thus the mobile species can lead to
transient effects like current-voltage hysteresis [72] and descriptions resembling that of
electrolyte cells or ionic conductors can be necessary [73, 74]. Nevertheless, with stable
compositions and under low stress, MHPs can be described with basic semiconductor
physics as intrinsic semiconductors with a direct bandgap6.

2.4.1 Suitability for solar cells

MHPs combine several advantages for solar cell operation: High absorption coefficient,
steep absorption onset [75] (indicating good crystal quality), tunability [68] and defect
tolerance [76, 77]. The latter meaning that detrimental traps are less likely to form
[77] and even at the presence of non-radiative recombination centers (traps, defects),
the non-radiative recombination rate remains low [78]. In other high-performance
solar cell materials such as GaAs and Si, the presence of small defect concentrations
significantly deteriorate the device performance, which makes it necessary to fabricate
them with high-temperature processes in ultra-clean environments and with high
material purities. By contrast, MHPs require comparatively low temperatures for a
sufficient crystal quality (~100 ◦C), can be processed from solution and due to their
strong absorption only require small thicknesses (up to 1 µm, commonly 500 nm) to
capture the full sunlight above the absorption threshold. This makes PSCs a high-
efficiency thin-film technology, bringing the potential of resource-efficient fabrication
and mechanically flexible modules.

Another prerequisite for good solar cells is a sufficient lifetime of the charge carriers
after photo-excitation, so that they are able to reach the charge-selective contacts before
they recombine again. In this regard, the thin-film character is beneficial, since the
absorber thickness is smaller than the usual carrier diffusion length of around 1 µm [79,
80]. The combination of these properties led to record 𝑉OC values just 70meV short of
the detailed balance limit [44, 49] and optical efficiency values (𝐽SC/𝐽SC,max) rivaling
those reached with Si and GaAs [51].

6’Direct’ meaning that both the conduction band minimum and valence band maximum lie at the same
momentum in the energy-momentum diagram. This is favorable for photoactive materials because
of a possible large radiative recombination coefficient and strong absorption.
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2.4.2 Perovskite solar cells: state of the art

Perovskite solar cells started with absorbers in liquid form [15], by applying typi-
cal device architectures of dye-sensitized solar cells, however, in this form suffered
from severe instabilities. In 2012, the groups of Snaith and Grätzel have shown that
efficient PSCs (~10%) can be processed with thin, solid perovskite films, using a Methy-
lammonium (MA) lead iodide (MAPbI3) composition in an architecture resembling a
heterostructure [81, 82]. MAPbI3 is still a widely used composition due to its simplicity.
It was also found that it is possible to deposit the perovskite via co-evaporation using
two evaporation sources that contain MAI and PbI2 powders; such that the perovskite
film forms from the gas phase on the substrate [83]. In 2014 and 2015, spray coating
and slot die coating the perovskite precursor have shown to be a viable technique for
upscaling as well [84, 85]. During that time and henceforth, emphasis was laid on
tailoring of the precursor solution, leading to the discovery that higher-quality films
can be formed with the usage of mixed solvents [86, 87] that encourage intermediate
crystallization steps during film formation. Within this development, Jeon et al. found
that the use of an anti-solvent to drive out the main solvents from the thin film leads to
quick coordination and pre-crystallization during the spin-coating step, resulting in
high crystal quality. Another key step was the insight that PSCs can work efficiently
with thin organic layers at both absorber interfaces [88, 89]. Until then, PSCs relied on
metal oxides as electron-selective layers, which needed high-temperature processing
and/or delicate fabrication.

The combination of a number of optimized deposition and solvent engineering tech-
niques called for developmental milestones in the crystal composition of the perovskite
absorber. After the introduction of mixed cations and halides [90–92], in 2016 Saliba et
al. found an enhanced device performance and reproducibility upon the addition of
Cs into a mixed MA/FA perovskite composition [93]. This composition was termed
"triple-cation" perovskite and gained strong popularity. In another step, "quadruple-
cation" compositions (containing MA, FA, Cs and Rb) showed increased efficiency and
that perovskite thin-films can be highly customizable and complex [94]. Because of its
high reproducibility and decent performance in PSCs, the triple-cation recipe is what
forms the basis of PSC fabrication in this thesis (see chapter 7 for experimental details).
Highest efficiencies have been reached with mostly the FAPbI3 composition (with only
a small amount of MA used as an additive) due to its lower bandgap (1.5-1.55 eV) [49,
95], while the triple-cation compositions were used for tandem-applications due to
their simple tunability at higher bandgaps. In chapter 4, solar cells based on three
different compositions are shown: 1.63 eV triple-cation "CsMAFA", 1.55 eV double cation
"MAFA" and single cation MAPbI3. In chapter 5, the tandem-optimal bandgap of 1.68 eV
is explored with CsMAFA containing a higher MA and Br loading.
Currently, several perovskite deposition techniques are being used, of which spin-

coating is most widely adapted for fast compositional optimization. At the same time,
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co-evaporation techniques and wet-chemical processing like slot-die-coating are being
rapidly refined for upscaling PSC fabrication or for conformally depositing perovskite
films on rough or textured substrates [96–98]. Increasingly, the operational stability of
PSCs is in the focus of research, now that high efficiencies are established and PCEs of
>20% are considered standard in many laboratories. For stability testing, a number of
different protocols were used in literature, with a consensus on how to unambiguously
quantify stability only recently forming [99]. This includes the continuous measurement
of the maximum power output (MPP tracking) either under controlled temperature
(25◦ for standard condition, 60◦ or 85◦ for accelerated aging) and atmosphere or in
ambient air with humidity tracking. Importantly, the spectrum of the lamp used for
aging should be known, because different transport layers and perovskite compositions
react differently depending on the wavelengths of light illuminating them.

Architectures

During the developments of PSC technology, two general architectures were established:
The "regular" n-i-p, and "inverted" p-i-n configuration (see Fig. 2.5). The first letter
in the heterojunction denotation refers to the type of charge-selective semiconductor
layer on which the perovskite film is deposited, with p meaning hole-selective and
n electron-selective. The n-i-p architecture was employed in the first thin-film PSC
[81], relying on TiO2 as the electron-selective layer, and is still the more popular choice
among laboratories, possibly due to the PCE records being achieved in n-i-p.

Considering tandem solar cells, the p-i-n architecture is themore frequent and rational
choice [56, 100], because of lower parasitic absorption losses and low-temperature
processing of high-efficiency devices (>20%). While the first perovskite/silicon tandem
solar cells were fabricated with n-i-p PSCs [18, 101], the surge in their efficiency to
>23% came with the switch to p-i-n top cells [100, 102]. p-i-n top cells are still the
standard in high-efficiency tandems at >29% PCE. To this day, the single-cell efficiency
record with silicon could only be surpassed with p-i-n perovskite top cells. Furthermore,
the p-i-n PSC architecture comes with less complicated, low-temperature processing,
less transient effects in their operation [103, 104], superior long-term stability due
to the absence of dopants in the charge-selective layers [105–107] and compatibility
to flexible substrates [108, 109]. As standard charge-selective layers, the polymer
poly(bis4-phenyl2,4,6-trimethylphenylamine) (PTAA) acts as the hole-selective layer
(typical thickness 5-15 nm) and fullerene based layers (such as C60 and PC61BM (Phenyl-
C61-butyric acid methyl ester)) topped by a buffer layer and metals (Cu, Ag) form the
electron-selective contact [88, 103].
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Figure 2.5: Schematic drawing of the two main perovskite heterojunction cell configurations,
p-i-n (or “inverted”) on the left and n-i-p (“regular”) on the right. The sunlight enters the cell
through the bottom.

Operational stability

Some of the ionic constituents of halide perovskites are mobile at room temperature and
have low activation energies for movement [110] (in the order of 0.5 eV). In particular,
iodine I− is a highly mobile species and was often subject to investigation regarding its
role in hysteresis phenomena and defect migration [111–113]. Since ions carry charge,
their movement is influenced by electrical biasing, and in turn their migration and
accumulation can affect the electrical potentials throughout the device. Even without
electrical biasing, light or excited charge carriers are a driving force for ion migration
and decomposition as well [114–116]. This can lead to dynamic behavior of the material,
generally causing transient electric effects and instabilities in device operation [73]. A
prominent consequence is current-voltage hysteresis [72], meaning that the value of
measured current upon voltage bias scanning depends on the scan direction. This is
more pronounced in n-i-p cells than in p-i-n cells, but can be tackled with additives or
passivation of the charge-selective interfaces [117].

The magnitude of these issues rises with temperature [118], which, considering that
solar cells can reach operating temperatures of over 80 ◦C in summer weather, is a
serious challenge that is being increasingly addressed in literature. Several strategies
have been suggested to overcome thermal instabilities, the main one being changes
in the absorber composition to reduce the volatile MA content [119] or to entirely
avoid organic components [120]. Other sources of instability concern the perovskite’s
sensitivity to humid air and that it can be dissolved by water. Upon contact with
water, the absorber decomposes into PbI2 and loses its photoactive properties [121].
Oxygen can also promote a faster degradation [122]. To overcome these sensitivities,
considerable effort was invested into barrier design [123, 124] or how to make the
perovskite absorber contain an intrinsic barrier by additives in the precursor solution
[125, 126]. However, a noteworthy insight is that MAPbI3 powder in the photoactive
black phase can behave intrinsically stable in air and under high temperatures (>
200 ◦C) if synthesized mechano-chemically [127]. Once the powder is dissolved for
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spin-coating thin-film devices, the absorber behaves unstable again. This difference
might be explainable by the influence of strain in the film or crystals [128, 129], or
remaining residues of solvent phases.
Despite these culprits, state-of-the-art perovskite compositions like the multiple

cation recipes or low-bandgap compositions containing a high FA amount already
show acceptable stability for laboratory stress tests [49, 93, 94, 130]. In their case, it
became clear that the interfaces between perovskite and charge-selective layers also
influence the device stability [131–136]. Importantly, strain at the interfaces can also
be influenced by the choice of charge-selective layers [137]. Combining these insights
even led to demonstrations of PSCs passing industrial standard stability tests (85 ◦C at
85% humidity for 1000 hours) [125, 138].

Nevertheless, the mitigation of instabilities, particularly under continuous operation,
is still a major challenge for the commercialization of PSCs. And since the community
increasingly shifts their focus from pushing efficiency to enhancing and understanding
stability, major progress is expected in the coming years to improve operational stability
towards the standards of commercial application. Especially larger-bandgap composi-
tions that often contain an increased ratio of bromide to iodide tend to form separate
phases, resulting in the perovskite having iodide- and bromide-rich film domains – a
phenomenon known as phase segregation [139, 140]. This process implies the migration
of ions, which can only happen in the presence of defects (or its inverse movement, the
migration of ionic vacancies) [141, 142]. Since grain boundaries of the (poly-crystalline)
perovskite film commonly are defective, phase segregation especially happens or begins
there [143]. Thus, the nanostructural properties, film morphology and their impact on
phase stability is a dedicated field of study [120, 144]. Interestingly, the interfaces to
charge-selective layers can dictate the phase stability as well, as found in the results to
chapter 5 and reported by others [116, 118, 145].

The usage of lead

The solar cell-relevant perovskite compositions are water-soluble and a perovskite solar
module would contain up to 1 g of lead per square meter [146]. Although seeming like
a small amount, dissolution into the environment through, e. g., flooding or extreme
weather events must be prevented, considering the toxicity of some perovskite com-
pounds and that lead accumulates in living beings and plants [146]. Several suggestions
to mitigate this problem have been proposed and an entire research branch is actively
researching on the replacement of lead through tin. Tin-based PSCs significantly lack
behind their lead counterparts in stability and efficiency, and it is yet under debate
whether the usage of tin can truly offset the environmental impact when considering
the complete life cycle of PSCs [147, 148]. Meanwhile, a popular option is to stay
with lead-based PSCs due to their yet unique optoelectronic quality and to further
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invest efforts into techniques that capture lead in the case of leakage, either via special
encapsulation [149] or design of the charge-selective layers [150].

The role of interfaces

The best demonstrated optoelectronic qualities of halide perovskite thin films and single
crystals have reached levels comparable to ultra-clean samples of established semi-
conductor technologies like GaAs. This manifested itself in PLQY values approaching
radiative limits [151, 152] and charge carrier lifetimes commonly reaching several µs.
However, these properties were only measured in bare films and not full devices. This
discrepancy led to studying the impact of interface recombination on the difference
between maximum possible𝑉OC derived from the absorber alone and experimental𝑉OC
values. Sarritzu et al. therefore decoupled recombination currents from interfaces and
the absorber bulk by intensity-dependent, calibrated photoluminescence (PL) measure-
ments to measure the impact of each on the QFLS [153] (see Fig. 2.6). They concluded
that while the QFLS in the bulk is dictated by trap-assisted recombination, non-radiative
recombination at the interfaces to charge-selective layers limits the QFLS of the full
solar cell stack.

Figure 2.6:QFLS and PLQY values for perovskite/charge-selective layer stacks, showing that the
charge-selective reduce the free energy by non-radiative recombination (left). The drawing
on the right shows recombination processes in the heterojunction between perovskite and
electron-selective layer (ETL): radiative recombination as the origin of PL (red arrow), bulk
SRH recombination (black arrow) and interfacial recombination (green arrow). Reprinted
with modifications from ref. [153] and CC BY - published by Springer Nature.
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In principle, these losses are avoidable upon reduction of the minority carrier con-
centration at the interfaces. Building on this, Stolterfoht et al. studied p-i-n PSCs with
absolute PL and confirmed the method’s validity by 𝑉OC measurements of full devices
[154]. The interface losses could be reduced by the insertion of thin (≈ 1 nm) layers
between PTAA/C60 and perovskite, leading to >21%-efficient devices with 𝑉OCs (1.17 V)
approaching the QFLS of the bare perovskite (1.22 eV). The same group later generalized
the insight that PSCs are limited by interfacial recombination with a study comprising
both architectures, different perovskite compositions and ten different charge-selective
layers that are commonly used in research [155]. All studied layers introduced losses
compared to the bare perovskite. The standard hole-selective layer since its introduction
in n-i-p cells, Spiro-OMeTAD, showed notably low losses, which might explain why
n-i-p cells had higher𝑉OC values throughout the PSC developments [46]. The search for
lossless charge-selective layers for PSCs is thus an important quest for the perovskite
community. In chapter 4, this thesis introduces a hole-selective layer (2PACz) for p-i-n
PSCs with these desirable properties.

Passivating layers

The benchmarks in PLQY measurements were only reached upon passivation of the
perovskite film surface, with the most effective method being covering the surface with
trioctylphosphine oxide (TOPO) [152]. Originally used as ligands for the synthesis of
InP quantum dots [156], the TOPO molecules are believed to bond with the perovskite
surface at halide vacancies that otherwise act as non-radiative recombination centers
[157, 158]. Unfortunately, TOPO is not conductive or charge-selective, thus it does not
function as a replacement for common charge-selective layers (which all introduce
non-radiative recombination). In fact, materials that passivate an interface and do not
hinder charge transport at the same time are rare. If processed as a very thin layer
(a few nm), poly(methyl methacrylate) (PMMA) has shown to work as such a layer
in PSCs [119, 159, 160]. The authors explain the improved performance by retarded
crystallization of the perovskite layer through formation of intermediate compounds,
or by the PMMA doing an electronic passivation of Pb2+ ions at the surface.

However, the PMMA layer was processed from solution by spin-coating. Considering
the small thickness needed to not increase series resistance, this delicacy is hard to
scale up. Evaporation of passivating interlayers is more promising in this regard, and
of the commonly known interlayer materials in PSC literature, LiF seems to be most
effective in reducing non-radiative recombination while keeping a high FF [154, 161,
162]. The exact mechanism of how LiF functions as a voltage-enhancing layer is still
under debate. Recent studies presume that it might induce a dipole-like energetic barrier
at the perovskite surface adjacent to the electron-selective layer, which hinders holes
from entering the layer where they would otherwise be lost upon recombination with
electrons [163, 164].
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Figure 2.7: Schematic representation of absorber/hole-selective layer (HTL) interfaces, to
illustrate different examples of unfavorable situations that reduce the 𝑉OC, compared to the
ideal situation. (a): high defect density at the interface (b), barrier for the majority carriers
(c), offset for majority carriers, reducing the maximum possible QFLS (d), low selectivity
due to the HTL also accepting electrons (e). Another dimension to consider (except for
very thin layers of roughly <5 nm) is the specific conductivity of the hole-selective layer
material, which can cause losses as well if it reduces permeability for majority carriers or is
not resistive enough for minority carriers. The role of the Fermi level of the electrode (on
which the HTL is on, not shown here) is discussed in section 2.5 and chapter 4.

Overall, the perfect charge-selective layer would be 1) impermeable by minority
carriers, 2) without inducing resistance to majority carriers, while 3) having a passiva-
tion function at the absorber interface (or least not introducing any interface traps).
Point 1 can be realized by an energetic barrier for minority carriers coming from the
valence or conduction band of the absorber, with the bandgap of charge-selective layers
usually having higher 𝐸g than the absorber. With organic charge-selective layers, an
asymmetry of electron and hole mobility can be realized with materials where the
orbital overlaps differ in the HOMO and LUMO (highest occupied molecular orbital
and lowest unoccupied molecular orbital, respectively) [165], as detailed further in the
section below. Both effects keep the minority carrier density low in the contact, which
ensures low non-radiative recombination losses. Point 2 is feasible by making the layer
either highly conductive for one carrier type by doping, or by making the extracting
layer very thin, such that conductivity does not play a role anymore. However, doping
of charge-selective layers has been shown to induce instabilities in perovskite cells [105,
106, 166, 167] and it requires highly optimized processing, which together with the
additional savings of trimming material usage favors the strategy of making the layers
as thin as possible. For the third point there exists no fundamental guideline, because
the exact defect formation mechanism at interfaces is intrinsically hard to probe and it
is yet unclear how the interaction between the perovskite interface and charge-selective
materials influences non-radiative recombination losses. In addition, it is generally ad-
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vantageous when the majority carrier-accepting energy level (conduction/valence band
onset, or HOMO/LUMO) is with minimal offset to the respective valence or conduction
band edge of the absorber. If there is an offset towards higher energy for majority
carriers, they experience a barrier; and if the offset is towards lower energies (i. e. step
upwards for holes and step downwards for electrons), it might increase carrier collection
speed, but decrease the maximum possible 𝑉OC by that offset. This has partly held true
for PSCs as well [155, 168, 169]. For fulfilling points 1 and 2 and for systematically
exploring point 3, charge-selective layers made from self-assembled monolayers are a
favorable choice, as explained below. In this thesis, several hole-selective monolayers
were studied which were key for reaching highly efficient p-i-n PSCs and tandem cells.

2.5 Self-assembled monolayers
A self-assembled monolayer (SAM) is a layer made of organized molecules that bonded
to a surface autonomously by self-assembly. The elegance of this approach for func-
tionalizing surfaces lies within the idea to encode the function of the macroscopic layer
into the design of a single molecule. The macroscopic layer then forms in a self-limiting
process [170]: Once all bonding sites on the surface are occupied, the formation of the
SAM is complete, yielding a reproducible layer with a thickness of only a molecule. The
first report of a SAM appeared in 1946 by Bigelow et al., investigating the adsorption
on a metal surface [171]. After the pioneering study of Aviram and Ratner in 1974 that
showed how organic molecules can rectify current flow for eventual use in electronics
[172], several studies followed studying the electronic properties of organic monolay-
ers [173, 174]. It took until 2004 when the impressive demonstration of SAM-based
electronics revived hopes that organic electronics may become an alternative path to
the efforts of down-scaling silicon electronics into quantum-mechanical regimes [175]:
Halik et al. built thin-film transistors featuring a SAM as the gate dielectric, which
despite its thickness of only 2 nm led to leakage currents as low as in mature Si-based
devices. In a further study, SAM-based inverters and logic gates were demonstrated as
well [176].

The rectification in single organic molecules was studied and published in several
reports with some intriguing results. Organic molecules that are conjugated (i.e.,
alternating single and double hydrocarbon bonds creating delocalized states for excited
charge carriers) behave as semiconductors where the ’highest occupied molecular
orbital’ (HOMO) is roughly equivalent to the valence band maximum in inorganic
semiconductors and the lowest unoccupied molecular orbital (LUMO) to the conduction
band minimum. The delocalization of electrons in the molecules and the engineering
of energy levels makes molecular electronics possible [174]. Briefly, one can exploit
fundamental asymmetries of the molecule itself, the energetic offsets between orbitals of
adjacent molecules or the offset between molecular orbitals and band edges of adjacent
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semiconductors. When interfacing a metal instead of a semiconductor, the energetic
offset between the orbitals and the metal’s Fermi level is the determining parameter. In
addition, molecules can carry a dipole, which shifts the work function of the substrate
[174, 177] – a powerful tool for modifying the functionality and suitability of metallic
or semiconducting surfaces.
Some of the insights of organic molecular electronics have implications for how to

interpret parts of the results of this thesis. Strikingly, by favorable offsets between
HOMO/LUMO and the Fermi level of the adjacent metal or semiconductor, a resistance
of several megaohms for flowing electrons has been demonstrated through a single
molecule [178, 179] of roughly 1 nm size. An inorganic layer of that thickness would
be considered an easily permeable barrier for tunneling electrons. This underlines the
potential for charge selectivity, considering the following scenario: If alignment can
be ensured between, e.g., the HOMO level of the molecule and the Fermi level of the
adjacent metal, charge selectivity becomes possible through “resonant” transport [180,
181]. If from a charge reservoir (consider a free charge-creating photovoltaic absorber)
holes can enter the molecule through the HOMO and electrons through the LUMO,
the holes might further translate or recombine, while electrons would experience a
high resistance. Thus, a layer of specifically tuned organic molecules can act as a
semi-permeable membrane for charges. This type of membrane or functional layer
is not only scientifically interesting, but is economically attractive as well, due to the
minimal material usage of a SAM and manifold compatibility to substrates, absorbers
and functions, depending on the chemical design.

2.5.1 General structure and formation mechanism

A molecule for self-assembly can be divided into three fragments: Anchor, spacer and
head (or functional group). The anchor defines to which bonding sites the molecule can
bond to - the most common choices there are phosphonic or carboxylic acids (bonding
to or adsorbing on oxides), thiols (bonding to gold) and silanes (bonding to Si and some
oxides). In this thesis, phosphonic acids were used due to their high versatility and
very stable bonds [182]. The spacer fulfills several functions, albeit not necessary for
forming a SAM: During SAM formation, van-der-Waals forces between the molecules
stabilize the layer formation, promote an upward orientation, ordered assembly and high
molecule density [174, 182]. Additionally, the spacer can be regarded as an electronic
decoupler from the substrate, because it is usually made of a hydrocarbon (alkyl) chain
that is isolating. The head group, ’functional fragment’ or ’termination’ gives the
SAM most of its functionality, as it becomes the new surface of the substrate, with the
functional groups facing upwards. The molecularly given functionalities range from
stent coatings in medical applications to ion sensing, implants, patterning and even
charge storage [183–185].

The traditional way of processing SAMs on surfaces is via immersion of the substrate
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into a solution that contains the molecules. The film forming process can then be
imagined as the condensation of material from a gas phase [186]: First, the molecules
physically adsorb onto the surface and form isolated, disordered islands of low density.
These nucleates grow in size until the layer covers the whole substrate. At this stage,
densification of the layer and ordering/orientation of the molecules takes place. In the
case of phosphonic acids, the bonding occurs via deprotonation of the phosphate group
and OH groups on the surface, such that P-O-metal links remains. The bond can be
either mono-, bi- or tri-dentate, meaning the number of P-O bonds involved from the
phosphonic acid group [187] (see Fig. 2.8).

Figure 2.8: Illustration of phosphonic acid molecules attaching to ametal oxide surface, showing
examples of different bondingmodes (a) bidentate, b) tridentate and c)monodentate. R denotes
a rest of the molecule, the “head” group that gives the surface its intended function. After
references [188] and [189].

Hole-selectivity and carbazole

It is still under debate what exactly determines the charge-selectivity of organic com-
pounds, although several theories exist that successfully model charge transport across
conjugated molecules and transport layers [190, 191]. One major design guideline to
render a material either electron- or hole-selective is the alignment of the HOMO/LUMO
to the electrode’s work function [192]: If the ionization energy is aligned, the material
is considered as a hole transporter, whereas it is an electron transporter if the electron
affinity matches the Fermi level of the electrode’s material. Although in early organic
semiconductor devices, conjugated polymers were usually used as hole transporters
[193], it has been shown that with a suitable electron affinity, such materials can be
’n-type’ as well [192]. Charge selectivity is also governed by differences between hole
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and electron mobility. The fact that most conjugated polymers have lower electron
than hole mobility can be explained by the presence of electron traps in such materials,
which can capture electrons that then contribute to increased Coulomb scattering, or
by instabilities of the molecules upon accepting electrons. Upon filling or avoiding
these traps, the materials show enhanced electron mobility [194, 195]. However, there
was also evidence that the molecule itself can have an intrinsic asymmetry between the
electron and hole mobility [190], e. g., depending on the density of states in the LUMO
and HOMO: while electrons travel through unoccupied states in the LUMO, holes travel
through occupied states in the HOMO [196]. Additionally, the orbitals can be formed
such that one carrier type is localized while the other is delocalized across the material.
Considering a standard electrode material that is commonly used in solar cells and

light-emitting diodes, indium tin oxide (ITO), a material with a HOMO level that is
well-aligned to the ITO’s Fermi level is carbazole, making it favorable for electron
injection from the ITO into the molecule (i.e., hole extraction) [197]. Furthermore,
the nitrogen atom in its molecular structure induces an asymmetry for charges, such
that holes stay delocalized in the conjugated structure while electrons see a preferred
localization. With carbazole as the functional group, the easiest possible hole-selective
SAM consists of a carbazole core, linked to an anchor (phosphonic acid) by an aliphatic
chain.

2.5.2 Application in perovskite solar cells

After field-effect transistors, the next electronic devices in which SAMswere beneficially
deployed were light-emitting diodes (LEDs) and dye-sensitized solar cells [198, 199].
A SAM with a hole-selective moiety was used by Bardecker et al. to improve the
hole injection from the ITO in organic LEDs [200], with the molecule consisting of
a triarylamine head and phosphonic acid anchor. In their case, the SAM acted as the
hole-selective layer, introducing states with energies between the ITO Fermi level
and HOMO level of the emitter material. In perovskite literature, SAMs found their
appearance as interface modifiers (silanes) to alter the wettability and surface energetics
of the electron transport layer (TiO2) in n-i-p PSCs [201, 202]. In a more recent work,
the electron-selective layer was replaced with a C60-based phosphonic acid SAM on ITO,
leading to devices with high stability, and, if paired with common electron-selective
layers on top of the SAM, high PCE of >21% [203]. It was also shown that the C60 SAM
can suppress hysteresis by passivating defects that would otherwise act as migration
sites for ions [204]. Earlier, another fullerene-based SAM (phenyl-C61-butyric acid
with carboxyl group anchor) was used to render the TiO2 surface such that high 𝑉OC
values were achieved [205]. In another approach, passivating SAMs were used in p-i-n
perovskite solar cells between the perovskite and C60 layer, attaching to the perovskite
surface via halogen-type bonding and making the perovskite surface hydrophobic [206].
The introduction and establishment of hole-selective SAMs into the p-i-n architec-
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ture was part of this thesis. In close collaboration with Artiom Magomedov (Kaunas
University of Technology), who first suggested the possibility of SAM-based devices
(“hole transport layer-free”) and who’s group synthesized phosphonic acid SAMs with
carbazole head group, the first SAM-based p-i-n PSCs were realized. In the first genera-
tion, a SAM molecule termed V1036 showed the potential in devices with 18%-efficient
PSCs that otherwise did not contain any hole-selective layer between the electrode and
perovskite [207]. This work is subject of chapter 3. The design of the hole transporting
moiety was inspired by the popular hole transport material spiro-OMeTAD of the n-i-p
architecture. In further optimization, while testing the dependence of the molecule
size on device performance, one of the simplest hole-selective SAM designs thinkable
(carbazole core + 2-hydrocarbon chain + phosphonic acid), named 2PACz, proved its
outstanding potential by being superior to all other known hole-selective materials
for p-i-n PSCs [208], as judged from the device performance and an analysis of the
practically lossless hole-selective interface. Chapter 4 is devoted to that work with
discussions on the possible reasons. Having established efficient single junction solar
cells with SAMs and well-working perovskite/CIGSe tandem solar cells, we desired to
deploy SAMs for efficient perovskite/silicon tandem solar cells as well. Thus, the search
for even better SAMs continued, having noticed that although the efficiency was high
with 2PACz, in early tries it has led to low fill factors in the tandem structure, presum-
ably due to a low hole extraction rate compared to common hole-selective layers. An
optimized SAM based on the insights from the publication finally confirmed that p-i-n
PSCs strongly benefit from accelerated hole extraction at the hole-selective interface.
The molecule Me-4PACz then was key to realizing a perovskite/silicon tandem cell
with 29.2% efficiency [209]. This value was the world record from January to December
2020. Chapter 5 presents this work and deepens the explanations to the analytical
techniques used for characterizing the hole extraction speed.
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Energy Materials, see Fig. 7.5 in the appendix.

34



Chapter 3 Introducing Hole-selective Self-assembled Monolayers for Perovskite Solar Cells

3.1 The need for alternative charge-selective layers
Inverted (p-i-n) perovskite solar cells, where the perovskite layer is deposited on the
hole-selective layer, have a number of advantages compared to their regular (n-i-p)
counterparts, as summarized in section 2.4.2. Most importantly for the progression
of this work is their superior suitability for tandem solar cells. Economically, with
the aspect of large-scale cell production, high-efficiency p-i-n PSCs come with the
convenience of low-temperature processing, meaning that the substrate does not need
high temperature treatment throughout all fabrication steps. In particular, state-of-
the-art p-i-n PSCs (at the time of this publication) that included polymers as the hole-
selective layer only needed substrate heating up to 100 ◦C.

Figure 3.1: Illustration of a p-i-n perovskite solar cell with a C60/BCP/Cu top contact and a
zoom-in showing the V1036 SAM molecules between a indium tin oxide (ITO) electrode and
the perovskite layer.

The often-used electron-selective layer, fullerene C60, is deposited via evaporation,
which is a industrially scalable technique. In contrast, the deposition of hole-selective
polymers mostly involved spin-coating a dilute solution to obtain a 5- 15 nm thick layer
between the perovskite and the electrode. The high material waste of spin-coating can
be overcome by other solution-processing techniques. However, solution processing of
thin polymer layers comes with the need of microscopically flat substrates, in order to
avoid blank electrode spots. This is a big disadvantage that would render the integration
of perovskite cells on top of usually rough or textured industrial silicon solar cells a
too difficult task. Additionally, the highest-efficiency materials (PTAA and polyTPD)
still induce non-radiative recombination losses that reduce the maximum possible 𝑉OC
[154], and some, albeit small, parasitic absorption (~1% of the total 𝐽SC in the blue region,
which increases upon doping the layer [210]). An often-used alternative hole-selective
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layer is nickel oxide (NiOx), which can be prepared by, e. g., evaporation, atomic layer
deposition and sputtering for conformally covering rough surfaces. Unfortunately, the
processing of NiOx is highly delicate and usually additional passivation is needed to
enable similar efficiency as with organic hole-selective layers, which was traced back
to redox reactions and the formation of PbI2 at the NiOx/perovskite interface [211].

Figure 3.2: Molecular structures of the first hole-selective SAMs that were included into p-i-n
perovskite cells to replace the polymeric hole-selective layer. The hole-selective fragments
roughly resemble the structure of the popular hole transport material Spiro-OMeTAD. Struc-
ture files adapted from Artiom Magomedov (Kaunas University).

In this work, the aim was to enlarge the choice of hole-selective layers that are
scalable and that keep the advantages of p-i-n solar cells. Furthermore, since the
perovskite crystallizes on the hole-selective layer, it is plausible that the crystallization
and thus the perovskite interface quality is influenced by the hole-selective material.
That interface, however, is challenging to investigate, because it is ’buried’. A systematic,
phenomenological investigation of the interface requires microscopic adjustments of the
atomic interface composition. As summarized in section 2.5, SAMs offer a great potential
to experimentally achieve this, since the atoms that interface with the perovskite can be
tailored by engineering the SAM molecule termination (functional group). SAMs have
been used in perovskite solar cells since 2013, however, only for slight modifications
of electrodes or interfaces. To make SAMs an integral part of cell development, they
should completely replace the archetypal charge-selective layer of heterostructure solar
cells [212].

In 2017, Lin et al. used two different SAMs to create an asymmetry between the work
functions of electrodes in back-contacted PSCs [213]. Themolecules only served as work
function modifiers through their embedded dipoles, however, they were not designed
to be selective to either charge carrier type. Hole-selective SAMs have not been used
in perovskite solar cells up to this publication. We aimed to show that a SAM, called
V1036 ((2-{3,6- bis[bis(4-methoxyphenyl)amino]-9H-carbazol-9-yl}ethyl)phosphonic
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acid), can be the fully functional hole-selective layer (see 3.1). The SAM-based p-i-n
devices have shown a maximum PCE of 17.8%, which was still lower compared to
state-of-the-art PTAA-based cells (19.2%), but decent nonetheless considering that this
is a single molecular layer compared to a roughly 10 nm-thick polymer. The solar
cells have thereby proven that a SAM can be selective and dense enough for enabling
efficient operation with low leakage current (see also Fig. 3.4). The shortcoming in
comparison to PTAA was the 𝑉OC, indicating increased non-radiative recombination
losses. It was unclear whether this stemmed from a reduced perovskite quality at the
interface, incomplete coverage or due to unfavorable energetic alignment with the
indium-doped tin oxide (ITO), which served as transparent conductive oxide electrode.
This and a further optimization of the SAM was subject of the next publication, as
summarized in chapter 4.

ITO V1035 V1036 PTAA

𝐽SC

(mA/cm2)
16.8 19.3 21.2 20.7

𝑉OC (V) 0.252 0.670 1.015 1.098
FF (%) 49.4 65.5 79.0 79.4

PCE (%) 2.1 8.45 17.0 18.0

Figure 3.3: 𝐽 -V curves of early SAM-based solar cells (V1035 and V1036), in comparison to rep-
resentative 𝐽 -V curves of a PTAA-based and hole-selective-layer-free (only ITO) perovskite
solar cell. The table shows the respective performance parameters. For more suitable com-
parison, this figure and table show cells from similar batches fabricated in early optimization
times (2017). Champion cells of the publication (fabricated later) have shown a PCE of 17.8%
and 19.2% for V1036 and PTAA, respectively.

A first confirmation for how the molecular structure determines device performance
was a comparison between the compounds V1035 and V1036. Both structures are
depicted in Fig. 3.2 and representative solar cell 𝐽 -V curves under 1-sun illumination
are shown in Fig. 3.3. In comparison to bare ITO, the V1035 SAM seems to have
reduced non-radiative interface recombination losses, showing its selectivity and thus
allowing for a substantially higher 𝑉OC. However, despite both SAMs sharing the same
termination (methoxy group OCH3), V1036 allowed for substantially more efficient cell
operation with increased fill factor (79% vs. 65%) and much higher 𝑉OC (345mV more).
The commonly used standard hole transporter poly(triaryl amine) (PTAA) still led to
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significantly higher PCEs (over 1% more in average) due to a >90mV higher average
𝑉OC.

Interestingly, the FFs were similar between V1036 and PTAA, with a slight advantage
in average values for the SAM (fig. S14 in the SI of the publication, see appendix 7.3). This
was a motivating result, since it is not self-evident that a monolayer can ensure a high
shunt resistance. In fact, as depicted in Fig. 3.4, SAM-based cells usually led to a higher
shunt resistance than good PTAA cells, while still enabling a similarly good injection.
The question about the conditions for efficient rectification by a SAM was a recurring
theme in subsequent studies. In the works that followed, we phenomenologically
studied the relationship between molecular structure and device efficiency. While the
termination (and thus dipole) acted as a tuning knob for mostly the𝑉OC, all SAM-based
devices had a high shunt resistance in common, with similar shapes of the dark 𝐽 -V
curves.

The first SAM functionalizations of the ITO substrates were done following common
recipes in the literature of phosphonic acids (overnight dipping of the UV-ozone-treated
substrates in a dilute alcohol solution of the compound, with subsequent substrate
drying, heating and rinsing). Finding the optimal processing conditions for V1036 was
the task that followed on the way to study the potential of SAM-based PSCs.

3.2 Optimization and analysis of monolayer
deposition

A first speculation regarding the 𝑉OC gap between V1036 and PTAA was that the SAM
is either not complete or not ordered well enough. Hence, we first optimized the
SAM deposition in terms of used solvents, dipping times and modes (i. e. single vs.
double dipping), concentrations and temperatures, with the results suggesting that
the functionalization itself is insensitive to the varied conditions. Thus, inspired by a
publication that the SAM ordering can be improved by mixing the functional molecules
with small "filler" molecules [214], we mixed V1036 solutions with aliphatic phosphonic
acids (C2, C4, C6, C10, C3-NH2), of which C4 (4 hydrocarbons on a phosphonic acid
group) has shown the largest effect on 𝑉OC, as shown in fig. 5 of the publication
(appendix 7.3). At an optimal nominal concentration of 10% V1036 and 90% C4 (molar)
of the dipping solution, the devices reached up to 1.09 V 𝑉OC, only 40mV short of the
best PTAA cell.
A probable working mechanism for this enhancement by including C4 is that it

acted as gap filler between the V1036 molecules that would otherwise be exposed ITO
spots that induce non-radiative recombination losses. Another mechanism that could
be considered is the degree of order of the SAM layer, since higher orderings have
been connected to a better interface quality [182, 201]. However, using vibrational
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Figure 3.4: 𝐽 -V curvesmeasured in the dark,
comparing representative SAM cells with
a PTAA solar cell. Interestingly, SAM cells
showed a higher shunt resistance than
PTAA-based cells.

Table 3.1: Ionization potentials for bare ITO and the respective hole-selective layers on ITO,
measured by photoelectron spectroscopy in air [207] and champion 𝑉OC values (after some
minutes of light-soaking). The max. 𝑉OC value for ITO (not shown in the paper) was taken
from the batches of the time of publication; values can - within a large variation - also exceed
0.5 V.

ITO 100%
V1036 SAM

10%/90%
V1036/C4 PTAA perovskite

Ionization potential (eV) 4.6 5.0 5.1 5.2 5.6
Max. 𝑉OC (V) 0.3 1.02 1.09 1.13

sum frequency generation (VSFG) spectroscopy on the substrates, which is a highly
interface-sensitive Fourier transform infrared (FTIR) spectroscopy method, the ordering
was actually found to be reduced for the mixed SAM compared to the pure V1036 SAM
(fig. S5 of the publication’s SI). Notably, we measured a trend between the ionization
potential of the substrate and the obtained𝑉OC, as table 3.1 shows. Despite the ongoing
debate whether the alignment between the ionization energies of perovskite and hole-
selective layer plays a major role in the device performance [215–217], it later turned
out to be the important parameter that differentiated the SAM designs that followed
(see chapter 4).

The fact that the SAM indeed consisted of a mixture of molecules was confirmed
by contact angle measurements of perovskite solution drops on the functionalized
ITO. The aliphatic chain is hydrophobic, thus increasing the contact angle, while
V1036 is less hydrophobic, resulting in a low contact angle of 26.3◦ on 100% V1036-
functionalized substrates, while 100% C4 led to a contact angle of 60.5◦ (see fig. 2
of the publication). With these differences in wettability, we observed a difference
in perovskite grain morphology as well (fig. S19 in the SI of the publication), with
higher contact angles leading to slightly larger grains. With the optimal mixing ratio,
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(a) (b)

Figure 3.5: Molar extinction coefficient of V1036 solution (0.1 mmol/l in tetrahydrofuran) (a),
and reflection-corrected optical absorption of glass/ITO substrates either covered by PTAA
or V1036 (b).

no significant differences were noticeable by scanning electron microscopy between
V1036/C4 and PTAA (fig. 4 of the publication). A confirmation of the actual V1036
molecule on the substrate was given by FTIR measurements (fig. 3 of the publication, see
appendix). The absorbance spectrum showed the same features as the bulk compound
itself. Note that the substrate processing included washing with the same solvent that
was used to dissolve the molecules, to remove any multilayers or non-bonded species
from the surface. If the molecules would not have a strong bond to the substrate, they
would not form a functioning layer for solar cell operation and would likely not be
detectable by FTIR.
To confirm that there were no multilayers present, we estimated the thickness of

the layer by optical UV-vis absorption spectroscopy, since the molecule itself shows
a noticeable absorption at 303 nm (fig. 1 in the publication), with a molar extinction
coefficient of 𝜖 ≈ 105M−1 cm−1 measured from solution (Fig. 3.5 (a)). With a known
concentration of the solution the absorption coefficient 𝛼 is known as well, however,
the concentration is different on the ITO substrate compared to the solution. Treating
the SAM as a volume cuboid and assuming that one V1036 molecule occupies 1 nm2

ITO area, we arrive at a concentration of 1024 molecules per liter, or𝑀SAM ≈ 1.7mol/𝑙 .
With 𝛼 = 𝜖𝑀SAM and from the Beer-Lambert law of absorption, 𝛼 = 𝐴/𝑑 , where 𝑑 is
the thickness of the absorbing layer and 𝐴 is the absorbance, we get 𝑑 = 𝐴/(𝜖𝑀SAM).
Comparing the absorbance spectrum of bare ITO with V1036 SAM-covered ITO, there
is no significant difference within the measurement error of roughly 1% (see Fig. 3.5).
For an absorption of 1% the layer thickness has to be 𝑑 = 0.01/(105 · 1.7cm−1) ≈ 0.6 nm,
or 2.4 nm if assuming an occupation of 2 nm2 per molecule. The vertical molecule
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size (1.5 nm, see fig. S20 & S21 in the SI) lays in between these two values, from
which we concluded that the analyzed layer had only monolayer thickness. In another
approach, using 0.7 nm2 per molecule as reported for a molecule of similar size [200] and
calculating the extinction coefficient 𝑘 = 𝑀SAM𝜖𝜆/(4𝜋) at every wavelength, we used
the optical simulation software GenPro4 to compute that the layer must be thinner
than 2 nm to absorb less than 1% of the light (SI of the publication, fig. S17 & S18),
which led to the same conclusion.
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4.1 Enabling simple, high-efficiency solar cells
In the previous chapter it was shown that SAMs can be a viable replacement of the
hole-selective layer in perovskite solar cells. V1036-based cells have already reached
a high fill factor, however, suffered from limited 𝑉OC. The next task was to overcome
this limitation by an adaptation of the molecular design and to correlate the chemical
nature of the SAM molecules with solar cell device characteristics. In chapter 3 we have
seen the indication that the 𝑉OC might correlate with the ionization potential of the
substrate covered by the hole-selective layer. In this chapter, this correlation is studied
and further confirmed across a larger window of ionization potentials and hole-selective
materials. Fig. 4.1 depicts the involved energy levels and variation, where the Fermi
level of the ITO bulk and ITO/SAM interface are drawn separately (see discussions
in section 2.5.1). For a systematic study, this publication introduced two new SAMs,

Figure 4.1: Schematic of the energy level alignment between ITO electrode, hole-selective SAM
and perovskite, pointing to the question which influence the offsets between electrode Fermi
level, HOMO level of the hole-selective layer and valence band maximum of the perovskite.
The dashed lines in the HOMO/LUMO and Fermi level of the ITO/SAM indicate that it is yet
unclear how the energetic levels of the ITO and SAM material influence and impinge each
other. Thus, the ITO itself is drawn here separately since its bulk Fermi level alignment to
the SAM HOMO has an influence on the hole-selectivity, as discussed in section 2.5.1.

MeO-2PACz ([2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid) and 2PACz
([2-(9H-carbazol-9-yl)ethyl]phosphonic acid), which are simplifications of V1036 but
follow the same concept (see Fig. 4.2): carbazole as the fragment that constitutes hole-
selectivity and phosphonic acid as the anchoring fragment, both connected through a
hydrocarbon chain.
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4.1.1 Monolayer identification and properties

The classical method to coat surfaces with SAMs is the immersion into a dilute solu-
tion that contains the molecules, as also optimized for V1036 in the previous chapter.
However, for higher throughput adjustment in laboratory workflows, spin-coating
the solution is more practical, which is why this was tried as well. Interestingly, no
significant difference was observed for both methods with regard to device performance.
SAM deposition by spin-coating is not new, as it was explored by Nie et al. in 2006
for other phosphonic acids on silicon oxide [218]. The authors argued that by using a
non-polar solvent that carries the molecules, the hydrophilic phosphonic acid groups
tend to orient outwards to the solvent/air interface. Thereby, they come in direct contact
with the oxide surface in an oriented manner. For this to efficiently work, the oxide
surface has to be hydrophilic as well, which was achieved by UV-O3 treatment of the
surface just before SAM deposition [219]. The UV-O3 removes organic contamination
and renders the surface hydrophilic by oxidation.

Figure 4.2:Molecular structure of the herein introducedmolecules that form SAMs: MeO-2PACz
([2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid) and 2PACz ([2-(9H-carbazol-9-
yl)ethyl]phosphonic acid).

Using RAIRS, we compared SAMs formed by both methods and cross-checked such
samples by x-ray photoelectron spectroscopy (XPS) to determine the atomic composition
of the SAMs on the surface. RAIRS is also referred to as a method of ’vibrational
surface spectroscopy’, as IR photons of varying frequency are sent to the surface
within a shallow angle to excite molecule-specific vibrational modes in the molecules.
By comparing the reflected beams from a SAM-covered ITO substrate to a bare ITO
substrate, the "fingerprints" of attached molecules can be identified with sub-monolayer
sensitivity [220]. The signal depends on the oscillation (absorption) strength of the
molecules and their orientation, however, not necessarily on their density. The ratio of
reflection (times −1) from the SAM-covered ITO to bare ITO, as plotted in Fig. 4.3, is in
this case a measure for absorption of the IR photons. The spectra showmany vibrational
modes of the molecules, but characteristically, the C-N stretching vibrations near
1330 cm−1 and carbazole ring stretching vibrations near 1490 cm−1 could be identified
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by comparison with literature[221, 222]. Importantly, evidence of deprotonation of
the phosphonic acid group, which happens upon bonding to the oxide, can be seen
in the spectra: The P-OH peak at 941 cm−1 from the powder spectrum is not visible
anymore in the SAM spectrum, and instead, a peak associated to P-O(-metal) bonding
was detected near 1014 cm−1.

Figure 4.3: Reflection-absorption infrared spectroscopy (RAIRS) on glass/ITO substrates cov-
ered with the SAMs 2PACz and MeO-2PACz in comparison to the FTIR signal of 2PACz
powder (gray line). Importantly, the peak corresponding to free P-OH groups (at 950 cm−1) in
the bulk spectrum is not visible anymore in the SAM spectra. Instead, the peak corresponding
to bound P-O species emerged .

With XPS, the presence of the atoms as expected from the molecule structures
(Fig. 4.2) were confirmed. In the paper (fig. 2d, see appendix 7.4), the XPS data from the
C1s region was evaluated. Based on published data of XPS on carbazole and carbon
[223–225], the assignment of atomic species based on their relative energetic positions
was performed, after a global, simultaneous fit of three spectra (V1036, MeO-2PACz,
2PACz). With this, the ratios of relative peak areas were in line with the counts of the
atom bonds derived from the structure. Nevertheless, considering the large spread of
data in literature about fitting XPS data of carbon compounds, not all peaks could be
unambiguously assigned. However, relative differences between the spectra can be
used to find differences in composition. Thereby, the C-O-C bonds could be identified in
the spectra of V1036 and MeO-2PACz, which both feature methoxy groups, in contrast
to 2PACz. This also emerged from the comparison of XPS data in the O1s region, as
shown in Fig. 4.4.
Interestingly, in an adaptation by Lin et al. [229], 2PACz has been shown to work

efficiently as hole-selective layer in organic photovoltaics as well. It enabled an efficiency
of up to 18% with increased FF and 𝐽SC compared to the commonly used hole conductor
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Figure 4.4: XPS data (circles) and fits to the
spectra (solid lines) on glass/ITO/SAMs
samlples. The ITO was UV-O3 cleaned
just before the measurement. The dif-
ferences between the peaks were locked
to the same values as determined from
the bare ITO fit. The peaks of bare ITO
show the expected positions of bulk oxy-
gen (530.5 eV from In2O3, Sn-O bonds co-
incide here) and hydroxide specie [226–
228]. The hydroxide peak at 531.5 eV in-
creased in relative peak area after SAM
treatment, which might indicate that less
signal from the ITO bulk/surface was col-
lected. The fit of MeO-2PACz required an
additional peak. The fit of MeO-2PACz
numerically required an additional peak
(orange line), which can be assigned to
the C-O-C bonds [226]. Plot as published
in the the supporting information of ref.
[208] by The Royal Society of Chemistry.

PEDOT:PSS, and an enhanced stability under continuous operation. The authors
used spin-coating for SAM deposition following the results of the herein presented
publication, and have also used XPS for characterization. From the XPS results, they
estimated a molecule surface coverage of 4 × 1014molecules/cm2, which fits to other
published values for a saturated surface by phosphonic acid molecules [230]. Thus, it
can be stated that 2PACz forms a dense layer, as can also be supposed here from the
PL measurements (fig. 4b of the publication). This is a notable fact when considering
the short amount of time the molecules have for arrangement and orientation during
spin-coating. With the flat molecule form, we speculate that it is mainly the interaction
between two carbazole moieties (𝜋-𝜋 stacking) that stabilize SAM formation (see section
2.5.1 for a summary on SAM formation), rather than the usually considered van der
Waals interaction between hydrocarbon chains [231, 232].

4.1.2 Device performance

Fig. 4.5 displays a comparison of the 𝐽 -V device performance metrics between the hole-
selective layers, including the standard PTAA and the first-generation SAM V1036 that
was introduced in the previous chapter. All devices were fabricated without interlayers
or dopants, to simplify the understanding of the intrinsic interface behavior and increase
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stability. The PTAA devices reached 𝑉OCs of max. 1.13 V and PCEs of >19%, which is
state of the art for interlayer-free PTAA devices with 1.63 eV bandgap absorber [154,
233]. Both MeO-2PACz and 2PACz surpassed the PTAA control cells in terms of 𝑉OC
and 𝐽SC, while the FF remained similar across all layers. The highest PCE was achieved
with 2PACz at a stabilized MPP value of 20.8%. As also noticed in the previous chapter,
the dark curves indicated a smaller leakage current with all SAMs compared to PTAA
(fig. 3d in the publication).

Figure 4.5: Device performance metrics of solar cells employing the studied hole-selective
layers. For each layer, data of 40-50 solar cells are displayed (cell area: 0.16 cm2).

In literature, lower bandgap compositions have shown a higher efficiency, as expected
from the detailed balance theory (see Fig. 2.2). Thus, the compatibility of a 1.55 eV
bandgap composition to a SAM was tested and it indeed led to a champion PCE of
21.1%. For tandem cells however, a slightly higher bandgap is favorable (section 2.3.2).
Optimally, the bandgap in conjunction with the herein presented perovskite/CIGSe
tandem solar cells should be around 1.68 eV. However, without detailed optimization of
the CIGSe roughness and processing for preventing shunting, we opted to stay with
1.63 eV and limit the perovskite thickness to ensure enough transmission into the CIGSe
for current matching. Perovskite/CIGSe tandem solar cells as all-thin-film devices pose
an interesting technology for niche markets where low weight is needed (e.g., boats,

47



Chapter 4 Surpassing Standard Hole-selective Layers with Self-assembled Monolayers

wearables, space applications [234]) or for larger markets where curved surfaces are to
be covered with flexible solar cells, see Fig. 7.1 (e. g., car roofs and building facades).

Figure 4.6: Cross-sectional scanning electron microcscope image of a monolithic per-
ovskite/CIGSe tandem solar cell and 𝐽 -V curve of the record tandem cell as certified by
Fraunhofer ISE (dashed line = forward scan, solid line = reverse scan direction). The right
zoom-in image depicts the perovskite/electrode interface which is covered by a 3D model of
the MeO-2PACz SAM. The checkpoints on the right summarize the technological advantages
of these SAM-based perovskite solar cells.

Up until this publication, the highest efficiency of perovskite/CIGSe tandem cells
was 22.4% at an active area of 0.04 cm2, published in 2018 [235]. In their work, Han et
al. used a polished CIGSe surface to overcome the problem of the rough CIGSe grains
(see Fig. 4.6) that could cause shunting in the perovskite top cell. However, polishing is
energy- and material-demanding, therefore expensive for upscaling and not viable for
market application. With a more viable method, Jošt et al. have shown how a bi-layer of
nickel oxide, which conformally covered the rough surface, and PTAA, which improved
the interface to the perovskite, could prevent shunting and enable decent 𝑉OC [236],
reaching 21.6% at an active area of 0.8 cm2. As a new approach in this publication,
we have used the SAM directly on the transparent conductive oxide (Al-doped zinc
oxide, AZO), combining both benefits of the bi-layer used before. The SAM conformally
covered the rough CIGSe surface and kept the favorable interface properties as seen
in the single junction cells, thus simplifying the fabrication process. This enabled an
efficient perovskite top cell for a certified tandem efficiency of 23.3% on 1 cm2 active
area (fig. 6b in the publication and Fig. 4.6 here), which at the time was the highest
PCE for this technology at the largest area. The bottom cell has shown PCEs of 15-16%.
After optimization at a later stage, we realized a SAM-based perovskite/CIGSe tandem
cell with 24.2% certified efficiency. This value surpassed the record CIGSe single cell
value and to this date is still the highest value [14].
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From a device processing perspective, the SAMs significantly help to simplify the
fabrication of high-efficiency solar cells. In addition, the interesting scientific question is
why MeO-2PACz and 2PACz enabled to overcome the𝑉OC limitation that was simulated
and measured to be set by the C60 layer at ~1.13 V for this perovskite composition [154]
(as discussed in section 2.4.2).

4.1.3 Minimized interface losses

A good indication of whether a charge-selective layer introduces non-radiative recom-
bination losses can be obtained by comparing the PL of bare perovskite film deposited
on the layer versus deposited on quartz glass. Quartz glass is considered to be chem-
ically inert, passive and free of interface defects [151, 152, 154]. Hence, the obtained
PLQY values of the deposited perovskite layer thereon serves as an estimate of the bulk
crystal quality. Usually, charge-selective layers are “quenchers” of the PL intensity –
meaning a reduction of radiative recombination, which in literature is often incorrectly
interpreted as a consequence of charge extraction [237]. Instead, the origin of this
PLQY reduction is almost always an increased non-radiative recombination rate as the
majority of available charge-selective layers creates defective interfaces [155] (see also
section 2.4.2).

Figure 4.7: Absolute PL imaging on a solar cell device sample that featured a stripe that was
not covered with C60. From a spectrally resolved series of PL images and calibration of the
setup to absolute photon numbers, the spectra on the right were computed. The values in
brackets show the QLFS values calculated with the high energy tail fit method [238]. The
image shows how the 𝐽 -V scanned area (“activated”) of the electrode-covered part had a
brighter PL than between the solar cell pixels, where the C60 reduced the QFLS to 1.14 eV
(see also section 5.1.3).
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Strikingly, the interface of 2PACz/perovskite seemed to not induce any non-radiative
losses although it works as an efficient hole-selective layer, as seen in the decent FF
values. Comparing the PLQYs or resulting QFLS values (fig. 4b in the publication), the
bare perovskite absorber deposited on ITO/2PACz enabled a similar value as deposited
on quartz glass (1.22 eV, Fig. 4.7). A PL image is shown in Fig. 4.7, capturing multiple
areas on a sample to study three variations: A stripe without the C60 layer (bare
perovskite on 2PACz, 1.22 eV QFLS), the solar cell area after 𝐽 -V scanning (1.18 eV QFLS,
fitting to the obtained𝑉OC) and a solar cell area which did not experience 𝐽 -V scanning
(1.14 eV QFLS), showing the limitation by the C60 layer as measured before in another
work [154] and hinting to an ’activation’ mechanism that overcame this limitation (see
also chapter 5). As a cross-check to absolute PL, transient photoluminescence (TrPL)
led to a similar conclusion that 2PACz does not introduce any additional losses, with
mono-exponential decay times being 2 µs with 2PACz and 0.86 µs with quartz glass.
These results suggest that the hole-selective interface must be free of midgap levels
that can act as trap states (see section 2.2), which would reduce the TrPL decay time.
Fundamentally, the high 𝑉OC means that the flow of electrons through the SAM must
be minimal (see explanations to Fig. 2.1), despite the large gradient of the electron
quasi Fermi level 𝜖F,e towards the ITO contact, where both Fermi levels must meet.
Classically, in a heterostructure cell featuring selective layers of thicknesses >10 nm,
a good selectivity would be explained by a large resistance for the minority carriers.
But considering the small thickness of the SAM and the fact that the ITO has a large
conductivity for electrons, the real reason for the high selectivity and simultaneous
absence of defects must be more complex.
As summarized in section 2.5.1, when arguing about hole selectivity in a system

of metal electrode and organic layer, one must consider both, the alignment between
electrode work function and HOMO level of the organic layer and between HOMO level
and valence band onset of the absorber. Additionally, for oriented layers as in the case of
SAMs, the dipole moment of the material modifies this alignment, especially as a shift of
the electrode work function. The hole-transporting fragments of the herein compared
molecules carry an intrinsic dipole moment, as calculated from density functional
theory (SI of ref. [208]). The dipole moment of V1036 is −2.4D, MeO-2PACz carries a
dipole moment of +0.2D and 2PACz carries a dipole moment of +2D. The bare ITO
work function was measured with UPS to a value of 4.6 eV. In line with what to expect
from the trend in dipole moments, the SAM-covered ITO substrates showed work
functions of 4.4 eV, 4.6 eV and 5.0 eV for V1036, MeO-2PACz and 2PACz, respectively.

As discussed at the end of section 2.4.2, an ideal hole-selective contact would pose no
energetic offset between the hole-"accepting" energy level (the HOMO) and the valence
band edge of the absorber. And indeed, as depicted in fig. 4a of the publication, the
trend in rising 𝑉OC follows the trend of sinking energetic offset between the HOMO of
the hole-selective layer and perovskite valence band onset. This is in line with several
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Figure 4.8: Schematic of the energy level alignment between the ITO electrode, 2PACz and
perovskite, showing how 2PACz acts as an ideal hole-selective layer. On the right side, the
alignment of V1036 (low 𝑉OC, chapter 3) is shown for comparison. Data taken from fig. 4 of
the publication [208].

other reports where in most cases the ionization potential of the hole-selective layer
dictated the device 𝑉OC, as summarized by Schulz et al. in a meta study [239]. Because
of this phenomenological insight, we decided to follow vacuum level alignment when
discussing energetic offsets between (undoped) organic charge-selective layers and
the perovskite absorber [240]. Under this paradigm, as depicted in Fig. 4.8, where the
vacuum level is referenced at 0 eV for all materials, 2PACz showed no offset between its
HOMO level and the valence band edge of the perovskite. Since a hole-selective contact
implies recombination with an electron of the electrode, the ITO work function (here
𝐸F) favorably lies slightly above the HOMO level, such that electrons from the large
reservoir in the ITO can lower their energy by recombining with the extracted holes.
For comparison, the figure also shows the alignment in the case of V1036. The Fermi
level of the ITO is shifted such that it lies closer to the conduction band edge of the
perovskite. Additionally, there is a large offset between the valence band edge and the
HOMO level of V1036, lying in the middle of the perovskite bandgap. This situation is
unfavorable for charge selectivity since both electrons and holes have similar offsets to
the HOMO level and modified work function. The fact that V1036-based devices still
reached a higher 𝑉OC than with bare ITO might stem from the intrinsic hole selectivity
of the material and especially the low offset for holes between HOMO level and ITO
work function (see chapter 3 and section 2.5.1). As speculated in the previous chapter,
the beneficial 𝑉OC effect of creating a mixed SAM containing the isolating C4 could be
a further prevention of electrons entering the ITO.
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It is, however, important to note that this way of aligning energy levels of semi-
conductor layers is different to what is done in established technologies like silicon
devices, where two adjacent layers usually align along their Fermi levels (as expected
from equilibrating charge reservoirs). This discrepancy for organic semiconductors is
still subject to debate, although many works were dedicated to physically explain and
simulate the electrostatics of metal/organic interfaces [240–242]. In general, as long as
the metal Fermi level lies within the bandgap of the organic layer and if the organic layer
has a sufficiently low density of midgap states, not enough charge transfer can happen
to equilibrate the Fermi levels as, e. g., in metal/metal contacts (Mott-Schottky limit, or
“common vacuum level” approximation [243]). The inhibition of charge rearrangement
can also come from the organic layer being charge localizing or from the formation of
an energetic barrier at the interface through polarization of the metal surface or mirror
charges [244, 245]. Therefore, in most cases of metal/organic interfaces, vacuum level
alignment is appropriate [241]. However, the influence of the intrinsic dipole moment
of the hole-selective layer on the electrostatic environment in the perovskite remains
an open question. Likewise the extent to which the vacuum level would have to be
shifted compared to the bare ITO due to the molecular dipole. In the interpretations
herein, the effect of the dipole is treated only as the reason for the work function shift
of the ITO.

Independent of the exact physics under theoretical considerations, it is worth noting
that the "real" picture is hard to capture also due to experimental complications, which
are device-relevant but can obscure access to the parameters needed for accurate
modeling:

1. The intrinsic dipole of the molecules can change the charge state in the electrode
and absorber under operation.

2. During solar cell operation, charge flows through the monolayer, which can alter
the energetics compared to the isolated measurement.

3. The ultraviolet photoelectron measurement excites electrons from a depth that
is comparable to the thickness of the SAM (~1 nm), complicating the distinction
between contributions from the SAM layer itself and the modified ITO.

4. After perovskite deposition, the interface is likely to change. This change cannot
be probed directly, because it is a buried interface.

Taking these thoughts into account, it is not self-evident that the correlation between
𝑉OC and measured energetic offset between perovskite valence band edge and HOMO of
the ITO/SAMs could be found. As mentioned in the paper, the perovskite crystal quality
itself was not found to alter between the studied hole-selective layers (estimated by
x-ray diffraction and scanning electron microscopy), despite the perovskite crystallizing
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on the respective layers. This makes the ITO/SAM/perovskite stack together with
the p-i-n solar cells a convenient model system for studying the influence of interface
modifications on device operation. Importantly, through the combination of optimal
energetic alignment and apparent absence of interfacial defects, with 2PACz we have
found a "lossless" hole-selective layer that also allows for high FF values. The optimal
interface and the nature of a SAM was also beneficial for the stability of the devices
under continuous illumination (fig. 5 in the publication). As argued in section 2.4.2,
this combination extends the choice of available charge-selective contacts by a rare and
valuable entry.

To conclude, both new SAMs enabled to surpass state-of-the-art PTAA-based cells,
with 2PACz leading to high 𝑉OC values of up to 1.19 V, 60mV more than best PTAA-
based cells, and a 10-times higher PLQY (see eq. (2.8)). Best SAM-based cells reached a
PCE of >21% and a triple-cation, 2PACz-based cell was certified to a stabilized MPP value
of 20.4%. Importantly, we could show that the SAMs work well with three different
perovskite compositions, which suggests universality: single-cation MAPbI3 prepared
by co-evaporation (𝐸g = 1.6 eV), double cation FA0.95MA0.05Pb(Br0.05I0.95)3 (𝐸g = 1.55 eV)
and triple-cation Cs5(MA17FA83)95Pb(I83Br17)3 (𝐸g = 1.63 eV), both prepared by spin-
coating1. Furthermore, we have proven the applicability of SAMs in complex tandem
solar cells by realizing a monolithic 23.26%-efficient perovskite/CIGSe tandem solar cell
with rough, as-deposited CIGSe surface and an active area of 1 cm2. The fact that the
SAM effectively covered the microscopically rough CIGSe surface (see Fig. 4.6) con-
firmed the advantage of SAMs to cover surfaces conformally, which led to a record PCE
value for perovskite/CIGSe tandems. The jump in𝑉OC in the single junction devices was
surprising, since p-i-n cells were thought to be limited by non-radiative recombination
at the perovskite/C60 interface, as simulated and measured before [154] (see 2.4.2 for a
summary on state of the art). Thus, no gains were expected by improvements at the hole-
selective interface. While to date, the reasons for improved𝑉OC despite the usage of C60
could still not be fully resolved, this publication gives indications for possible reasons
by absolute photoluminescence and ultra-violet photoelectron spectroscopy (UPS). The
film properties of the SAMs were investigated by highly interface-sensitive, reflection-
absorption Fourier-transform infrared spectroscopy (RAIRS), comparing SAMs formed
by dipping vs. spin-coating, where both methods yielded similar device performance.
The latter is more suitable for laboratory-based screening of processing parameters
for optimization, while the possibility of dipping ensures potential scalability. Further,
RAIRS helped to confirm that indeed covalent bonds were formed by the phosphonic
acid on the oxide, by detection of deprotonation of the phosphonic acid group, upon
comparison of the bulk material to the final SAM on the substrate (see also section 2.5.1
for the SAM formation mechanism).

1In a recent work, 2PACz has proven to work effectively with slot-die-coated perovskite as well [246].
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5.1 Tackling charge extraction speed
With the SAMs MeO-2PACz and 2PACz, we have learned about the importance of
energy level alignment at the hole-selective interface for reaching high 𝑉OC values. By
minimal energetic offset and defect density, 2PACz thereby enabled a "lossless" interface,
acting like a passivated surface such as quartz glass, while still allowing for effective
charge transport for efficient solar cell performance. Both new SAMs surpassed all other
available hole-selective materials for the p-i-n architecture and strongly simplified us to
reach a robust 20%-efficient p-i-n solar cell baseline, without the need of exhaustively
fine-tuning passivating interlayers between perovskite and charge-selective layers or
chemical additives for the perovskite precursor.

Figure 5.1: Schematic of the energetic alignment of a 2PACz-based p-i-n cell, hinting the
question of how to quantify charge extraction speed. In this publication, we found that
our used hole-selective layers extracted holes around 100-times slower than C60 extracted
electrons. Data from refs. [208] and [169].

However, while the𝑉OC values were high, the maximum fill factors of around 81% are
still far short of the maximum potential of perovskite solar cells. Without resistive losses
at an ideality factor of 1 and at a 𝑉OC near 1.2 V, a FF of almost 89% should be possible
(from eq. (2.13)). Both the 𝑉OC of 1.2 V and the often reached FFs of 80%-81% represent
around 90% of the radiative limit for a 1.63 eV perovskite absorber. Though for the 𝑉OC,
strategies for enhancing it were already largely explored and just require experimental
tuning, such as different perovskite precursor routes and additives that enhance the
PLQY. Thereby, 𝑉OC values surpassing 95% of the radiative limit have already been
demonstrated both in p-i-n and n-i-p configuration [44, 49]. In contrast, the FF is rarely
subject to optimization and 80% is already considered a decent value. Surely a large
contribution of the experimental FF loss comes from the series resistance, however,
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even with small device areas of 0.06 cm2 and very thin PTAA thickness, Stolterfoht et
al. have shown a maximum device FF of 84% at the expense of strongly reduced 𝑉OC
[247]. The combination of high 𝑉OC and high FF is still a rare case in the perovskite
community, although it is needed towards surpassing the PCEs of Si and GaAs solar
cells. In fact, the FF is the only parameter left in which perovskite solar cells have not
reached the realms of mature solar cell technologies [51]; Fig. 5.2 shows at which extent.
As identified by Green and Baille, this can be traced back to a predominantly higher
ideality factor 𝑛ID, which usually lies between 1.4 and 2 for highly efficient perovskite
solar cells, while it is near 1.1 for Si and GaAs cells [248]. There are some cases with
lower 𝑛ID in perovskite cells as well, where, e. g., PEDOT:PSS is used as hole-selective
layer in p-i-n configuration, however, such cells come with strongly reduced 𝑉OC due
to strong interfacial recombination at the PEDOT interface. The combination of high
𝑉OC with low 𝑛ID (and high FF ) is needed and an important goal to strive for [48].

Figure 5.2: Comparison between solar cell technologies in experimentally achieved FF values
[14]. The percentages inside the bars give the portion of experimentally achieved FFs to the
detailed balance limit (orange lines). The gray line indicates the Auger limit for Si [20].

The lack in FF optimization is even more severe with higher bandgap perovskite
compositions, probably due to the smaller amount of research laboratories actively
optimizing tandem solar cells. Furthermore, higher bandgap perovskite compositions
come with the additional complication of being less stable under illumination, showing
phase segregation into iodide and bromide-rich regions [114, 249], with iodide being
the most mobile ion in the film [142]. In the herein presented publication, both issues
were addressed by studying and enhancing the speed of charge extraction in a tandem-
relevant perovskite composition with 1.68 eV bandgap. This was achieved with a new
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SAM, Me-4PACz ([4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phosphonic acid), which
was designed to have a similar dipole moment as 2PACz for an advantageous energetic
alignment (see chapter 4), but with methyl group termination, which is common in
hole-selective materials for p-i-n PSCs. The accelerated hole extraction speed with
Me-4PACz lead to high FF values of up to 84% while simultaneously enabling high
𝑉OC values of up to 1.23 V. Furthermore, the enhanced extraction speed went along
with a suppressed phase segregation speed and lower ideality factor (1.26). The lower
segregation speed did not come at a surprise, since earlier works reported a connection
between reduced charge carrier accumulation and higher activation energy for ion
movement [116, 118]. It is, however, valuable to know that PTAA, MeO-2PACz and
2PACz were apparently not extracting holes fast enough to prevent phase segregation
(Fig. 5.1). Furthermore, it is a new insight that the hole-selective interface limited the
FF, while it was known before that the C60 interface limited the 𝑉OC [154].
After demonstrating the effects of high hole extraction speed on the PL stability

of perovskite films, the paper presents a method for quantifying differences in the
extraction speeds using TrPL. As a further confirmation that Me-4PACz features the
fastest hole extraction speed, single junction cells are presented, demonstrating how it
transferred into higher FF and lower 𝑛ID values. These benefits also transferred into
the tandem structure, showing up to 29.3%-efficient perovskite/silicon tandem solar
cells. The certified value of 29.15% surpassed the previously certified record value
of 28%, scientifically published highest certified value of 26.2% [250] and is on par
with the best GaAs cell at the same active area [14]. Finally, by intensity-dependent
electroluminescence (EL), we estimated the maximum possible FF of this cell design, in
the absence of resistive losses (pseudo-FF ). Assuming also perfect current matching
between the two subcells, we calculated an efficiency potential exceeding 32% with the
presented device stack and non-optimized perovskite absorber.

5.1.1 Suppression of halide segregation

Since it was first described that mixed-halide perovskite compositions show the insta-
bility of phase segregation, with lower bandgap, iodide-rich regions forming in the film
[114, 139], considerable effort was dedicated to understanding the impact on device
performance and stability [140, 251–253]. Among these, the insight emerged that an
improved crystal quality inhibits ion movement [254, 255]. This is likely because ion
movement needs defect migration as its inverse process [142, 256]. Additionally, if
defects are populated by charge, mobile ions will be inclined to compensate the resulting
field by migration to the surfaces [257]. Because grain boundaries and surfaces are more
defective than the interior or bulk, recent works have shown that the segregated phases
predominantly form at the grain boundaries [143, 258]. Thus, passivation techniques
that target the film surfaces are one way to overcome halide segregation. Chemical
tailoring of the perovskite precursor by additive and compositional engineering has
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also shown promising results [125, 259, 260]. However, a different approach with a
potentially larger flexibility is the stabilization via the charge-selective layers, that
ultimately contact the perovskite surfaces. There already have been several hints to a
sensitivity of the phase stability to the layer either below or on top of the perovskite
absorber [116, 145, 257].

(a) (b)

(c) (d)

Figure 5.3: Time evolution (10min) of PL spectra of 1.68 eV-bandgap perovskite on a glass
substrate and on ITO substrates covered by SAMs. Phase segregation into lower-bandgap
iodide-rich domains lead to the emergence of the new peak at 780 nm. Reprinted from
supplementary materials of the paper [209] – published by the AAAS.

Here, we investigated the influence of the hole-selective layer on the phase stability
by time-dependent PL. A phase-segregated film typically shows a double-peak signature
in the PL spectrum, which makes it possible to estimate the extent of segregation. The
excitation source was a laser spot (0.12 cm2) adjusted to either 1-sun or 30-sun equivalent
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photon flux for accelerated testing. Spot illumination by itself already poses an acceler-
ation for phase segregation, because it creates a driving force for ions outwards of the
illuminated area [256, 261]. The herein used perovskite precursor composition differed
from the one in previous chapters only by a higher Br and methylammonium amount,
to slightly increase the bandgap from 1.63 eV to 1.68 eV: Cs5(MA22FA78)95Pb(I78Br22)3.
As apparent from the double peak formation in Fig. 5.3 on both substrates, glass and
ITO/MeO-2PACz, the perovskite itself is not phase-stable under illumination. The
initial peak of the pristine, mixed phase emitted at 740 nm and upon formation of the
iodide-rich phases, their emission at 780 nm became apparent. Because of their lower
bandgap, these domains likely serve as charge carrier “sinks”, which enhances the
radiative recombination rate inside them and thus their PLQY, making them appear
brighter than the surrounding material [258, 262, 263]. Interestingly, with 2PACz and
the new SAMMe-4PACz, no such double-peak formation was observed (see fig. 1 in the
publication and Fig. 5.3c-d here). As discussed above, ion movement can be promoted

Figure 5.4: PL spectra from the beginning
(dashed) and end of a 10min long expo-
sure to spot illumination of 1-sun equiv-
alent photon flux, probing the influence
of the substrate on which Me-4PACz and
perovskite were deposited. Only the com-
bination of passivation by the SAM and
conductive substrate (ITO) for hole trans-
fer prevented double-peak formation that
indicates phase segregation.

by defects at a surface and by charge accumulation. Both on 2PACz and Me-4PACz,
the perovskite film has shown a QFLS of 1.25 eV, the same value as on quartz glass (fig.
1B in the publication). As also argued in chapter 4, the SAM/perovskite interface can
therefore by regarded as virtually free of non-radiative recombination, which implies
minimal defect density. However, upon a 30-fold increase of the illumination intensity,
only the perovskite on Me-4PACz held its initial PL shape, while on 2PACz, the double
peak feature clearly appeared (fig. 1H of the publication). In addition, the PL shape of
the perovskite on quartz glass was also considerably broadened and double-peaked.
To this end, the roles of passivation and charge extraction were not clear. Thus, we
isolated passivation and charge extraction from each other by comparing a glass sub-
strate covered by Me-4PACz with a conductive ITO substrate covered by Me-4PACz
(Fig. 5.4). This comparison has shown that charge extraction out of the perovskite bulk
into the underlying ITO electrode is explicitly required to prevent phase segregation.
The result can be interpreted in mainly two ways: Either the segregated phases have
formed already and instead of holes funneling into the iodide-rich domains, they were
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extracted into the ITO where they recombined with electrons from the large electron
reservoir [145], or – more likely – the prevention of charge accumulation suppressed
the formation of iodide-rich phases [116, 118]. For clearing this remaining question,
microscopic techniques might be helpful that can picture and quantify the amount of
segregation domains, resolved in time [258]. From a crystallographic view, we did not
observe any notable differences in crystal orientation or quality in the x-ray diffraction
data of perovskites deposited on all studied hole-selective layers (see Fig. S13-S15 in
the SI of the publication), with the exception of PTAA. On PTAA, the (200) perovskite
scattering peak was broader than on all SAM samples, however, we could not exclude
that the perovskite on PTAA has already slightly degraded before the measurement
(larger PbI2 peak). On fresh samples and in scanning electron microscopy images, no
such differences could be observed. Thus, we assumed that the different hole-selective
layers did not considerably alter the perovskite crystal growth.

5.1.2 Quantifying charge extraction

While PL and EL have been established as standard methods for assessing voltage
losses (for understanding 𝑉OC optimization), there is no such standard method for the
quantification of charge extraction (for understanding FF optimization). In a work
by Krogmeier et al., it was shown that TrPL is sensitive to charge extraction if the
transient can be sufficiently resolved [264]. With the SAMs 2PACz and Me-4PACz,
the non-radiative recombination rate is low enough and thus decay transient long
enough to experimentally allow for such observations (see Fig. 5.5). Reassuringly, the
simulated differential lifetime1 plots of ref. [264] had a similar shape as the experimental
results obtained here. Also the change in shape upon higher excitation intensity of the
differential lifetime curve (Fig. 5.5 (b)) was similar between simulation and experiment.
Thus, we interpreted the steep rise at early times as a signature of hole extraction and
the plateau as the lifetime in the limit that is dominated by non-radiative interface
recombination. With this, we concluded that Me-4PACz extracts holes faster than
2PACz which featured a less steep initial slope (fig. 2 in the publication). This was
established further with evaluation of the intensity-dependent data, as detailed below.

As a further confirmation of the steep initial slope being connected to hole extraction,
we prepared a sample where the ITO was etched away from one part of the glass, the
SAM covered the complete substrate afterwards. Thereby, we could compare the same
perovskite on two different undergrounds, of which only the ITO side would allow for
charge transfer out of the perovskite bulk. As expected, with the ITO substrate, the PL
intensity sharply dropped at first, with a mono-exponential decay at later time (see Fig.
5.6). Interestingly, the time constant is higher for the case with ITO (1.1 µs vs 0.6 µs), as
1The differential lifetime is an evaluation of the transient to read the mono-exponential decay time at
every position, instead of extracting the decay time from a single fit: 𝜏 = −[d ln(𝜙 (𝑡))/d𝑡]−1. The
transients were fitted before derivation with triple-exponential functions to avoid noise [38, 264].
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(a) (b)

Figure 5.5: (a) Transient photoluminescence measurements, comparing the studied hole-
selective layers (HTL). The excitation intensity was set to mimic charge carrier density
equivalent to 1-sun illumination. Reprinted with from the paper [209] – published by the
AAAS. (b) Differential lifetimes of the Me-4PACz sample at different excitation intensities.
The transition in shape from low to high intensity resembles simulated curves by Krogmeier
et al. [264]. For comparison, the differential lifetime curve of the 2PACz sample is included
(dashed line), showing how the initial rise (charge extraction regime) is slower.

a consequence of lower charge carrier density with the extracting ITO electrode. This
raises that caution should be maintained when using decay times as estimates for the
bulk perovskite quality.
In the TrPL transients of perovskite on 2PACz and Me-4PACz, non-radiative decay

(scaling with 𝑛, see eq. (2.5) in chapter 2), which dominates the transient at longer times
(at lower carrier concentrations), had a time constant that differs sufficiently from the
characteristic charge transfer times, such that both processes are visible within the same
transient. We exploited this circumstance and recorded TrPL transients at different
excitation densities, with charge carrier densities ranging roughly from equivalent
1 sun to 100 suns intensity. The idea of the analysis was that charge accumulation
leads to a higher bulk carrier concentration, which promotes radiative recombination
(scaling with 𝑛2, eq. 2.5), leading to the transient to differ more from mono-exponential
decay with slower charge extraction. By “dissecting” the transient into parts of single
order (mono-exponential fit to longer times) and higher order (transient minus mono-
exponential fit), we had a figure of merit for the speed of hole extraction (see fig. 2C in
the publication). We thereby estimated that the hole transfer flux of Me-4PACz is 10
times higher than of 2PACz, because the TrPL transient shape with Me-4PACz showed
a signature of radiative recombination similar to the 2PACz sample only at a 10 times
higher excitation intensity.
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Figure 5.6: TrPL transients of perovskite
deposited on glass/ITO/MeO-2PACz (or-
ange line) and glass/MeO-2PACz (black
line) within the same glass substrate. This
demonstrates how the possibility of hole-
extraction induces the steep drop in PL
intensity (corresponding to a steep rise in
differential lifetime). Sample prepared by
Philipp Tockhorn.

Electron extraction into the C60

One important result of this work was that we learned that the FF in state-of-the-art
p-i-n devices was limited by the hole extraction speed at the hole-selective interface,
rather than by the electron extraction speed at the C60 interface. This became evident
from a transient measurement on a glass/perovskite/C60 sample, using optical pump,
terahertz probe measurements, which feature a higher time resolution than TrPL. As
shown in Fig. 5.7 (a), the TrPL signal quickly drops to noise level already after 100 ns.
To differentiate whether the initial drop is due to charge transfer or non-radiative
recombination at the interface, a comparison between the THz conductivity signal and
the TrPL transient is useful, as shown in Fig. 5.7 (b).

The mono-exponential part of the TrPL transient stems from the reduction in photoe-
mission governed by trap-assisted, non-radiative recombination with a time constant
of roughly 40 ns (see section 2.2). This time constant approximately fits to the one
needed for the usual 𝑉OC values reached in p-i-n cells [265], thus it can be assumed
that this process is the limiting one in trap-assisted recombination (determining 𝑉OC).
In the THz conductivity transients (Fig. 5.7), a ~20-times faster process is visible that,
by comparison of the two optical excitation directions using blue laser light that is
predominantly absorbed near the surface, seems to occur at the C60 interface. With the
𝑉OC-limiting process being identified in the TrPL transient (shown as dashed line in
Fig. 5.7 (b)), this fast process is likely a signature of the fast charge transfer into the C60
(lower transient in Fig. 5.7 (b)). With the time constant of this THz transient (1-2 ns),
we can estimate a roughly 100-times faster electron transfer rate into the C60 than hole
transfer rate into the SAM/ITO contact. It remains open whether only electrons or also
holes transfer into the C60, and whether the fast process is an entanglement of several
non-radiative recombination pathways with carrier density-dependent activation of
certain trap levels. However, the main conclusion that charge transfer in p-i-n cells is
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(a) (b)

Figure 5.7: Fast charge extraction into the C60 layer. (a) TrPL measurements on a
glass/perovskite/C60 sample, excited with blue laser light from the C60 side. The blue line is
a linear fit to the mono-exponential part of the transient. (b) THz conductivity transients
collected from both sides of the sample, showing that a fast process happens at the C60
interface and that the carriers need around 1-2 ns to travel through the perovskite layer. The
dashed line is an extrapolation from the linear fit in (a). Reprinted and modified from the SI
of the publication [209] – published by the AAAS.

unbalanced and limited by the hole-selective interface is being confirmed by the fact
that a faster hole-extracting layer led to higher FF values in the solar cells.
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5.1.3 Effect on solar cell performance

As visible in fig. 3 of the publication, the maximum fill factor is substantially increased
by Me-4PACz in cells comprised of ITO/SAM/perovskite/C60/SnO2/Ag. While both
MeO-2PACz and 2PACz led to 82%, with Me-4PACz the maximum value was 84%
(compared within the same batch of perovskite solution, day and contact evaporation
runs). Interestingly, champion Me-4PACz devices had a reduced ideality factor of 1.2-1.3,
instead of the usual values of 1.4-1.6, despite keeping high 𝑉OC values close to the ones
obtained with 2PACz, which is a rare case for perovskite solar cells [48]. The reduced
𝑛ID is the reason for the FF advantage of Me-4PACz in comparison to 2PACz (both
had similar shunt and series resistances). As discussed in the case of limiting surface
recombination by Caprioglio et al. [48] and summarized by Wolff et al. [46], discussing
the underlying reason of the ideality factor in perovskite solar cells requires caution, and
conclusions about the charge carrier dynamics are generally not obvious. To theorize
with one possible explanation, we could start from the premise that no strong surface
recombination or other process saturates the 𝑉OC and could take the considerations
of Sarritzu et al. as a basis [153]: Assuming that the ideality factor is dictated by
the dominating recombination order in the device [35] and that electrons and holes
have two different recombination orders, the ideality factor is 𝑛ID = 𝑛ID,e/2 + 𝑛ID,h/2.
Knowing that electron extraction is fast enough to keep the electron density in the
perovskite bulk low, such that trap-assisted recombination is the dominant process
(order 1, see section 2.2), the “electron ideality factor” is 1. Under accumulation of holes,
radiative recombination is the dominant process2 (order 2), which would leave us with
𝑛ID = 1/2 + 2/2 = 1.5, a typical value for p-i-n cells. Upon faster extraction of holes, the
recombination process is mainly mono-exponential as indicated by the TrPL transients
(order 1). The closer 𝑛ID,h is to 1, the closer the total ideality factor shifts towards 1.
Thus, this would be a connection between hole extraction speed and 𝑛ID.

By intensity-dependent absolute PL we reconstructed the potential 𝐽 -V curves of
ITO/SAM/perovskite stacks to evaluate the maximum attainable FF (pseudo-FF ) depend-
ing on the hole-selective layer (Table 1 in the publication). In this method, the intensity
or photon flux corresponds to a generated current density and the QFLS corresponds to
a voltage [266]. With these value pairs, the pseudo-𝐽 -V s were constructed. Both 2PACz
and Me-4PACz have shown a pseudo-FF of 88%, which is 97% of the radiative limit. In
contrast, PTAA allowed for 85.6% because of the reduced𝑉OC. Notably, with a C60 layer
on top of the perovskite films, the pseudo-FF was the same with all hole-selective layers
(85.3%). Also the QFLS was the same across all layers at around 1.13 V. This is the C60
layer limitation that was also discussed in chapter 4 and 2 (2.4.2). However, there is an
obvious advantage for SAM-based cells in both FF and𝑉OC (with values 20-60mV above

2Alternatively, knowing that the C60 causes strong non-radiative recombination, electrons could be
thought of populating traps, where then holes recombine with the electrons in a bimolecular fashion
(recomb. order 1 for electrons, and 2 for holes) [46].
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the C60 limitation, without LiF interlayer). In addition, pseudo-𝐽 -V curves reconstructed
from full cells with intensity-dependent 𝑉OC measurements (suns-𝑉OC) also revealed
pseudo-FFs of 87% and 88% for 2PACz and Me-4PACz, respectively. We explained this
overcoming of the C60 limitation in full cells by an enhanced built-in field through the
positive dipoles at the ITO, which is only well-defined in the presence of both electrodes
at each side [164, 168, 267].

Influence of the alkyl chain length

We tested the influence of the number of hydrocarbons in the linking chain (n) of both
the hydrogen- and methyl-terminated SAMs (see Fig. 5.8). n = 4 gave the highest
fill factor and PCE in case of methyl termination and n = 2 was optimal in the case
of hydrogen-termination (bare carbazole). Compared within the same batch (with
bathocuproine as buffer layer instead of SnO2), the average fill factors were slightly
below 82%, 82% (max. 84%), 64% with Me-termination, and 81.5% (max. 83%), 80%,
65% with H-termination, for n = 2, 4, 6 respectively (see fig. S23 in the SI of the
publication for box plots). Methoxy termination (as in MeO-2PACz) also has shown
optimal FF values at n = 4 (not shown here), albeit with around 2%abs lower values
than with methyl termination. 𝑉OC values remained similar between 1.14-1.17 V across

(a) (b)

Figure 5.8: Optimal chain length determination for SAMs with hydrogen and methyl termina-
tion: 𝐽 -V curves under illumination for a) Me-nPACz and b) nPACz as a function of chain
length – n=2, 4, 6. From figure S23 of the publication [209] – published by the AAAS.

all SAMs, except for Me-6PACz. Interestingly, in both cases n = 6 lead to current-
voltage hysteresis, indicating that the isolating chain might have caused strong hole
accumulation. The difference in optimal chain length depending on the termination
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might be explainable by different layer formation kinetics: while a shorter chain is
beneficial for fast charge transfer, with a bulkier termination an interplay between
steric hindrance and stabilization by van der Waals forces takes place [200, 268, 269].

5.1.4 Integration into silicon tandem cells

To test the higher FF potential with Me-4PACz, monolithic perovskite/silicon tandem
solar cells were fabricated. The interconnecting layer between the two subcells in our
perovskite/silicon tandem solar cells is sputtered ITO, which was also activated via
UV-O3 to create a bonding surface for the SAMs. This way, the SAMs MeO-2PACz,
2PACz and Me-4PACz also enabled highly efficient tandem cells which surpassed PTAA-
based cells (see fig. 4 in the publication). As for the single junction cells, maximum
fill factors (>80%) were achieved with Me-4PACz, while the 𝑉OC values were similar
between Me-4PACz and 2PACz. The maximum efficiency of 29.15% was certified by
Fraunhofer ISE and marked the highest value achieved for both 2-terminal and 4-
terminal perovskite/silicon solar cells from January to December 2020. The certified cell
operated under current limitation by the perovskite subcell, with 19.4mA/cm2 from the
perovskite cell and 20.2mA/cm2 from the silicon cell. Despite the fact that the limiting
subcell dictated the shunt resistance of the tandem [270], and usually the perovskite
shunt resistance is not optimal at these areas (1 cm2), the reached FFs were on a high
level near 80%. A possible short-term step for improving the PCE further would be to
reach silicon cell limitation by, e.g., increasing the thickness of the perovskite layer.
This way, the tandem shunt resistance would be enhanced and thereby the FF could be
enhanced even further.

Figure 5.9: Certified Me-4PACz-
based perovskite/silicon tandem
solar cell (red curve), in com-
parison to the champion PTAA-
based tandem cell.

The devices were MPP-tracked in ambient air, without encapsulation, in a custom-
built aging setup that consisted of blue and infrared LED arrays which could be adjusted
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such that the current densities in both subcells matched those obtained under AM1.5G-
equivalent illumination. A Me-4PACz-based tandem cell retained 95.5% of its initial
efficiency after 300 h of operation, similar to a 2PACz-based cell with 87.6%. With the
interlayer LiF between perovskite and C60, which increased the 𝑉OC by up to 50meV
(see fig. S20 and S26 in the SI of the publication), we noticed a less stable behavior, with
only 76% of the initial efficiency kept after 300 h of constant operation at MPP load.
LiF-containing cells were generally less stable under repeated 𝐽 -V measurements as
well, loosing in FF and 𝐽SC. The origin might lie within the high mobility of Li ions
that could migrate through the perovskite and deteriorate the electrodes or alter the
selective-contacts [271–274]. Thus, finding alternative interlayers to reduce 𝑉OC losses
at the C60 interface is a next rational task.

Maximum possible efficiency

To evaluate the maximum efficiency this tandem device stack (shown in fig. 4A in the
publication) could deliver, we reconstructed the pseudo 𝐽 -V curves with EL instead
of PL. This way, the current density is the injected current and from the EL quantum
yield (instead of PLQY), the QFLS at each injection level could be calculated for both
perovskite and silicon subcell independently [275, 276]. Together, these pairs of current
density and implied voltage make the implied 𝐽 -V curve, similar to as presented above.
The reconstructed subcell and tandem 𝐽 -V curves are shown in Fig. 5.10. Similar to
the value obtained in the single junction cells, the perovskite subcell showed a pseudo
FF of 87%, while the silicon cell gave 84.8%. The 𝐽 -V curve of the tandem featured a
pseudo-FF of 87.8%, with which the PCE would be 31.7%. Assuming current matching
between both subcells (both generating 19.6mA/cm2), the maximum attainable PCE
would be 32.4%. Note that this value marks the maximum PCE if resistive losses could
be fully mitigated, with this standard perovskite composition that did not feature any
bulk passivation. In fact, the perovskite subcell in this EL experiment has shown a poor
PLQY of 0.02% (still 1.18 V 𝑉OC because of a higher bandgap in this particular sample,
1.72 eV instead of 1.68 eV), while the silicon cell had a PLQY of 1.5%. Usually, the bare
perovskite films show a PLQY of around 1%. Thus, an even higher maximum PCE is
to be expected upon increase of the PLQY and further mitigation of interface losses at
the electron-selective side. Taking the highest reported PLQY of a full p-i-n solar cell
(8.4%) [44], it would correspond to a 𝑉OC of 1.295 V for the 1.68 eV-bandgap perovskite
composition and a tandem 𝑉OC of 2.016 V, which would yield a maximum tandem PCE
of 34.7% when keeping the same pseudo-FF of 87.8%. In the radiative limit for the
perovskite (𝑉OC = 1.36V), at the same pseudo-FF the tandem 𝑉OC of 2.08 V would yield
a PCE of 35.8%, and almost 37% when considering that the pseudo-FF would rise to
above 90% for such a high 𝑉OC.
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Figure 5.10: Reconstruction of pseudo 𝐽 -V curves of the subcells from a Me-4PACz-based
perovskite/silicon tandem solar cell, by intensity-dependent electroluminescence (EL). The
inset shows a photograph of the tandem cell operating as an LED (charge injection under
forward bias voltage, long exposure photo). Reprinted from ref. [209] – published by the
AAAS.

5.2 Measuring charge extraction via surface
photovoltage

As stated above, for the quantification of charge extraction that is relevant for solar
cell operation there exists no standard in the perovskite community yet, while for
quantification of voltage losses, PL is an established method. To extent the choice
of experimental methods for this and to cross-check our TrPL results, we explored
time-resolved surface photovoltage (trSPV) as a complementary method to TrPL, as it
captures the essence of charge extraction and solar cell operation: the separation of
holes and electrons [277–279]. Compared to TrPL, it comes with the advantage that
no radiative recombination is needed, because it is only sensitive to the photovoltage
between the two electrodes, which scales with the amount of separated charges and
their distance to each other. Using an oscilloscope for detecting the voltage evolution,
the time resolution can range from 1 ns to 1 s within one transient, which covers the
time domains of charge transfer up to capacitive effects. And recently, it was shown
that trSPV can be used for quantifying differences of perovskite solar cells depending
on the hole-selective layer [280].
Fig. 5.11 shows SPV transients collected on perovskite-coated ITO substrates that

either contained a hole-selective layer or not. Without a hole-selective layer, which
separates charges by transferring holes into the ITO, such that a majority of electrons
remains in the perovskite layer (negative SPV signal), there was a slight tendency
for holes to accumulate at the perovskite surface, as seen by the positive SPV signal
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(a) (b)

Figure 5.11: Detecting charge extraction with transient surface photovoltage (SPV). (a) shows
transients of the SPV amplitude collected on ITO/SAM/perovskite samples, compared to an
ITO sample which was not covered by a SAM. (b) displays a sketch of photo-excited charge
carriers in the sample at the time of laser pulse arrival (𝑡 = 0) and upon charge separation by
the hole-selective layer (𝑡 > 0), collecting holes (orange disks) in the ITO. This situation leads
to a negative photovoltage. The SPV signal arises from charge build-up in the capacitor that
forms between the F-doped SnO2 electrode and ITO electrode (measured with an oscilloscope
[281]). A pulsed laser (5 ns pulse width, 600 nm wavelength) was the excitation source. Data
measured by Igal Levine and Thomas Dittrich.

(black line). This might indicate either a slight 𝑝 doping of the surface, a hole-repelling
downward band bending at the ITO interface, or the presence of electron traps at the
ITO surface, leading to a more electron-rich surface at the ITO interface. However, the
SPV signal is generally small, as expected from an intrinsic semiconductor. In line with
the interpretations made from the TrPL data (Fig. 5.5 (b)), the initial rise of the SPV is
faster (~factor 2 higher in max. slope) with Me-4PACz compared to 2PACz (see Fig. 5.11
(a)). This transient regime holds until a few hundred ns, similar to as observed with
TrPL. With MeO-2PACz, the initial slope resembles that of the Me-4PACz transient
first, however, another process forces the transient to invert its slope, until another
rise occurs before it can slowly decay. The emergence of a second peak in the 100 µs
regime might be connected to a release of trapped charges and is still subject to further
investigation. This could potentially explain the lower QFLS and 𝑉OC values obtained
on MeO-2PACz (see chapter 4), if it is indeed connected to trap states that have not
been passivated by the SAM in contrast to 2PACz and Me-4PACz.

As a further confirmation that trSPV is indeed suited for examining charge extraction
speeds that are device-relevant; Fig. 5.11 shows SPV transients collected on the nPACz
SAM series of which solar cell data was shown in Fig. 5.8. In this model system, we know
that with a longer aliphatic chain (isolating), the FF in solar cells dropped, presumably
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Figure 5.12: SPV transients comparing the
nPACz series on ITO/SAM/perovskite
samples (full solar cells based on these
SAMs are shown in Fig. 5.8 (b)). The FF
number labels are maximum fill factors
reached with the respective SAM.

due to a slower extraction of holes into the ITO. In line with this experimental results,
the initial rise of SPV was slower with longer chain. Interestingly, the maximum SPV
signal was similar among all SAMs, meaning that the second process that lets the signal
decay had a slower rate as well, the slower the charge extraction in the beginning. The
measured 𝑉OCs of the respective solar cells have also shown similar values.
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Chapter6
Conclusion and Outlook

This thesis was dedicated to contributing to the applicability of perovskite solar cells
for tandem solar cells that have the potential to promote leaps in efficiency by deeper
understanding and thus larger adaptation in the solar cell industry. The experimental
work has thus revolved around the optimization of tandem-relevant p-i-n-type solar
cells and the investigation of power losses at their interfaces to the charge-selective
layers. As a general theme, the work was dealing with the replacement of the traditional
hole-selective layer by self-assembled monolayers (SAMs) that can conformally cover
the transparent conductive oxides which are one of the electrodes. This method has
proved to be advantageous for studying the role of the hole-selective interface in solar
cell operation and for optimizing it rationally. The idea of using hole-selective SAMs in
perovskite solar cells was patented, with a series of possible molecule designs, and the
SAMs are now commercially available from different suppliers.

We demonstrated the first efficiently working hole-selective SAM with the molecule
V1036, which consisted of a carbazole core with diphenylamine substitution, terminated
by methoxy groups. This hole-selective fragment was paired with a phosphonic acid
group which bonds to oxide surfaces. By immersion of the ITO substrates in a dilute
V1036-containing solution, the substrates were covered by the molecules with a density
high enough to enable remarkably low leakage currents. The solar cells based on V1036
had a power conversion efficiency of max. 18%, while with the standard material for
p-i-n solar cells, poly(triarylamine), the maximum efficiency was at around 19%. The fill
factors of the SAM cells were decent, however, they have shown deficits in the open-
circuit voltage (𝑉OC). By mixing the V1036 with a non-conjugated "filler molecule" in the
SAM solution with the same anchoring group, butyl-phosphonic acid, the open circuit
voltage could be enhanced by roughly 80meV. We identified that it was not the ordering
of the SAM layer that improved upon mixing, but measured a correlation between
the ionization potential of the functionalized substrate and the 𝑉OC. The energetic
alignment between valence band maximum of the perovskite and hole-accepting level
of the hole-selective layer was then further confirmed as the determining parameter
for device performance in the work that followed after.
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In search of more efficient SAMs, we explored other molecule designs of which the
simplest and smallest, a carbazole fragment linked to an ethyl-phosphonic acid group
(2PACz), has shown the most promising results. In this project, we published two
new SAM materials, 2PACz and its methoxy-substituted variant MeO-2PACz, which
enabled to surpass state-of-the-art p-i-n solar cells. Using reflection-absorption infrared
spectroscopy, we identified monolayer formation and found that similar layers can be
processed both by the classical dipping method and by spin-coating a SAM solution
of appropriate concentration, in line with the results on solar cell level. Without the
use of interlayers, dopants or additives, the solar cells reached a power conversion
efficiency of up to 21.2%. Furthermore, we have shown that SAMs can cover arbitrarily
formed surfaces by demonstrating a monolithic perovskite/CIGSe tandem solar cell
with 23.3% certified efficiency on 1 cm2 active area. This surpassed the previous record
(22.4% on 0.04 cm2) in both efficiency and size and served as a confirmation that SAMs
enable applications that were not straight-forward to realize without them. With a
combination of photoluminescence and photoelectron spectroscopy, we analyzed the
reasons behind the improved performance. With 2PACz, we found that its interface
to the perovskite was practically "lossless", meaning there was no measurable loss
of potential due to non-radiative recombination. Furthermore, the three SAMs were
studied regarding their energetic alignment to the perovskite’s valence band onset
and we found that the smaller the offset, the higher the 𝑉OC was. The different offsets
could be explained by the different intrinsic dipole moments that the molecules carried,
rendering it as a tool for tailoring the perfect hole-selective contact with regard to
energetic alignment depending on the perovskite composition.

Finally, knowing about the importance of minimal energetic offset for realizing ideal
interfaces for high𝑉OCs, we continued optimization by focusing on the fill factor, which
is a parameter that also for the best perovskite solar cells still lacks behind compared to
mature solar cell technologies. By testing another SAM design, similar to 2PACz but
with methyl group termination and four hydrocarbons in the linking chain (Me-4PACz),
we found a hole-selective layer that surpassed all other available ones in fill factor,
while keeping the high𝑉OC of 2PACz-based cells. The distinct difference lied within the
ideality factor of the current-voltage characteristics, where Me-4PACz led to a value of
1.26, while usual values of p-i-n cells are measured at around 1.4 to 1.5. Single junction
devices based on Me-4PACz reached fill factors of up to 84% and 𝑉OCs of up to 1.234 V
(compared to 82% with 2PACz with similar 𝑉OC). The combination of high 𝑉OC and low
ideality factor is a rare case in the perovskite research field and the presented cells
might help to extend the understanding on limitations set by the usually high ideality
factors. Using intensity-dependent transient photoluminescence measurements, we
found a way to quantify hole extraction, which was not yet focused on in literature and
thus no standards for the quantification of charge extraction efficiencies existed. This
has partly to do with the complication of several processes overlapping with charge

72



Chapter 6 Conclusion and Outlook

extraction, making it challenging to isolate from each other. However, as in the case for
studying 𝑉OC losses, the SAMs have shown their potential for building model systems
here as well. We estimated an approximately 10-times higher hole extraction flux with
Me-4PACz compared to 2PACz and assumed that this enhanced extraction reduced
the ideality factor. By transient surface photovoltage measurements, we found more
evidence for our interpretations and have shown that this method is also helpful for
potentially modeling charge carrier dynamics within a wide time frame (ns to ms).
The enhanced hole extraction also stabilized the mixed perovskite phase of a tandem-
relevant composition with 1.68 eV bandgap by preventing charge accumulation. By
integrating the SAM into monolithic perovskite/silicon tandem solar cells, the benefit
transferred into higher fill factors here as well and stable operation under continuous
illumination. A Me-4PACz tandem cell was certified to a power conversion efficiency
of 29.15%, marking a new record at the time and significantly surpassing previously
published values. With injection-dependent electroluminescence spectroscopy, we
reconstructed the subcell current-voltage characteristics without the influence of resis-
tive losses to estimate the maximum performance possible for the used device stack.
Thereby, we calculated implied efficiencies of over 32% in the investigated device, and
over 34% if the perovskite quality (photoluminescence quantum yield and with that the
𝑉OC) could be improved to levels that have already been reached in literature of record
cells.

Outlook

Record power conversion efficiencies of perovskite solar cells will continue to rise.
Presumably, as best𝑉OC values are already near their theoretical maximum, the focus of
development will further shift towards reaching higher stability and the mitigation of fill
factor losses, with parallel development of technologies for upscaled fabrication. Further
research will tell whether the higher stability and fill factors will be reached through
interfacial engineering or by completely replacing the used perovskite compositions
by alternatives. Current approaches often use additives to the perovskite solution that
enhance the complexity of the fabrication process, which is detrimental to adaptation
and reproducibility in other laboratories. Promising approaches seem to be those that
enable high solar cell performance with high simplicity and robustness.

For the tandem-relevant p-i-n type solar cells, the reduction of 𝑉OC losses will likely
remain a focus of research in the coming years. Having identified that for most solar
cells, the dominating losses happen at the electron-selective interface, further progress
will need the exploration of alternative electron-selective materials to replace the
fullerenes or the reliable formation of a selectivity-enhancing interlayer other than
lithium fluoride. The challenge here is to find a combination of layers and perovskite
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compositions that combine all promises of perovskite solar technology – high efficiency,
low fabrication costs, high simplicity & flexibility – with stability and scalability into one
design, instead of demonstrating only few of these aspects within one functioning solar
cell. Suitable SAMs intrinsically comewith the combination of scalability, simplicity, low
costs and stability and might thus be an appropriate pathway for exploring alternative
electron-selective layers or interlayers as well. And since “often, [...] the interface is
the device” (H. Kroemer), they offer the possibility to sensitively study the interfacial
chemistry and charge carrier dynamics, which also for perovskites have been identified
to play a key role in solar cell performance and stability. A disruptive approach would
be a perovskite solar cell sandwiched by two SAMs, abandoning dedicated charge-
selective layers entirely, which would need the exploration of suitable electron-selective
fragments and anchoring groups that reliably bond to the complex perovskite surface.
Within another approach, the research field might explore perovskite compositions that
are intrinsically compatible with the (valuably stable) fullerene-based electron-selective
layers or to inorganic charge-selective layers, while providing enhanced stability. In
the pursuit of these goals, advanced characterization methods targeting to further
understand the interfacial charge carrier dynamics and molecular interaction between
the perovskite and charge-selective layers could provide valuable input for design
guidelines. Building on the results of this thesis, especially investigating the “lossless”
feature of the 2PACz/perovskite interface might unfold hints on how to design more of
such materials. However, as this interface is buried, challenges arise from accessing
the device-relevant physics nondestructively. Interesting strategies might employ
interface-selective techniques like sum frequency generation vibrational spectroscopy,
paired with photoelectron spectroscopy for studying the energetic alignment and x-ray
techniques for monitoring the crystal formation kinetics at the interface. Using such
methods during solar cell operation to monitor whether under load and charge flow the
guidelines for ideal contacts change compared to the evaluations done on the individual
layers without illumination or charge flow could lead to new knowledge as well.
Within the next few years, we might witness the interesting step of perovskite

solar cells entering industrial production, with perovskite/silicon tandem solar cells
looming to be a first entry point. With rapidly sinking prices of conventional silicon
solar modules, the time frame within which the addition of a perovskite top cell can
disruptively lower the levelized cost of electricity is narrow. However, once modules
with >400W peak power are demonstrated, their momentum will also be beneficial to
perovskite solar cell research. Hence, photovoltaics will further undercut the price of
every other form of electricity generation. There is hope and the feasibility that it will
eventually surpass all other sources in ubiquity as well, such that humankind takes
advantage of the rich amount of energy our sun gifts us every day for the next billions
of years.
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7.2 Experimental methods
This section summarizes the techniques that were used for fabricating
and analyzing the samples throughout this thesis. The fabrication ranged
from simple thin-film preparations on given substrates to full solar cells
including tandem architectures comprising CIGSe and Si bottom cells.
Details regarding the respective experiments used in the publications
(incl. UPS, FITR, RAIRS, XRD, THz conductivity, EL imaging etc.) can
be round in their supporting information; the following sections expand
some experimental details that were a focus during optimization runs.

The p-i-n (inverted) perovskite solar cells processed here had an inverted planar
structure on ITO-covered glass (Automated Research GmbH, both 7 Ohm/sq and 15
Ohm/sq sheet conductivities were used in this work). Generally, the processing steps
(except cleaning) were done in a N2-filled glovebox (MBRAUN). The hole-selective
layers were deposited by either spin-coating or dip-coating (in the case of SAMs in early
stages, as indicated in the publications, or for CIGSe bottom cells) and perovskite films
were deposited by spin-coating in a one-step method (with antisolvent drip). The ITO
substrates were purchased laser-patterned, such that individual solar cell pixels were
electrically isolated from each other and from the contact patches where the ground
contact is pressed on in the sample holder (see Fig. 7.1). The substrate cleaning should
not be underestimated, since even microscopically small particles that are not visible by
eye can cause shunting, and organic, very thin dirt can already be detrimental to device
performance. The substrates were cleaned with Mucasol detergent (2% in DI-water,
substrates were brushed), DI-water, acetone and isopropanol, each for 15 minutes in an
ultrasonic bath at 40-55◦C. Care needs to be taken to flush all residues of the soap after
the first step and to not let Acetone dry out on the substrates upon switching liquids,
since it leaves residues on the substrate that are hard to remove.

7.2.1 Perovskite films and compositions

Mainly three different perovskite compositions have been used in this work and, except
for the co-evaporated solar cell, they were based on the stock solution method, where
first, individual solutions of PbI2 , PbBr2 in a mixture of DMF/DMSO (4:1 volume ratio)
(powders by TCI, >99% purity trace metals basis, solvents by Sigma Aldrich) and CsI
(abcr GmbH) in DMSO were prepared 1-2 days before the actual mixing of needed
perovskite precursor. The lead salt solutions (1.5mol/l nominal concentration) were
shaken over night in a thermo shaker (60◦C), and let cool down to room temperature
within 15-30min, before they were used to dissolve the organic powders (FAI, MABr),
which were previously weighed with 1mg precision. The needed volume of lead salt
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(a) (b)

Figure 7.1: Photographs of a sample with single junction cells (a) and a flexible perovskite/CIGSe
tandem solar cell (b, steel substrate). The single junction device contains six individual pixels
(each 0.16 cm2), defined by the overlap of Cu top electrode and scribed ITO. The ground
electrode is indicated by the silver paste stripe that connects both Cu stripes (the connection
is not necessary).

solution was calculated such that the perovskite solutions of FAPbI3 and MAPbBr3
(1.24mol/l nominal concentration) contained a 5-9%mol excess of Pb(I,Br)2 for improved
𝑉OC. The two perovskite solutions were mixed in an appropriate ratio for the aimed
bandgap (i. e., 83:17 FAPbI3:MAPbBr3 for 1.63 eV bandgap, 78:22 for 1.68 eV, 95:5 for
1.55 eV [with addition of 5% of MACl/DMSO solution to aid crystallization]). Finally,
5 vol-% of the CsI solution was added just before spin-coating to the perovskite mixture
to yield the triple cation compositions (not for the 1.55 eV perovskite). The final solution
was yellow (see Fig. 7.2), which during spin-coating and drying turned slightly darker,
upon antisolvent quenching it switched color to brown and during the first seconds
after laying the sample on a 100◦C hotplate turned to dark-brown/black. As the contact
angle of perovskite solution on organic layers is high (preventing self-spreading across
the sample surface), the solution (50-200 µl depending on the wettability) was spread
across the substrate using a pipette tip, and upon reaching the substrate edge, the
spinning program was immediately started.
As antisolvents, which drive out the initial solvents, ethyl acetate, chlorobenzene

and di-ethyl ether have been used. Ethyl acetate (500 µl, 4000 rpm spin speed with
5s acceleration time, drip after 25 s after start of the program, 40 s total time, closed
spin-coater lid) lead to thicker perovskite films (up to 700 nm), but a higher spread
in FF values. Chlorobenzene (300 µl, 3000-3500 rpm spin speed with 5s acceleration
time, drip after 35 s after start of the program, 40 s total time, open spin-coater lid) lead
to higher average FF values, but due to its toxicity and narrow processing window
(~1 s, with sensitiviy on how fast the dripping was done and at which angle), Anisole
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has been used as the main antisolvent in later stages (end of chapter 4 and all single
junction cells in 5), which had the same advantages of Chlorobenzene but with a larger
processing window and no toxicity. With anisole, the spinning paramters were as for
chlorobenzene, but the thickness could be controlled depending on the time of dripping
and whether the spin-coater lid was open or closed, without considerable influence
on the device performance or film QFLS. With chlorobenzene and anisole, the film
thicknesses were generally lower (450-550 nm) and surfaces smoother/shinier. The
perovskite layers have been annealed for 15-30min on a 100◦C hotplate.

Figure 7.2: Photograph
of a 4ml vial con-
taining perovskite so-
lution, enough for
roughly 20-30 sam-
ples for spin-coating
(on inch× inch sub-
strates).

7.2.2 Processing of charge-selective contacts

As hole-selective contacts, PTAA has been used during baseline establishment (spin-
coating a 1.5-2 mg/ml solution in toluene at 5000 rpm, closed lid). For the main pub-
lication, the SAMs were the standard (V1036, (Me- or MeO-)nPACz with n= 2, 4, 6),
which reduced the spread compared to PTAA-based cells and later enabled higher
PCEs. Critical for the SAMs to reliably bond to the electrode oxides was the UV-O3
treatment (in air) of the substrates (used machine: FHR UVOH 150 Lab) for 15min.
Subsequently, the samples were transferred into the glovebox where they were func-
tionalized with the SAMs, either by spin-coating or dip-coating. For spin-coating, a
1mmol/l solution in ethanol (methanol and isopropanol work similarly) has been used
(roughly 0.5mg/ml, 3000 rpm spin speed with 5 s acceleration for a total spinning time
of 10-25 s without noticeable differences): dropping 100 µl solution onto the center of
the substrate, letting it spread for 5 s and then starting the spinning. For dip-coating,
a concentration of 0.1-0.5mmol/l was used, letting the substrates rest in the solution
usually over night, before removing the solution and letting them dry. With both
methods, the substrates were subsequently heated at 100 ◦C for 1-10min on a hotplate.
The dipping solution can be reused and air exposure of the SAM-covered substrates did
not lead to noticeable detrimental effects on device performance. After dipping and
in some tests for spin-coated SAMs, the substrates have been washed after annealing
with ethanol (2-3× dynamic spin-coating) and then dried by N2 gun. The SAM powder
have been synthesized at KTU as indicated in the author contributions (see supporting
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informations for synthesis procedures) and for the paper in chapter 5, MeO-2PACz and
2PACz were bought from TCI.
After perovskite annealing, the electron-selective layer (C60, sublimed, 99.999%,

CreaPhys GmbH) was deposited usually within the same day by thermal evaporation
at a base pressure of 5E-5 to 1E-6mbar, with a rate of 0.05-0.15 Å/s until a thickness of
18-23 nm. With longer waiting times for the perovskite vacuum until the C60 process
started, lower 𝑉OCs were observed – samples with C60 layer were vacuum-stable. Most
single junction cells were then topped by a bathocuproine (BCP)/Cu contact, by thermal
evaporation. Higher FFs have been noticed if the BCP and Cu were evaporated in
the same vacuum run and if for the metal evaporation, lower pressures were used
(2-5E-7mbar seemed optimal). The C60 powder was heated to 355-380 ◦C and the BCP
to 115-130 ◦C. Ag electrodes led to slightly lower series resistances than Cu, at the cost
of slightly lower stability.

(a) (b)

Figure 7.3: Encapsulated and masked single junction cell that was sent for certification (chapter
4); the aperture area of the masked pixel was around 0.1 cm2.

More air-stable single-junction cells could be fabricated with SnO2 instead of BCP as
the buffer layer between C60 and metal. The SnO2 layer (20 nm) was deposited through
atomic layer deposition (ALD, 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/purge1/H2O/purge2 times were
1s/10s/0.2s/15s with corresponding nitrogen flows of 30sccm/90sccm/90sccm/90sccm.
With this, 140 cycles lead to the 20 nm thick layer. We noticed a beneficial effect when
letting the TDMASn bottle cool down to room temperature when not in use. Over time,
the TDMASn seemed to lose in “quality”, leading to a drop in 𝑉OC and FF compared to
BCP (higher series resistance). With fresh bottles, SnO2 and BCP cells had similar PCE.

106



Chapter 7 Appendix

For tests in air or, e. g., certification, the cells were encapsulated with cavity glass
containing a getter foil for moisture absorption. The glass edges were then glued onto
the sample, where the contact areas were scratched clean beforehand.

For highest-𝑉OC samples, a LiF layer has been used between perovskite and C60, by
thermal evaporation at 0.5-1 nm thickness. NaF, CsF and KCl as evaporated interlayers
were tried as well with limited success. PMMA as spin-coated interlayer (0.5-1mg/ml
in CBZ) also enabled high 𝑉OC, however, lead to hysteresis in the J-V curve.

7.2.3 Tandem cell processing

Tandem solar cells with perovskite top cells on either CIGSe or Si bottom cells were
processed similar to the single junction cells described above (with SnO2 on the C60
layer), but without immersion of the bottom cells into the cleaning solutions and
without the usage of ultrasonic cleaning. The bottom cells were either blown clean with
a nitrogen gun or cleaned with dynamic isopropanol or ethanol spin-coating, before
UV-O3 treatment. Without the UV-O3 treatment, the SAMs cannot properly attach,
thus leading to poor performance and low QLFS of the bare perovskite films. After

(a) (b)

Figure 7.4: Photographs of perovskite/CIGSe tandem solar cells (without antireflective coating
on the active area – the color differences show slight variations in the thickness of the IZO).
(a) shows an early sample where the active area was isolated from the sample edges by
manual scribing – this also enhanced the 𝑉OC, because the interconnecting AZO layer was
sputtered on the full area (being otherwise dark area for the bottom cell). The molybdenum
(silver color visible on the scribes) was contacted with a speck of silver paste, serving as the
bottom electrode of the tandem. With this design, the two highest efficiencies were realized
(23.3 and 24.2%). (b) later designs which where the molybdenum layer has been laser-scribed
before CIGSe processing and the AZO layer sputtered through a mask to prevent shunting
through handling outside of the active area and to reduce dark area.

SnO2 deposition, an IZO layer was deposited on top through a shadow mask, followed
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by thermal evaporation of a 100 nm-thick silver ring (see Fig. 7.4) that overlapped with
the IZO layer and contained a patch for contacting (ideally, there is no IZO below this
patch to prevent shunting). For certification, another Ag evaporation run was done
to obtain a closed ring (clearly defining the aperture area). Finally, a LiF antireflective
layer was evaporated on the IZO (100 nm).
The CIGSe bottom cell was fabricated viaation on a glass substrate with sputtered

Molybdenum, with RbF surface treatment on the CIGSe. The recombinatieated with
UV-Ozone for 15 min, before submersing te CIGSe bottom cell into a 0.1 mmol/l MeO-
PACz/Ethanol solution overnight. Spin-coating a 1 mmol/l MeO-PACz solution once
or a 0.1 mmol/l solution three times also yielded >20%-efficient tandem cells as well.
Subsequently, the bottom cells were heated at 100 °C for 10 min in a N2-filled glovebox,
before proceeding the CsMAFA perovskite processing on top as described above.

7.2.4 Electrical characterization of solar cells

J-V and EQE measurement

J-V) characteristics under 1-sun equivalent illumination were recorded using aWavelabs
Sinus-70 LED class AAA sun simulator in air or in a glovebox with a Oriel halogen lamp,
calibrated with a filtered KG3 Silicon reference solar cell certified by Fraunhofer ISE.
J-V scans were performed in 2-point configuration with a Keithley 2400 SMU (4-point
measurement with Keithley 2600 for the tandem cell), controlled by a measurement
programwritten in LabView. The single junctionswere notmasked duringmeasurement
(due to small differences between J SC from integrated EQE and J-V). The voltage values
were swept in 20 mV steps with an integration time of 40 ms per point and settling
time of 20-40 ms after voltage application (maximum voltage sweep speed of 250 mV/s).
The program first turned on the output of the SMU to 0 V, before switching the relais of
the pixel switcher that established contact between solar cell and SMU, to avoid voltage
spikes to damage the small cells. No spectral mismatch correction was applied due to
the variation being within the measurement error. The cells were not preconditioned,
however, the J-V curves sometimes tended to slightly improve upon multiple scanning
EQE spectra were recorded with an Oriel Instruments QEPVSI-b system with a

Newport 300 W xenon arc lamp. The white light was filtered into monochromatic light
by a Newport Cornerstone 260 monochromator with a 10 nm increment and chopped
into a frequency of 78 Hz before being conducted to the solar cell surface via optical
fibers. The system is calibrated using a Si reference cell with known spectral response
before every measurement. The electrical response of the cell was measured with a
Stanford Research SR830 Lock-In amplifier (time constant of 0.3 s) and evaluated in
the proprietary software. The implied 𝐽SC was calculated through integration of the
interpolation of the EQE spectrum multiplied with the AM1.5G spectrum at every
wavelength (1 nm step). The typical short-circuit current mismatch between integrated
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external quantum efficiency (EQE) times AM1.5G irradiance and values from J-V scans
is around 1%.

7.2.5 Material and interface analysis via photoluminescence

During optimization runs of perovskite film quality, for investigating interfacial recom-
bination losses and tracking halide segregation, photoluminescence (PL) spectroscopy
has been extensively used. Mostly, PL measurements (absolute and time-resolved) were
conducted in the laboratories of Thomas Unold (HZB Wannsee).

Absolute photoluminescence

The absolute PL images and spectra as in chapter 4 were recorded in a custom hyper-
spectral imaging setup using excitation two 450 nm LEDs, calibrated to 1-sun equivalent
fluence. PL emission was collected with a CCD camera coupled to a tunable liquid crys-
tal filter for wavelength-selectivity The camera/filter column was calibrated to absolute
photon numbers with light sources of known fluences, thus enabling to estimate the
quasi fermi-level splitting from the generalized Planck law using the high-energy tail
fit method. Alternatively, especially for samples that have shown double-peaks or not
well-behaved spectral shapes, the PLQY was calculated to calculate the QFLS via the
’Ross method’ (see eq. (2.8)). The samples were measured in air (encapsulation with,
e.g., blufixx had an influence on the PL and was thus omitted) and often, a light-soaking
effect was observed (rise of QFLS during the first few minutes of illumination, by
roughly 10-30meV).

Time-dependent steady state absolute photoluminescence measurements (for track-
ing halide segregation as in chapter 5) were performed with 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 1.2E+16 photons/s and a spot size on the sample of 0.12 cm2 (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 mm2. 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 mm2 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 integration. Measurements were carried out in air; the samples were
measured promptly after they were taken out from the N2-filled glovebox.
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Transient photoluminescence

Time-resolved photoluminescence (trPL) measurements were carried out in a home-
built setup using excitation at a 660 nm wavelength from a pulsed supercontinuum
laser light source (SuperK) with a spot size of 25-35 µm in diameter. The repetition rate
was set to 125 or 304 kHz and the sample’s PL emission was collected panchromatically
through a photomultiplier. Utilizing a time-correlated single photon counting technique
(TCSPC), the PL decay was recorded with a time resolution of approximately 4 ns. The
excitation power was varied with a linear ND filter, tracked with a power meter and
chosen as follows, for injecting approximately the amount of charge carriers that is
relevant for device operation under 1-sun conditions: If at a 1-sun equivalent excess
charge-carrier density Δn the PL decay is dominated by monomolecular recombination,
the recombination rate R can be approximated by Δ𝑛/𝜏 , where 𝜏 is the trap-assisted
recombination-limited lifetime. At quasi steady state, the generation rate G equals R.
Thus, G is roughly the photon flux per penetration depth (approximated by the film
thickness, approx. 500 nm) divided by the steady-state PL lifetime (we assume 500
ns). This G is compared to the expected G under 1-sun equivalent excitation for an
absorber with 1.63 eV band gap, which is given by the respective integration of the
AM1.5G irradiance spectrum (1.5E+21m−2 s−1 ). Under these estimations, a fluence of
10-30 nJ/cm2 of pulsed excitation should create a 1-sun equivalent quasi-steady-state
situation. 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.

Transient surface photovoltage

The SPV measurements were conducted by Igal Levine and Thomas Dittrich in fixed-
capacitor configuration, where one electrode is below the substrate (connected to the
ITO) and the other (a FTO-coated quartz cylinder) layed on top of the sample with a mica
sheet in between. Excitation was performed with a pulsed laser (600 nm wavelength)
at 2Hz repetition rate and the SPV signal was recorded with an oscilloscope card (at
200MS/s) with 100 averages per transient.
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7.3 Publication to chapter 3
The paper is reprinted here with permission from John Wiley and Sons (lic. no.
4984111482075) [207].
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Figure 7.5: This publication was highlighted on the cover page of Advanced Energy Materi-
als, depicting a self-assembled molecule between a bottom electrode and perovskite layer.
Reprinted with permission by John Wiley and Sons (licence no. 5000461030985), [282]; art-
work by Saule Magomedoviene.
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results for perovskite solar cells (PSCs)[2] 
were achieved in n-i-p configuration 
(in literature often referred to as “regular” 
PSCs) with a combination of a compact 
and mesoporous TiO2 layer as an electron 
transporting material (ETL) deposited on a 
transparent conductive oxide (TCO) sub-
strate. So called “planar” regular solar cells 
have also been reported using compact 
TiO2, SnO2, fullerene-based derivatives or 
a combination of these layers.[3–6] Recently, 
the p–i–n configuration (in literature often 
referred to as “inverted” PSCs), where first 
the hole transporting material (HTM) is 
deposited on the TCO, gained significant 
attention with reported efficiency over 
20%.[7,8]

p–i–n PSCs have several advantages 
in comparison to the n–i–p architecture. 
First, high temperature annealing, which 
is required for the TiO2 layer formation, is 
avoided. Second, they are known to have 
much less pronounced hysteresis, leading 

to virtually “hysteresis-free” devices,[9] even though it can still 
be detected under certain conditions.[10,11] Third, much cheaper 
copper can be used instead of gold as a metal contact layer.[7] 
Next, no doping is needed for the charge selective contacts 
which might improve the long-term stability, as dopants of 
spiro-OMeTAD are known to reduce device stability.[12] Finally, 
the p–i–n configuration was shown to enable higher tandem 
efficiency potential due to less parasitic absorption in the front 
contact[13,14] and thus p–i–n PSCs have a great potential for fur-
ther development.

Currently, most popular hole transporting materials for 
p–i–n PSCs are p-type polymers (e.g., poly[bis(4-phenyl)
(2,4,6-trimethylphenyl)amine] (PTAA),[8,15] Poly-TPD,[16,17] 
PEDOT:PSS[18,19]), or inorganic metal oxides (e.g., NiOx

[20]), 
which are deposited by a spin-coating technique. However, 
spin-coating is not suitable for large-scale production due to 
low throughput and large waste of materials. As an alternative, 
vacuum deposition technique can be utilized for the HTM for-
mation (e.g., for TaTm[21]), yet its application is limited to small 
molecules, which are compatible with sublimation but usually 
not with solution-processed perovskites due to their low resist-
ance to the used solvents.

In a recent work by Stolterfoht et al.[8] it was shown that 
reduction of the HTM film thickness leads to increase 

The unprecedented emergence of perovskite-based solar cells (PSCs) has been 
accompanied by an intensive search of suitable materials for charge-selective 
contacts. For the first time a hole-transporting self-assembled monolayer 
(SAM) as the dopant-free hole-selective contact in p–i–n PSCs is used and 
a power conversion efficiency of up to 17.8% with average fill factor close 
to 80% and undetectable parasitic absorption is demonstrated. SAM forma-
tion is achieved by simply immersing the substrate into a solution of a novel 
mole cule V1036 that binds to the indium tin oxide surface due to its phos-
phonic anchoring group. The SAM and its modifications are further character-
ized by Fourier-transform infrared and vibrational sum-frequency generation  
spectroscopy. In addition, photoelectron spectroscopy in air is used for 
measuring the ionization potential of the studied SAMs. This novel approach  
is also suitable for achieving a conformal coverage of large-area and/or tex-
tured substrates with minimal material consumption and can potentially be 
extended to serve as a model system for substrate-based perovskite nuclea-
tion and passivation control. Further gains in efficiency can be expected upon 
SAM optimization by means of molecular and compositional engineering.
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Hole Transporting Monolayers

1. Introduction

In a strikingly short period of time, solar cells with 
organic–inorganic perovskite absorbing layers have sur-
passed 20% power conversion efficiency (PCE), with a current 
record efficiency of 23.3%.[1] So far, the published record 
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in the FF (fill factor). However, as the films are getting 
thinner, the open-circuit voltage (Voc) sharply drops, possibly 
due to the incomplete coverage of indium tin oxide (ITO), 
leading to a direct contact between perovskite and ITO and 
thereby enhancing the interface recombination.

The formation of a self-assembled monolayer (SAM) on 
TCO circumvents the disadvantages of spin-coating or vacuum 
deposition, while offering the benefits of uniformly formed 
layers with minimized thickness.[22,23] SAM HTMs would have 
minimal parasitic absorption, very low material consumption, 
would help to avoid doping procedures, and could be adopted 
for the large area production of solar cells. Moreover, due to 
the covalent linking to the substrate surface these layers are 
relatively tolerant against perovskite processing and could 
potentially ensure a conformal coverage of textured surfaces. 
Therefore, SAM HTMs would be perfect candidates for direct 
integration into monolithic perovskite/silicon solar cells on tex-
tured silicon or rough CIGS substrates.

Molecules with phosphonic acid anchoring groups are 
known to form densely packed, uniform monolayers on various 
oxides,[22,23] in particular on ITO by forming strong bidentate/tri-
dentate bonds with the oxide surface,[24,25] which was shown to 
occur even at room temperatures.[26] They have been utilized for 
various applications, e.g., in dye-sensitized solar cells (DSSCs)[27] 
and in electrochromic devices.[28,29] However, up to date there are 
just several reports on the synthesis and application of hole trans-
porting molecules, functionalized with phosphonic acid groups. 
Applications can be found in organic light-emitting diodes 
(OLEDs),[30] where HTM SAMs were used for better charge 
injection, or in SAM field-effect transistors (SAMFETs).[31,32]

Recently, several reports were published by Hou et al. on the 
use of a phosphonic acid-based mixed C60/organic SAM as an 
ETL in n–i–p PSCs, replacing TiO2.[33,34] Siloxane-functionalized 
C60 SAMs were used by Topolovsek et al. in a similar fashion.[35] 
In the work of Lin et al.[36] insulating SAMs on gold were used 
to achieve surface dipole assisted charge extraction. However, to 
the best of our knowledge, no hole-transporting SAMs for PSCs 
have been reported up to date.

In this work, a new hole transporting material V1036,[37] with 
a phosphonic acid anchoring group was synthesized and used 
for the formation of a self-assembled hole-transporting mono-
layer (SA-HTM) on ITO. For the first time, p–i–n PSCs with a 
SA-HTM were constructed and showed a very promising power 
conversion efficiency close to 18% using a mixed cation/mixed 
halide perovskite composition, the so called “triple cation” 

perovskite.[38] We believe that this strategy can be further devel-
oped by introducing other well-known HTM fragments, which 
eventually could lead to even higher efficiencies. Furthermore, 
use of the SAMs opens possibilities for the substrate-based 
perovskite nucleation and passivation control.

2. Results and Discussion

For this purpose, dimethoxydiphenylamine substituted car-
bazole V1036, functionalized with phosphonic acid, was syn-
thesized. Dimethoxydiphenylamine substituted carbazole 
fragment can be found in several efficient HTMs[39–41] for reg-
ular perovskite solar cells, and reactive nitrogen in the 9-posi-
tion of carbazole can be further used for the functionalization 
with a phosphonic acid anchoring group.

Synthesis was done in a 4-step synthetic procedure, starting 
from commercially available materials (Scheme 1A). 3,6-Dibro-
mocarbazole was alkylated with 1,2-dibromoethane to give inter-
mediate compound 1. In the next step, by the means of Arbuzov 
reaction, aliphatic bromide was transformed into phosphonic acid 
ethyl ester 2. Dimethoxydiphenylamine fragments were intro-
duced to yield compound 3 via palladium-catalyzed Buchwald–
Hartwig amination reaction. Finally, cleavage of the ester with 
bromotrimethylsilane resulted in phosphonic acid V1036. Struc-
tures of the synthesized compounds were confirmed by means of 
1H and 13C NMR spectroscopy. A more detailed description of the 
synthetic procedures is available in the Supporting Information. 
A relatively high overall yield of 46% for the four-step synthesis 
is achieved due to the simplicity of most of the stages, making 
V1036 a promising material for the practical application.

In an inverted PSC light first passes through the HTM 
layer when illuminated from the glass-substrate side, thus it is 
important to minimize parasitic absorption of this layer. Optical 
properties of V1036 were investigated by means of UV–vis 
spectroscopy (Figure 1A). A strong π–π* absorption band, with 
λmax = 304 nm, as well as a weaker n–π* band in the 350–450 nm 
region, which is characteristic for the dimethoxydiphenylamine 
3,6-substituted carbazole chromophoric system,[39] can be 
observed. In comparison to PTAA (λmax = 387 nm), V1036 has 
an absorption maximum in a shorter wavelength range and 
weaker absorption in the visible range.

Additionally, UV–vis absorption of a PTAA layer and 
V1036 SAM on ITO was measured as displayed in Figure 1B. 
The SAM is formed on the ITO substrate by immersing the 
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Scheme 1. A) Synthesis of the phosphonic acid functionalized carbazole derivative V1036. B) Chemical structure of C4, which was used in this study 
for the formation of mixed SAMs A-(a)1,2-dibromoethane (6.5 mL per equiv.), TBABr (0.3 equiv.), 50% KOH aqueous solution (15 equiv.), 72 h, 60 °C; 
A-(b) triethylphosphite (3.6 mL per /equiv.), 18 h, 165 °C; A-(c) 4,4′-dimethoxydiphenylamine (3 equiv.), Pd(OAc)2 (0.3 equiv.), P(t-Bu)3·BF3 (0.6 equiv.), 
NaOt-Bu (3 equiv.), anhydrous toluene (24.5 mL per equiv.), Ar, 5 h, reflux; A-(d) BrSi(CH3)3 (10 equiv.), anhydrous dioxane (29.4 mL per equiv.), Ar, 
24 h, 25 °C; A-(e) MeOH (19.6 mL per equiv.), H2O (19.6 mL per equiv.), 15 h, r.t.
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substrate into a 1 × 10−3 m solution of V1036 in isopropanol 
(see the Supporting Information for more details) for 20 h. 
Subsequently, the substrate is blown dry with nitrogen and 
then annealed for 1 h at 100 °C on a hotplate, before being 
washed with isopropanol and chlorobenzene. As can be seen 
from Figure 1B, the V1036 SAM has a negligible influence on 
the absorption of ITO (<1%), therefore no parasitic absorption 
is expected. Under the given measurement uncertainty of ≈1% 
of the spectroscopy setup, the UV–vis spectra together with 
optical simulations allow us to estimate an upper bound for 
the thickness of the V1036 layer on ITO (see the Supporting 
Information for more details). Assuming a previously reported 
surface packing density of 0.7 nm² per molecule for a simi-
larly sized molecule,[30] the simulation reveals that the layer 
thickness must be below 2 nm in order to show an absorp-
tion of under 1% at 375 nm. The vertical size of the molecule 
(DFT calculations, Figures S20 and S21, Supporting Informa-
tion) is ≈1.5 nm, pointing toward monolayer thickness.

Thermal decomposition of the V1036 was investigated by 
means of thermogravimetric analysis (TGA). In Figure S1 

(Supporting Information), a TGA heating curve of V1036 is shown, 
from which the 95% weight loss temperature (Tdec) of 343 °C  
was determined. Tdec is high enough to make this material suit-
able for the practical applications in optoelectronic devices.

The first indication of a surface modification is the change of 
the contact angle of perovskite solution on the treated ITO sub-
strates. In previous reports, SAM solutions mixed with smaller 
aliphatic molecules as fillers were used to improve the quality of 
the formed monolayers.[42,43] Following this insight, we mixed 
our SAM solution with butylphosphonic acid (C4) (Scheme 1B) 
in different ratios, as aliphatic phosphonic acids are known to 
form dense insulating monolayers on oxides,[44,45] and investi-
gated the influence on contact angle and solar cell device per-
formance. The total concentration of both phosphonic acids 
in the solutions was kept at 1 × 10−3 m, such that, e.g., a 50% 
V1036 50% C4 SAM solution consists of 0.5 × 10−3 m V1036 
and 0.5 × 10−3 m C4. Figure 2 shows contact angle measure-
ments using “triple cation” perovskite solution in DMF:DMSO 
(4:1; v:v) as a probing liquid for different compositions of the 
immersion solution. As can be seen in Figure 2 and Table S1 
(Supporting Information), for PTAA, 100% V1036 SAM, and 
100% C4 SAM contact angles are 42.6°, 26.3°, and 60.5° respec-
tively. For the mixed SAMs, the contact angle gradually changes 
with changing molar ratio between C4 and V1036, confirming 
the presence of both species on the ITO surface. The smooth 
transition of the contact angle values confirms that the ratio of 
C4 to V1036 on the surface can be modified in a controllable 
fashion via composition of the immersion solution. Differ-
ences in contact angle correlate with the polarity of the mate-
rial, giving the largest value for nonpolar aliphatic 100% C4 
SAM, and lowest value for 100% V1036 SAM because of its 
polar methoxy functional groups.
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Figure 1. A) UV–vis absorption spectra for 10−4 m THF solution of V1036 
and PTAA; B) UV–vis absorption spectra of the bare ITO substrate, ITO 
with PTAA, and ITO with 100% V1036 SAM.

Figure 2. A) Contact angle dependence on the percentage of the V1036 
in the SAM composition; B) Equilibrium contact angle of perovskite 
solution on 100% C4 SAM; PTAA; 100% V1036 SAM.
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To confirm that the surface modification is indeed induced by 
V1036 molecules, Fourier-transform infrared (FTIR) spectra of 
the studied SAMs on ITO substrates were recorded (Figure 3A) 
and compared to the spectrum of bulk V1036 compound dis-
persed in a potassium bromide (KBr) tablet (Figure 3B). The 
spectrum of a 100% V1036 SAM exhibits two intense bands at 
1238 and 1503 cm−1 along with lower intensity components near 
1442, 1461, and 1485 cm−1 (Figure 3A-(a)). All observed features 
in the monolayer spectrum are close to the absorption bands 
visible in the infrared spectrum of bulk V1036, confirming its 
presence on the surface of the ITO substrate. The most intense 
band at 1503 cm−1 is associated with CC in-plane stretching 
vibration of aromatic rings of the carbazole structure[46–48] with 
some contribution from CC in-plane stretching vibration of 
p-methoxy-phenyl groups.[49] Stretching vibrations of CN 
bonds[47,48] are visible as an intense band near 1238 cm−1. Two 
medium intensity bands located in the vicinity of 1438–1442 and 
1461–1466 cm−1 contain a high contribution from symmetric 
and asymmetric CH3 deformation vibrations of the methoxy 
group.[49] The integrated absorbance intensity of the band near 
1503 cm−1 was found to decrease for the SAM prepared from 
solution containing mixture of V1036 (10%) and C4 (90%) down 
to 0.62 of the relative intensity compared to the 100% V1036 
SAM (relative intensity 1.00), indicating a decrease in surface 

coverage by the V1036 compound in the mixed SAM. Clearly, 
the decrease in surface coverage for the V1036 compound is not 
as high as could be expected from the C4 to V1036 molar ratio 
(1:9) in the adsorption solution, which indicates a higher sur-
face affinity for V1036 compared to C4. 100% V1036 monolayer 
showed no difference after the sample was kept for 25 days at 
ambient temperature in air (Figure S3, Supporting Informa-
tion), suggesting good stability of the formed monolayer.

An additional argument for the absence of multilayers 
can be deducted from an analysis of FTIR spectra of samples 
prepared in adsorption solutions containing different con-
centrations of the V1036 compound (Figure S2, Supporting 
Information). Vibrational bands of surface layers prepared 
from 0.1 and 1 × 10−3 m adsorption solutions are very similar 
both in peak positions and intensities. We found that the full 
width at half maximum (FWHM) of 1503 cm−1 band increases 
just slightly for the layer prepared from 1 × 10−3 m solution. 
The ratio of integrated absorbance intensity, was found to 
be A (0.1 × 10−3 m)/A (1 × 10−3 m) = 0.86 for the band near 
1503 cm−1. Small differences in FTIR spectra of V1036 on ITO 
prepared from 0.1 and 1 × 10−3 m adsorption solutions suggest 
absence of multilayer material for our studied samples.

To further investigate SAMs on the ITO surface and assess 
differences in layer ordering, we performed vibrational sum-fre-
quency generation spectroscopy (VSFG) on the same substrates 
as used for the FTIR spectra. Figure S4 in the Supporting Infor-
mation shows the VSFG spectra of our SAMs in the spectral 
region 1150–1300 cm−1 (A) and 1400–1600 cm−1 (B). Two peaks 
at ≈1237 cm−1 (Figure S4A-(a), Supporting Information) and 
≈1490 cm−1 (Figure S4B-(a) , Supporting Information) were iden-
tified in the spectra of the 100% V1036 SAM substrate. Those 
two bands correspond to the two most intense vibrational bands 
seen in the FTIR spectra of the same monolayer (see Figure 3A-
(a)). The shape of the resonance centered at ≈1490 cm−1 resem-
bles an asymmetric Fano-like resonance curve and also appears 
to be shifted compared to its frequency in the FTIR spectra 
(≈1503 cm−1). This can be explained by an interference between 
the resonant signal and a substantial nonresonant SFG signal 
from the ITO substrate, leading to spectral distortions as can be 
deduced from Equation S1 in the Supporting Information.[50]

No vibrational bands were identified in the VSFG spectrum of 
a 10% V1036 90% C4 mixed SAM. The FTIR spectra showed that 
the surface coverage of V1036 in the mixed SAM corresponds to 
≈62% of the surface coverage of a pure V1036 SAM. Thus, the 
VSFG signal of a monolayer with such surface coverage should 
be still detectable; however, no signal was registered. We con-
clude that a monolayer prepared from a mixed solution results 
in a more disordered structure compared to a monolayer from 
a pure V1036 solution, since the measured VSFG signal is pro-
portional to the molecular ordering of the probed molecules.[51]

Good matching of the energy levels between the absorber 
and charge selective contacts is an important requirement for 
efficient device operation. The work function of bare ITO was 
previously measured to be 4.6 eV[3] by means of ultraviolet pho-
toelectron spectroscopy (UPS). The perovskite valence band 
edge and conduction band edge energies are measured to be in  
the range of 5.6–5.8 and 3.8–4.2 eV, respectively.[52–54] A good hole 
selective contact should have an ionization potential (Ip) close to 
the perovskite valence band edge energy and a large energetic 
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Figure 3. A) FTIR absorbance spectra of monolayers on ITO substrates 
prepared from (A-(a)) 1 × 10−3 m solution of V1036, (A-(b)) 1 × 10−3 m 
of mixed solution V1036:C4 (1:9), and (A-(c)) 1 × 10−3 m solution of C4. 
B) FTIR spectrum of bulk V1036 in KBr tablet.
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offset between the electron affinity (EA) and the perovskite 
conduction band edge. In order to measure the Ip of the studied 
SAMs, we performed photoelectron spectroscopy in air (PESA) 
measurements on ITO/SAM samples and bulk V1036 (Table 1; 
Table S2, Figures S5–S8, Supporting Information). For a PTAA 
film, spin-coated from a 2 mg mL−1 toluene solution on ITO, an 
Ip value of 5.18 eV was obtained, which is, within the measure-
ment uncertainty of ≈0.03 eV, the same as a previously reported 
value of 5.16 eV.[55] Bulk V1036 showed an Ip of 5.04 eV, which 
is a typical value for this chromophore.[39] For the 100% V1036 
SAM formed on ITO, Ip = 4.98 eV was obtained, which is in 
good agreement with the bulk material value. The mixed SAMs 
with a 10%–50% of V1036 showed Ip in a range of 5.06–5.09 eV, 
with the highest value determined for the 10% V1036 90% C4 
composition. Ip values of these V1036:C4 mixtures are more 
suitable for efficient hole extraction[12] than 100% V1036, or 
5% V1036 95% C4 SAMs (Ip = 5.01 eV). These results further 
suggest that the ionization potential might be potentially con-
trollable by mixing different SAM molecules, opening up the  
possibility to easily adapt to different 
absorbers by choosing a suitable molar ratio 
between HTM SAM mole  cule and filler mole-
cule. Electron affinity of the SAMs was calcu-
lated to be in a range of 2.23–2.34 eV (Table 1) 
which is close to that of PTAA (2.22 eV).

Next, to ensure that perovskite crystal 
formation on the SAM yields a homogenous 
film with reasonable grain size, we compare 
scanning electron microscopy (SEM) images 
of “triple cation” perovskite films on the SAMs 
and on a PTAA-coated substrate. As can be 
seen in Figure 4 and Figure S19 (Supporting 
Information), the grain size of the perovskite is 
dependent on the monolayer composition. For 
the SAMs obtained from solutions containing 
50% and 100% V1036, significantly smaller 
grains were obtained, which can be attrib-
uted to the better wetting of the perovskite 
solution.[15] On the other hand, 10% and 25% 
V1036 SAMs demonstrated very similar mor-
phology to that of the control film on PTAA.

The novelty of our approach lies within 
the usage of a hole transporting fragment 
as a monolayer building block, which acts as 
a hole contact in PSCs. To demonstrate the 

efficient hole extraction and transport of holes to the TCO, we 
fabricated p–i–n PSC devices in a ITO/HTM/Perovskite/C60/
BCP/Cu architecture,[8] using “triple cation” perovskite[38] as an 
absorbing layer. More details on device fabrication can be found 
in the Supporting Information.

The impact of the ratio between the charge transporting 
V1036 and the electrically inactive filler molecule C4 on the 
device performance was studied first. As can be seen in Figure 5 
and Table 2, the best PCE is achieved with the 10% V1036 90% 
C4 mixed SAM. Jsc is almost the same for all SAM compositions, 
showing very small spread. FF values of the best performing 
devices are also very close, yet the results are more spread, and 
on average the best result is obtained for 10% V1036 90% C4 
and 25% V1036 75% C4 SAMs. Out of all performance param-
eters, the most pronounced influence of the C4:V1036 ratio was 
observed in the open-circuit voltage Voc. The better performance 
of the mixed SAMs compared to the pure V1036 SAMs can be 
rationalized based on the several aspects. First, with the addition 
of C4, the wettability of the perovskite solution was decreased, 
which was previously shown to potentially result in better device 
performance due to an improved film morphology.[15] This 
is in agreement with the SEM study of this work (Figure S19,  
Supporting Information). Second, mixing with C4 resulted in 
slightly higher Ip, making it closer to the perovskite valence 
band, which is known to give higher Voc in case of the dopant-
free HTMs.[12] Indeed, in this work the highest Voc is obtained 
by the SAM mixture with the highest Ip (10% V1036 90% C4).  
Third, it was shown by Moia et al.,[56] that hole transport between 
dye monolayer molecules in DSSCs accelerates recombination. 
By introducing insulating molecules in between, this process 
might be suppressed, thus giving higher Voc values. Finally, 
small insulating C4 molecules could reduce direct contact of the 
perovskite with ITO by filling potential gaps left by the larger 
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Table 1. Ip (Wf for ITO), Eg
opt, and EA values of the investigated 

substrates.

Material Ip (Wf for ITO), [eV] Eg
opt, [eV]a) EA, [eV]b)

bulk V1036 5.04 2.75 2.29

100% V1036 SAM 4.98 2.75b) 2.23

10% V1036 90% C4 SAM 5.09 2.75b) 2.34

PTAA 5.18 2.96 2.22

ITO 4.6[3] – –

a)Optical band gap (Eg
opt) estimated from the edge of absorption spectra; 

b)For SAMs same Eg
opt value as for bulk V1036 was used; c)EA calculated using the 

equation EA = Ip−Eg
opt.

Figure 4. Top-view (top) and cross-sectional (bottom) SEM micrographs of perovskite film, 
deposited on PTAA and SAM-coated substrates.
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V1036 molecule, thus reducing interfacial recombination. This 
assumption is supported by the fact that HTM-free devices with 
bare ITO yield very low performance, mainly due to a strong 
reduction of Voc (Figure S9, Supporting Information). Further 
reduction of the ratio from the 10/90 to 5% V1036 and 95% C4 
SAM led to poor wetting by the perovskite solution and thus 
suboptimal film formation and device performance.

In principle, a variety of filler molecules can be used instead 
of C4. The length of the alkyl chain is known to have impact on 
the ordering of the SAM.[57] Thus, to study the influence of the 
length of aliphatic phosphonic acid on the overall device perfor-
mance, we tested ethylphosphonic (C2), and n-hexylphosphonic 
(C6) acids as well. It was impossible to form a perovskite film 
on 10% V1036 90% C6 SAM due to bad wetting. Devices 
with C2 filler gave slightly lower performance compared to 
using C4 as a filler molecule, due to a reduction in Voc and Jsc 
(Figure S10, Supporting Information). Such behavior can be 
attributed to a reduction of electron-blocking properties upon 
reduction of the chain length of the filler molecule.[45]

To compare the SAM HTM performance to a well-estab-
lished procedure in p–i–n PSC fabrication, solar cells with 

pristine PTAA[7,8] as a HTM were constructed. As can be seen 
from Figure 6A, best-performing SAM devices (10% V1036 
90% C4) showed a reverse scan PCE of 17.8%, which is slightly 
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Figure 5. J–V characteristics of the best performing PSCs with mixed 
SA-HTMs. Inset: Average and best Voc values obtained for different 
portions of V1036 in the adsorption solution. Error bars are showing the 
standard error.

Table 2. Average PSC performance parametersa) for different SA-HTM compositions.

SA-HTM Jsc, [mA cm−2] Voc, [V] FF, [%] PCE, [%]

5% V1036 95% C4 21.08 ± 0.27 (21.3) 0.95 ± 0.06 (0.98) 65.80 ± 2.11 (77.1) 13.05 ± 0.90 (16.1)

10% V1036 90% C4 21.19 ± 0.10 (21.4) 1.05 ± 0.01 (1.09) 70.87 ± 1.76 (76.5) 15.78 ± 0.55 (17.8)

25% V1036 75% C4 21.27 ± 0.19 (21.7) 1.02 ± 0.01 (1.06) 71.22 ± 1.56 (76.1) 15.43 ± 0.48 (17.5)

50% V1036 50% C4 20.91 ± 0.08 (21.2) 0.94 ± 0.01 (0.96) 67.17 ± 2.20 (76.0) 13.24 ± 0.51 (15.4)

100% V1036 21.22 ± 0.28 (21.8) 0.93 ± 0.03 (0.96) 66.48 ± 2.12 (72.8) 13.16 ± 0.83 (15.3)

a)Data were extracted from J–V scans, including the standard errors and performance parameters of the best devices (in brackets). The statistics is based on 9–15 cells on 
different substrates for each SA-HTM composition.

Figure 6. A) J–V characteristics of the best performing PSCs with 10% 
V1036 90% C4 SAM and PTAA HTMs. The inset shows maximum power 
point (MPP) tracking of the best devices. B) EQE spectra of representative 
PTAA and mixed SA-HTM devices. The current values in parentheses are 
integrated Jsc values from the shown EQE spectra and the inset shows 
the statistical distribution of Jsc for both device types.
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lower than that of the device with PTAA (19.2%) as the HTM. 
A stabilized efficiency from maximum power point tracking of 
17.1% (Figure 6A, inset) and only a small difference between for-
ward and reverse scans (Figure S11, Supporting Information) was 
measured at a high voltage sweep speed of 250 mV s−1. Addition-
ally, we performed a stability comparison. Both devices showed 
comparable shelf lifetime stability (Figure S16, Supporting Infor-
mation), with ≈95% and ≈94% of the maximal performance for 
most stable PTAA and SAM-based devices respectively retained 
after 180 d of storage (N2, dark, room temperature). Considering 
that we here compare a monolayer to a dense polymeric film, the 
insignificant difference in stability is a remarkable fact.

To have a conclusive comparison between PTAA and SAM 
device performance parameters, a statistical study was con-
ducted. The results are presented in Table 3 and Figures S12–S15  
(Supporting Information). On average, Jsc values are ≈0.3 mA cm−2 
higher for SAM devices. The reason behind the higher Jsc of 
the SA-HTM-based PSCs compared to PTAA-based PSCs can 
be directly elucidated by external quantum efficiency (EQE) 
measurements performed on full devices. Figure 6B shows 
that the gain in current stems from a higher EQE in the 
range from 350 to 400 nm. It can be attributed to the reduced 
absorption from the HTM, as already indicated by UV–vis 
absorption measurements (Figure 1B). Jsc values, obtained by 
integration of the EQE data, are in a close agreement with Jsc 
values obtained from J–V scans (within 1%–2%). FF values are 
on a high level for both device classes with a slight advantage 
for SAM devices, which is remarkable considering that only a 
single molecule layer yields sufficiently good selectivity, high 
charge extraction and shunt resistance needed for such high 
average FF values (close to 80%). Electrochemical impedance 
spectroscopy and dark JV measurements (Figures S22–S25,  
Supporting Information) further confirm the high charge 
extraction efficiencies of SAM-based devices. The PCE is 
mainly limited by Voc, which will be the subject of further 
optimization and can be addressed by structurally more pre-
ferred hole transporting fragments.

3. Conclusion

In conclusion, a new promising HTM formation concept was 
presented in this work. For this purpose, a new molecule V1036, 
containing a hole transporting fragment and phosphonic acid 
group, was synthesized and used for the formation of self-
assembled HTMs on ITO surfaces. The presence of V1036 on 
the surface of the ITO was confirmed by FTIR, VSFG, contact 
angle, and Ip measurements. It was demonstrated that the addi-
tion of a small molecule, resulting in mixed SAMs, can have 
a positive impact on overall performance of SA-HTM-based 

devices, reaching a PCE of 17.8% for a 10% V1036 90% C4 
SAM-based device. The small amount of V1036 needed for 
the mixed SAM formation can be attributed to its substantially 
higher surface affinity compared to C4. Due to the negligible 
parasitic absorption of SAMs, on average 0.3 mA cm−2 higher 
Jsc was measured compared to PTAA-based devices. Further 
studies will cope with generating an understanding of the 
charge extraction process by the monolayer. We believe that 
even higher efficiencies can be obtained upon further optimi-
zation by means of molecular and compositional engineering, 
e.g., by introducing active functional groups in the structure of 
the monolayer.

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

Acknowledgements
A.M. and A.A.A. contributed equally to this work. A.M. acknowledges 
funding by the German Academic Exchange Service (DAAD). A.M., E.K., 
T.M., and V.G. acknowledge funding from the European Union’s Horizon 
2020 research and innovation programme under grant agreement No. 
763977 of the PerTPV project. A.A.A., M.J., and S.A. acknowledge the 
German Federal Ministry of Education and Research (BMBF) for funding 
of the Young Investigator Group (Grant no. 03SF0540) within the project 
“Materialforschung für die Energiewende.” The authors acknowledge E. 
Kamarauskas from Vilnius University for measurements of ionization 
potential and C. Klimm from Helmholtz-Center Berlin for SEM 
measurements. A.A.A. thanks Nga Phung for her help with impedance 
spectroscopy.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
hole transporting materials, perovskite solar cells, self-assembled 
monolayers

Received: June 18, 2018
Revised: August 24, 2018

Published online: 

[1] NREL efficiency chart. NREL Effic. chart 2018.
[2] W. S. Yang, B.-W. Park, E. H. Jung, N. J. Jeon, Y. C. Kim, D. U. Lee, 

S. S. Shin, J. Seo, E. K. Kim, J. H. Noh, S. Il Seok, Science 2017, 356, 
1376.

Adv. Energy Mater. 2018, 1801892

Table 3. Average PSCs performance parametersa) with 10% V1036 90% C4 and PTAA HTMs.

HTM Jsc, [mA cm−2] Voc, [V] FF, [%] PCE, [%]

PTAA 20.87 ± 0.06 (21.8) 1.09 ± 0.002 (1.13) 77.82 ± 0.28 (81.0) 17.69 ± 0.08 (19.2)

10% V1036 90% C4 21.01 ± 0.06 (21.9) 1.00 ± 0.006 (1.09) 78.33 ± 0.46 (81.0) 16.46 ± 0.15 (17.8)

a)Data, extracted from J–V scans, including the standard errors and the best performance parameters (in brackets). The statistics is based on 41 and 68 cells from several 
batches for 10% V1036 90% C4 and PTAA respectively.



www.advenergymat.dewww.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1801892 (8 of 9)Adv. Energy Mater. 2018, 1801892

[3] L. Kegelmann, C. M. Wolff, C. Awino, F. Lang, E. L. Unger, L. Korte, 
T. Dittrich, D. Neher, B. Rech, S. Albrecht, ACS Appl. Mater. 
Interfaces 2017, 9, 17245.

[4] S.-H. Turren-Cruz, M. Saliba, M. T. Mayer, H. Juárez-Santiesteban,  
X. Mathew, L. Nienhaus, W. Tress, M. P. Erodici, M.-J. Sher, 
M. G. Bawendi, M. Grätzel, A. Abate, A. Hagfeldt, J.-P. Correa-Baena,  
Energy Environ. Sci. 2018, 11, 78.

[5] E. H. Anaraki, A. Kermanpur, L. Steier, K. Domanski, T. Matsui, 
W. Tress, M. Saliba, A. Abate, M. Grätzel, A. Hagfeldt,  
J.-P. Correa-Baena, Energy Environ. Sci. 2016, 9, 3128.

[6] D. Yang, X. Zhou, R. Yang, Z. Yang, W. Yu, X. Wang, C. Li, S. (Frank) 
Liu, R. P. H. Chang, Energy Environ. Sci. 2016, 9, 3071.

[7] J. Zhao, X. Zheng, Y. Deng, T. Li, Y. Shao, A. Gruverman, J. Shield, 
J. Huang, Energy Environ. Sci. 2016, 9, 3650.

[8] M. Stolterfoht, C. M. Wolff, Y. Amir, A. Paulke, L. Perdigón-Toro, 
P. Caprioglio, D. Neher, Energy Environ. Sci. 2017, 10, 1530.

[9] J. H. Heo, H. J. Han, D. Kim, T. K. Ahn, S. H. Im, Energy Environ. 
Sci. 2015, 8, 1602.

[10] D. Bryant, S. Wheeler, B. C. O’Regan, T. Watson, P. R. F. Barnes, 
D. Worsley, J. Durrant, J. Phys. Chem. Lett. 2015, 6, 3190.

[11] P. Calado, A. M. Telford, D. Bryant, X. Li, J. Nelson, B. C. O’Regan, 
P. R. F. Barnes, Nat. Commun. 2016, 7, 13831.

[12] W. Zhou, Z. Wen, P. Gao, Adv. Energy Mater. 2018, 8, 1702512.
[13] K. Jäger, L. Korte, B. Rech, S. Albrecht, Opt. Express 2017, 25,  

A473.
[14] K. A. Bush, A. F. Palmstrom, Z. J. Yu, M. Boccard, R. Cheacharoen, 

J. P. Mailoa, D. P. McMeekin, R. L. Z. Hoye, C. D. Bailie, T. Leijtens, 
I. M. Peters, M. C. Minichetti, N. Rolston, R. Prasanna, S. Sofia, 
D. Harwood, W. Ma, F. Moghadam, H. J. Snaith, T. Buonassisi, 
Z. C. Holman, S. F. Bent, M. D. McGehee, Nat. Energy 2017, 2,  
17009.

[15] C. Bi, Q. Wang, Y. Shao, Y. Yuan, Z. Xiao, J. Huang, Nat. Commun. 
2015, 6, 7747.

[16] O. Malinkiewicz, A. Yella, Y. H. Lee, G. M. Espallargas, M. Graetzel, 
M. K. Nazeeruddin, H. J. Bolink, Nat. Photonics 2014, 8,  
128.

[17] J. T.-W. Wang, Z. Wang, S. Pathak, W. Zhang, D. W. deQuilettes, 
F. Wisnivesky-Rocca-Rivarola, J. Huang, P. K. Nayak, J. B. Patel, 
H. A. Mohd Yusof, Y. Vaynzof, R. Zhu, I. Ramirez, J. Zhang, 
C. Ducati, C. Grovenor, M. B. Johnston, D. S. Ginger, R. J. Nicholas, 
H. J. Snaith, Energy Environ. Sci. 2016, 9, 2892.

[18] P. Docampo, J. M. Ball, M. Darwich, G. E. Eperon, H. J. Snaith, Nat. 
Commun. 2013, 4, 2761.

[19] C.-G. Wu, C.-H. Chiang, Z.-L. Tseng, M. K. Nazeeruddin, 
A. Hagfeldt, M. Grätzel, Energy Environ. Sci. 2015, 8, 2725.

[20] W. Chen, Y. Wu, Y. Yue, J. Liu, W. Zhang, X. Yang, H. Chen, E. Bi, 
I. Ashraful, M. Grätzel, L. Han, Science 2015, 350, 944.

[21] C. Momblona, L. Gil-Escrig, E. Bandiello, E. M. Hutter, M. Sessolo, 
K. Lederer, J. Blochwitz-Nimoth, H. J. Bolink, Energy Environ. Sci. 
2016, 9, 3456.

[22] P. J. Hotchkiss, S. C. Jones, S. A. Paniagua, A. Sharma, B. Kippelen, 
N. R. Armstrong, S. R. Marder, Acc. Chem. Res. 2012, 45,  
337.

[23] S. A. Paniagua, A. J. Giordano, O. L. Smith, S. Barlow, H. Li, 
N. R. Armstrong, J. E. Pemberton, J. L. Brédas, D. Ginger, 
S. R. Marder, Chem. Rev. 2016, 116, 7117.

[24] P. B. Paramonov, S. A. Paniagua, P. J. Hotchkiss, S. C. Jones, 
N. R. Armstrong, S. R. Marder, J.-L. Brédas, Chem. Mater. 2008, 20, 
5131.

[25] S. A. Paniagua, P. J. Hotchkiss, S. C. Jones, S. R. Marder, 
A. Mudalige, F. S. Marrikar, J. E. Pemberton, N. R. Armstrong, 
J. Phys. Chem. C 2008, 112, 7809.

[26] S. A. Paniagua, E. L. Li, S. R. Marder, Phys. Chem. Chem. Phys. 2014, 
16, 2874.

[27] P. Wang, C. Klein, J.-E. Moser, R. Humphry-Baker, N.-L. Cevey-Ha, 
R. Charvet, P. Comte, A. Shaik, M. Zakeeruddin, M. Grätzel, J. Phys. 
Chem. B 2004, 108, 17553.

[28] R. Cinnsealach, G. Boschloo, S. Nagaraja Rao, D. Fitzmaurice, Sol. 
Energy Mater. Sol. Cells 1999, 57, 107.

[29] N. Vlachopoulos, J. Nissfolk, M. Möller, A. Briançon, D. Corr, 
C. Grave, N. Leyland, R. Mesmer, F. Pichot, M. Ryan, G. Boschloo, 
A. Hagfeldt, Electrochim. Acta 2008, 53, 4065.

[30] J. A. Bardecker, H. Ma, T. Kim, F. Huang, M. S. Liu, 
Y.-J. Cheng, G. Ting, A. K.-Y. Jen, Adv. Funct. Mater. 2008, 18,  
3964.

[31] B. Gothe, T. de Roo, J. Will, T. Unruh, S. Mecking, M. Halik, 
Nanoscale 2017, 9, 18584.

[32] M. Novak, A. Ebel, T. Meyer-Friedrichsen, A. Jedaa, B. F. Vieweg, 
G. Yang, K. Voitchovsky, F. Stellacci, E. Spiecker, A. Hirsch, 
M. Halik, Nano Lett. 2011, 11, 156.

[33] Y. Hou, S. Scheiner, X. Tang, N. Gasparini, M. Richter, N. Li, 
P. Schweizer, S. Chen, H. Chen, C. O. R. Quiroz, X. Du, G. J. Matt, 
A. Osvet, E. Spiecker, R. H. Fink, A. Hirsch, M. Halik, C. J. Brabec, 
Adv. Mater. Interfaces 2017, 4, 1700007.

[34] Y. Hou, X. Du, S. Scheiner, D. P. McMeekin, Z. Wang, N. Li, 
M. S. Killian, H. Chen, M. Richter, I. Levchuk, N. Schrenker, 
E. Spiecker, T. Stubhan, N. A. Luechinger, A. Hirsch, P. Schmuki, 
H.-P. Steinrück, R. H. Fink, M. Halik, H. J. Snaith, C. J. Brabec, 
Science 2017, 358, 1192.

[35] P. Topolovsek, F. Lamberti, T. Gatti, A. Cito, J. M. Ball, E. Menna, 
C. Gadermaier, A. Petrozza, J. Mater. Chem. A 2017, 5,  
11882.

[36] X. Lin, A. N. Jumabekov, N. N. Lal, A. R. Pascoe, D. E. Gómez, 
N. W. Duffy, A. S. R. Chesman, K. Sears, M. Fournier, Y. Zhang, 
Q. Bao, Y.-B. Cheng, L. Spiccia, U. Bach, Nat. Commun. 2017, 8, 
613.

[37] A. Magomedov, A. Al-Ashouri, E. Kasparavic̆ius, S. Albrecht, 
V. Getautis, M. Jost, T. Malinauskas, L. Kegelmann, E. Köhnen, Hole 
Transporting Self-Assembled Monolayer for Perovskite Solar Cells, 
Patent pending DE 10 2018 115 379.1 2018.

[38] M. Saliba, T. Matsui, J.-Y. Seo, K. Domanski, J.-P. Correa-Baena, 
M. K. Nazeeruddin, S. M. Zakeeruddin, W. Tress, A. Abate, 
A. Hagfeldt, M. Grätzel, Energy Environ. Sci. 2016, 9, 1989.

[39] A. Magomedov, S. Paek, P. Gratia, E. Kasparavicius, 
M. Daskeviciene, E. Kamarauskas, A. Gruodis, V. Jankauskas, 
K. Kantminiene, K. T. Cho, K. Rakstys, T. Malinauskas, V. Getautis, 
M. K. Nazeeruddin, Adv. Funct. Mater. 2018, 28, 1704351.

[40] P. Gratia, A. Magomedov, T. Malinauskas, M. Daskeviciene, 
A. Abate, S. Ahmad, M. Grätzel, V. Getautis, M. K. Nazeeruddin, 
Angew. Chem., Int. Ed. 2015, 54, 11409.

[41] S. Do Sung, M. S. Kang, I. T. Choi, H. M. Kim, H. Kim, M. Hong, 
H. K. Kim, W. I. Lee, Chem. Commun. 2014, 50, 14161.

[42] A. Khassanov, H.-G. Steinrück, T. Schmaltz, A. Magerl, M. Halik, 
Acc. Chem. Res. 2015, 48, 1901.

[43] A. Rumpel, M. Novak, J. Walter, B. Braunschweig, M. Halik, 
W. Peukert, Langmuir 2011, 27, 15016.

[44] K. Jo, H. Yang, J. Electroanal. Chem. 2014, 712, 8.
[45] N. Metoki, L. Liu, E. Beilis, N. Eliaz, D. Mandler, Langmuir 2014, 30, 

6791.
[46] S. Schneider, M. Füser, M. Bolte, A. Terfort, Electrochim. Acta 2017, 

246, 853.
[47] O. I. Negru, M. Grigoras, J. Polym. Res. 2015, 22, 637.
[48] A. Botta, S. Pragliola, V. Venditto, A. Rubino, S. Aprano, 

A. De Girolamo Del Mauro, M. Grazia Maglione, C. Minarini, 
Polym. Compos. 2015, 36, 1110.

[49] O. Abbas, G. Compère, Y. Larondelle, D. Pompeu, H. Rogez, 
V. Baeten, Vib. Spectrosc. 2017, 92, 111.

[50] S. Ye, M. Osawa, Chem. Lett. 2009, 38, 386.



www.advenergymat.dewww.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1801892 (9 of 9)

[51] Y. R. Shen, Nature 1989, 337, 519.
[52] Z. Tang, S. Uchida, T. Bessho, T. Kinoshita, H. Wang, F. Awai, 

R. Jono, M. M. Maitani, J. Nakazaki, T. Kubo, H. Segawa, Nano 
Energy 2018, 45, 184.

[53] C. Wang, C. Zhang, S. Wang, G. Liu, H. Xia, S. Tong, J. He, 
D. Niu, C. Zhou, K. Ding, Y. Gao, J. Yang, Sol. RRL 2018, 2,  
1700209.

[54] M. Deepa, M. Salado, L. Calio, S. Kazim, S. M. Shivaprasad, 
S. Ahmad, Phys. Chem. Chem. Phys. 2017, 19, 4069.

[55] T. Matsui, I. Petrikyte, T. Malinauskas, K. Domanski, M. Daskeviciene,  
M. Steponaitis, P. Gratia, W. Tress, J.-P. Correa-Baena, A. Abate, 
A. Hagfeldt, M. Grätzel, M. K. Nazeeruddin, V. Getautis, M. Saliba,  
ChemSusChem 2016, 9, 2567.

[56] D. Moia, A. Szumska, V. Vaissier, M. Planells, N. Robertson, 
B. C. O’Regan, J. Nelson, P. R. F. Barnes, J. Am. Chem. Soc. 2016, 
138, 13197.

[57] M. D. Losego, J. T. Guske, A. Efremenko, J.-P. Maria, S. Franzen, 
Langmuir 2011, 27, 11883.

Adv. Energy Mater. 2018, 1801892



Copyright WILEY-VCH Verlag GmbH & Co. KGaA, 69469 Weinheim, Germany, 2018.

Supporting Information

for Adv. Energy Mater., DOI: 10.1002/aenm.201801892

Self-Assembled Hole Transporting Monolayer for Highly
Efficient Perovskite Solar Cells

Artiom Magomedov, Amran Al-Ashouri, Ernestas
Kasparavičiius, Simona Strazdaite, Gediminas Niaura, Marko
Jošt, Tadas Malinauskas, Steve Albrecht,* and Vytautas
Getautis*



  

1 

 

Copyright WILEY-VCH Verlag GmbH & Co. KGaA, 69469 Weinheim, Germany, 2016. 

 

Supporting Information  
 

 

Self-Assembled Hole Transporting Monolayer for Perovskite Solar Cells 
 

Artiom Magomedov, Amran Al-Ashouri, Ernestas Kasparavičius, Simona Strazdaite, 

Gediminas Niaura, Marko Jošt, Tadas Malinauskas, Steve Albrecht* and Vytautas Getautis* 

 

General methods 

 

Chemicals, unless stated otherwise, were purchased from Sigma-Aldrich and TCI Europe and 

used as received without further purification. The 1H and 13C NMR spectra were taken on 

Bruker Avance III (400 MHz) spectrometer at RT. All the data are given as chemical shifts in 

δ (ppm). 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 Å, 

Aldrich) was used for column chromatography. Elemental analysis was performed with an 

Exeter Analytical CE-440 elemental analyser, Model 440 C/H/N/. Electrothermal MEL-

TEMP capillary melting point apparatus was used for determination of melting points. 

UV/Vis spectra were recorded on a PerkinElmer Lambda 35 spectrometer.  

Formation of the SAMs 

 

V1036, as well as mixed V1036 and n-butylphosphonic acid (C4) SAMs were formed by 

immersing UV-ozone treated ITO substrates into 1 mM solution of phosphonic acid 

molecules, dissolved in isopropanol, for 20 h, followed by annealing at 100 °C for 1 h and 

subsequent washing with isopropanol and chlorobenzene. To exclude any possible negative 

impact of atmospheric oxygen all procedures were done in a nitrogen-filled glovebox. Used 

notation: e.g. 10% V1036 90% C4 SAM means that monolayer was formed using a solution 
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containing 0.1 mM of V1036 and 0.9 mM of C4. Sometimes a shortened notation was used, 

showing only percentage p of V1036 in the solution (implying a percentage of 1-p for C4). 

 

TGA 

 

Thermogravimetric analysis (TGA) was performed on a Q50 thermogravimetric analyser (TA 

Instruments) at a scan rate of 10 K min-1 under nitrogen atmosphere. 
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Figure S1. TGA heating curve V1036. Heating rate 10°C min-1. 

 

FTIR measurements 

 

For the FTIR and VSFG measurements, 30 nm ITO was deposited on 625 µm thick Silicon 

substrates with DC magnetron sputter deposition in a Roth & Rau sputter tool at room 

temperature. SAMs were formed on these substrates according to the above mentioned 

procedure. 

FTIR spectra of monolayers were recorded in transmission mode by using FTIR spectrometer 

Vertex 80v (Bruker, Inc., Germany), equipped with a liquid-nitrogen cooled MCT narrow 

band detector. Spectra were acquired from 512 interferogram scans with 4 cm−1 resolution; 

final spectrum was obtained by averaging two spectra. A blank Si substrate with 30 nm thick 
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ITO layer was used as a reference sample. The sample chamber and the spectrometer were 

evacuated during the measurements. Spectra were corrected by polynomial function 

background subtraction. No smoothing procedures were applied to the experimental data. 

Parameters of the bands were determined by fitting the experimental contour to Gaussian-

Lorentzian shape components using GRAMS/AI 8.0 (Thermo Electron Corp.) software.  

The infrared spectrum of bulk V1036 sample was recorded in transmission mode on an 

ALPHA FTIR spectrometer (Bruker, Inc., Germany), equipped with a room temperature 

detector DLATGS. The spectral resolution was set at 4 cm−1. The spectrum was acquired 

from 124 interferogram scans. The sample solution was dispersed in a KBr tablet.  

 
Figure S2. FTIR absorbance spectra of V1036 monolayers prepared from (a) 0.1 mM and (b) 

1 mM adsorption solutions. 
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Figure S3. FTIR absorbance spectra of 100% V1036 monolayer in the spectral range of 1503 

cm−1 band recorded (a) initially and (b) after 25 days. 

 

Vibrational Sum frequency generation (VSFG) measurements 

 

VSFG spectra were recorded using a commercially available VSFG system (Ekspla 

PL2143A20). The method was described in detail in previous work.[1] In short, a Nd:YAG 

laser generates pulses at 1064 nm with a pulse length of ~28 ps and 20 kHz repetition rate. 

Part of the laser output is used to pump optical parametric generator (EKSPLA 

PG401VIR/DFG) to produce infrared pulses (IR), which can be tuned in the range between 

1000 cm-1 and 4000 cm-1 with typical energies of 60 – 200 μJ, respectively. The second 

harmonic of the laser output (532 nm) is used as a visible beam (VIS) for sum-frequency 

generation (SF). Sum-frequency is generated when infrared and visible pulses overlap in time 

and space on the sample surface. All spectra in this work were recorded with a polarization 

combination ssp (s – SFG, s – VIS, p - IR). The intensity of the visible beam was attenuated 

to avoid damage of the samples (~30 μJ). The generated sum-frequency light is filtered with a 

monochromator and detected with a photomultiplier tube (PMT). 

The measured VSFG intensity is proportional to 

 (S1) 
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where  is the non-resonant amplitude,  is the resonant amplitude of the q-th vibration, 

ϕ is the phase between resonant and non-resonant contributions. q and q are frequency and 

width of the q-th vibration, respectively.  
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Figure S4. A) VSFG spectra of monolayers on Si/ITO substrate prepared from (a) 1 mM 

solution of V1036, (b) 1 mM of mixed solution V1036:C4 (1:9), and (c) 1 mM solution of C4 

in the spectral region 1150 – 1300 cm-1 and B) in the spectral region 1400 – 1600 cm-1. 
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Contact angle 

 

Contact angle measurements were performed with a Kruss Drop Shape Analysis System 

DSA25. 

Table S1. Values of the equilibrium contact angles for various substrates. 

 

Ionization potential measurements 

 

The solid state ionization potential (Ip) of the V1036, PTAA on ITO, and SA-HTMs on ITO 

was measured by the electron photoemission in air method.[2-4] The sample for the ionization 

potential measurement of bulk V1036 was prepared by dissolving the material in THF and 

coating it on an Al plate, pre-coated with a ~0.5 m thick methylmethacrylate and 

methacrylic acid copolymer adhesive layer. The thickness of the layer was ~0.5-1 m. PTAA 

layer on ITO was formed by spin-coating, in a similar manner to the procedure used for the 

PSC formation. SA-HTMs were formed by the above mentioned procedure. 

Usually, photoemission experiments are carried out in vacuum and high vacuum is one of the 

main requirements for these measurements. If the vacuum is not high enough the sample 

surface oxidation and gas adsorption are influencing the measurement results. In our case, 

however, the organic materials investigated are stable enough towards oxygen, so that the 

measurements could be carried out in air. The samples were illuminated with monochromatic 

Substrate Contact angle, degrees 

PTAA 42.59 

ITO 50.02 

100% C4 60.47 

5% V1036 95% C4 51.43 

10% V1036 90% C4 46.75 

25% V1036 75% C4 34.1 

50% V1036 50% C4 27.84 

100% V1036 26.28 
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light from a quartz monochromator with a deuterium lamp. The power of the incident light 

beam was (2-5)10-8 W. A negative voltage of –300 V was supplied to the sample substrate 

with respect to the counter electrode, which contained a 4.5×15 mm2 slit for illumination and 

was placed at 8 mm distance from the sample surface. The counter-electrode was connected to 

the input of the BK2-16 type electrometer, working in the open input regime, for the 

photocurrent measurement. The 10-15 – 10-12 A strong photocurrent was flowing in the circuit 

under illumination. The photocurrent I is strongly dependent on the incident light photon 

energy h. The I0.5=f(hν) dependence was plotted. Usually the dependence of the photocurrent 

on incident light quanta energy is well described by a linear relationship between I0.5 and hν 

near the threshold. The linear part of this dependence was extrapolated to the h axis and Ip 

value was determined as the photon energy at the interception point. 
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Figure S5. Photoemission in air spectra of the bulk V1036. 
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Figure S6. Photoemission in air spectra of the PTAA film on ITO. 
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Figure S7. Photoemission in air spectra of the 100% V1036 SAM. 
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Figure S8. Photoemission in air spectra of the 10% V1036 90% C4 SAM. 

 

Table S2. Ip values for various substrates. 

Substrate 5% V1036 

95% C4 

10% V1036 

90% C4 

25% V1036 

75% C4 

50% V1036 

50% C4 

100% 

V1036 

Ip, eV 5.01 5.09 5.06 5.07 4.98 

 

Device fabrication 

 

Patterned indium tin oxide (ITO) glass substrates (25x25 mm, 15 Ω sq-1, patterned by 

Automatic Research GmbH) were cleaned sequentially for 15 min with Mucasol 2% solution 

in water (Schülke), Acetone, and Isopropanol in an ultrasonic bath. After that, directly before 

HTM deposition, substrates were treated in an UV-ozone cleaner for 15 min. 

All subsequent procedures were done in a nitrogen-filled glovebox. 

SA-HTMs were deposited as specified above. 

For the PTAA control devices, PTAA (Sigma Aldrich) was spin-coated from a 2 mg ml-1 

solution in anhydrous toluene at 4000 rpm (5 s acceleration) for 30 s and annealed on a hot 

plate at 100°C for 10 min. 

Triple-cation Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 perovskite film was formed according to a 

slightly modified previously reported procedure.[5] First, PbBr2 and PbI2 were dissolved in a 
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mixture of anhydrous DMF:DMSO (4:1 volume ratio), to a nominal concentration of 1.5 M, 

by shaking overnight at 60°C. Next, the PbBr2 and PbI2 stock solutions were added to MABr 

and FAI powders respectively, to obtain MAPbBr3 and FAPbI3 solutions with a final 

concentration of 1.24 M. The molar ratio between lead and the respective cations was 

1.09:1.00 (9% lead excess) for both solutions. MAPbBr3 and FAPbI3 solutions were then 

mixed in a 1:5 volume ratio. Finally, the Cesium cation was added from a 1.5 M CsI solution 

in DMSO in a 5:95 volume ratio. This final Perovskite solution was slightly diluted by adding 

DMF:DMSO (4:1) in a 5:95 volume ratio for substrates with suboptimal wettability properties.   

The Perovskite solution was deposited on top of the HTM layer by spin-coating using the 

following program: 4000 rpm (5 s acceleration) for 35 s (total time – 40 s). After 25 s, 500 µl 

of Ethyl Acetate was poured on the spinning substrate. After the spin-coating program, the 

perovskite-coated sample is annealed at 100°C for 60 min on a hotplate. 

On top of the perovskite, 23 nm of C60 and 8 nm of BCP were deposited by thermal 

evaporation (Mbraun ProVap 3G) with evaporation rates of  ca. 0.1-0.3 Å/s at a base presurre 

of under 1E-6 mbar. Finally, 80-100 nm of Cu was evaporated at a rate of 0.3-1 Å/s to 

complete the device structure. The active area is defined by the overlap of ITO and the metal 

electrode, which is 0.16 cm². 

 

Device characterization 

 

Current-voltage characteristics under 1 sun equivalent illumination were recorded using an 

Oriel LCS-100 class ABB solar simulator in a N2-filled glovebox, calibrated with a Silicon 

reference cell from Fraunhofer ISE. Cross-checks were performed by measuring some 

samples in a Wavelabs Sinus-70 LED class AAA solar simulator in air to ensure correct 

current values. To further reduce possible overestimations, the precise electrode area was 

determined by microscope imaging using a Nikon Eclipse optical microscope. The average 
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short-circuit mismatch between integrated external quantum efficiency (EQE) values and 

values from J-V scans is 1-2%. J-V scans were performed with a Keithley 2400 SMU, 

controlled by a measurement control program written in LabView. The voltage values are 

swept in 20 mV steps with a integration time of 40 ms per point and settling time of 40 mV 

after voltage application, corresponding to a scan speed of 250 mV/s. This fast scan speed is 

chosen to emphasize possible current-voltage hysteresis. Forward and reverse scan are swept 

subsequently without interruption. 

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 white light is split into 

monochromatic light by a Newport Cornerstone 260 monochromator and chopped at a 

frequency of 78 Hz before being conducted to the PSC surface via optical fibers. The system 

is calibrated using a Si reference cell with known spectral response before every measurement 

and cross-checked with an EQE system at the facilities of the Competence Centre Thin-Film- 

and Nanotechnology for Photo- voltaics Berlin (PVcomB). The electical response of the 

device under test is measured with a Stanford Research SR830 Lock-In amplifier and 

evaluated in TracQ. 
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Figure S9. Representative J-V characteristics of HTM-free PSCs (Perovskite directly on ITO). 

Jsc=16.45 mA∙cm-2; Voc=0.25 V; FF=50.15%; PCE=2.1%. 
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Figure S10. J-V characteristics of the PSCs with C4 and C2 aliphatic phosphonic acids. 
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Figure S11. J-V characteristics from forward scan and reverse scan of the best performing 

PSCs with PTAA and 10% V1036 90% C4 SAM HTMs. 

 

Statistical distribution 
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Figure S12. Histogram of PCEs of 41 and 68 cells from several batches for 10% V1036 90% 

C4 and PTAA respectively. 
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Figure S13. Histogram of Jsc of 41 and 68 cells from several batches for 10% V1036 90% C4 

and PTAA respectively. 

 
 

64 68 72 76 80 84 88
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60

 

R
e

la
ti

v
e

 f
re

q
u

e
n

c
y

 

FF (%)

 SAM

 PTAA

 

 
Figure S14. Histogram of FF of 41 and 68 cells from several batches for 10% V1036 90% 

C4 and PTAA respectively. 
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Figure S15. Histogram of Voc of 41 and 68 cells from several batches for 10% V1036 90% 

C4 and PTAA respectively. 
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Stability measurement 

 

 
Figure S16. Shelf lifetime of representative PTAA (cell 1 max. PCE=18.5%) and 10% V1036 

90% C4 SAM (cell 1 max. PCE=17.8%) based devices. The devices were kept in a nitrogen-

filled glovebox, dark, 20-26 °C. Within the measurement uncertainty and cell-to-cell spread, 

the stability of cells with either PTAA or SAM HTM is very similar. 

 

Optical simulation of V1036 absorption 
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Figure S17. Coherent simulation of the absorption for the monolayer material and for PTAA 

in a stack of Air/Glass(1mm)/ITO(12nm)/HTM/Air with light entering from the glass side. 

The dashed line in the left plot shows the highest estimated absorption value that could be 

extracted from the UV/vis measurement shown in the main text. A layer thickness of 2 nm 

would be needed to detect 1% absorption. The dashed line in the right plot shows the 

measured absorption by the PTAA film. The concluded 8-10 nm PTAA thickness is in close 

agreement with other reported values for the used PTAA spin-coating procedure.[6] 
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The optical simulation was performed with GenPro4[7] developed at Delft University of 

Technology. k data for V1036 was calculated from the molar extinction coefficient (ε) 

measurement shown in Figure S17, using a surface packing density of 0.7 nm² per molecule 

and 
𝑘 =

𝛼 ∙ λ

4𝜋
 
, where lambda is the wavelength and alpha the absorption coefficient (molar 

extinction coefficient multiplied with the molar SAM concentration on the surface). Since the 

measured absorption in Figure 1B is zero within the measurement uncertainty of 1%, we can 

conclude that if there is any absorption by the V1036 layer, the layer thickness must be 

between 0 and 2 nm thick. Next to the previous knowledge in literature that such molecules as 

used here form monolayers on oxides, and with the aspects that we wash the SAM substrates 

with solvents after annealing, observe a controllable change in contact angle and measure a 

control of ionization potential, this simulation result together with the absorption 

measurement further confirms the presence of a single monolayer. 
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Figure S18. Left: Used extinction coefficients for the simulation. Right: Simulated absorption 

of the Perovskite layer in the stack Air/Glass(1mm)/ITO(120nm)/HTM(10 nm for 

PTAA)/Perovskite(650nm)/C60(23nm)/Cu(100nm). This plot shows that in EQE, V1036 

would not be detectable.  

 

Scanning electron microscopy 
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Scanning electron microscope pictures were recorded with a Hitachi S-4100 at an acceleration 

voltage of 5 kV.  

 
Figure S19. Top-view SEM micrographs of perovskite film, deposited on different SAM-

coated substrates. 

 

Computational details 

 

Geometry optimization was performed using TURBOMOLE version 7.0 software,[8] with 

Becke's three parameter functional, B3LYP,[9,10] and def2-SVP[11,12] basis set in vacuum. 

Optimized structures and molecular orbitals were visualized with Avogadro: an open-source 

molecular builder and visualization tool. Version 1.1.1.[13] 

 

 
Figure S20. Side-view of the V1036 optimized geometry. 
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Figure S21. Top-view of the V1036 optimized geometry. 

 

Further electrical characterization 

 

Figure S22 shows electrochemical impedance (EIS) measurements on two devices 

comprising a V1036 SAM or PTAA layer respectively, with the rest of the device being equal. 

For the measurements a FRA-equipped Solarlab XM Potentiostat was used, with a Thorlabs 

DC2200 LED driver for controlling the LED intensity. These measurements can be used to 

e.g. characterize interface charge accumulation via fitting with an equivalent circuit model to 

extract device capacitances and resistances. 

 

  

Figure S22. Nyquist plots of electrochemical impedance measurements on a device with a 

V1036 SAM as the p-layer (left) and PTAA as a p-layer (right). The impedance was measured 

at open circuit condition for different illumination intensities (orange LED light) with a 

10 mV voltage modulation in a frequency range of 0.1 Hz to 0.5 MHz.  
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The equivalent circuit used as a model is shown in Figure S23 and consists of a series 

resistance RS accounting for cable and contact resistances, a Voigt element Cg-Rrec describing 

the high frequency device response and another capacitance C1 for the slower relaxation 

processes in the device.[14-16] Cg is being treated as a constant phase element (CPE) with 

impedance Q-1 (Iw)-n, where n is the CPE index describing the ideality of the capacitor and Q 

the CPE prefactor, in order to account for the slight depression of the semicircles.[17] Figure 

S23 shows an exemplary fit to the data displayed as a Bode plot. Special attention has been 

paid to the high frequency part of the measurements since this is typically connected to 

interface charge transfer. For every intensity, RS was held constant at 65 W, RC at 11 W, and 

n was fixed to 0.9. The extracted parameters are plotted in Figure S24. The CPE capacitance 

is calculated from Rrec and Q and n via (Rrec Q)1/n/Rrec. 

 

 

Figure S23. Exemplary fitting result of one EIS curve (PTAA device, 0.6 mW/cm² 

illumination) with using the equivalent circuit shown as an inset.  
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Figure S24. Parameters extracted from fitting the EIS curves with the equivalent circuit 

shown in Figure S23. Note that the low VOC values stem from low illumination intensities 

(0.01-0.05 suns). Left: 100% V1036 SAM, right: PTAA. 

 

It is evident from Figure S24 that both solar cell types show the expected behavior of a rising 

capacitance and falling recombination resistance with illumination intensity. It can be 

concluded from the similar (and even lower) CPE capacitance that no charge extraction 

limitation by charge accumulation is promoted by the SAM. This argument is underlined by 

the comparison of dark currents shown in Figure S25. SAM-based cells show a significantly 

lower dark current around short-circuit condition and similarly high injection as PTAA-based 

devices for applied voltages higher than VOC. Note that the lower currents make the SAM-

based devices more sensitive to hysteretic phenomena in the dark, which explains the shown 

slight hysteresis for some of the SAM devices.  
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Figure S25. Dark JV measurements comparing a typical curve of a PTAA-based device with 

several SAM-based cells. Notably, the shunt resistance of the SAM-based devices is higher 

while showing a similarly high injection efficiency at high forward bias. 

 

 

Synthesis 

 

 
 

3,6-dibromo-9-(2-bromoethyl)-9H-carbazole (1) 

3,6-dibromocarbazole (2 g, 6.15 mmol) was dissolved in 1,2-dibromoethane (40 ml), and 

tetrabuthylammonium bromide (0.198 g, 0.62 mmol) with 50% KOH aqueous solution 

(1.72 ml, 30.77 mmol) were added subsequently. Reaction was stirred at 60°C for three days 

(TLC, acetone:n-hexane, 1:24, v:v) after each 24 h adding 0.198 g of tetrabuthylammonium 

bromide and 1.72 ml of 50% aqueous KOH solution. After completion of the reaction, 

extraction was done with dichloromethane. The organic layer was dried over anhydrous 

Na2SO4 and the solvent was distilled off under reduced pressure. The crude product was 
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purified by column chromatography using acetone:n-hexane, 3:22, v:v as eluent to give 2.4 g 

(90 %) of white crystalline material (Tm=153-155oC). 

Anal. calcd for C14H10NBr3, %: C 38.93; H 2.33; N 3.24; found, %: C 38.78; H 2.42; N 3.11. 

1H NMR (400 MHz, CDCl3) δ 8.07 (d, J = 1.8 Hz, 2H); 7.54 (dd, J = 8.7, 1.9 Hz, 2H), 7.25 (d, 

J = 8.7 Hz, 2H); 4.59 (t, J = 7.2 Hz, 2H); 3.62 (t, J = 7.2 Hz, 2H).  

13C NMR (100 MHz, CDCl3) δ 138.83; 129.28; 123.65; 123.38; 112.71; 110.16; 44.75; 27.94. 
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diethyl [2-(3,6-dibromo-9H-carbazol-9-yl)ethyl]phosphonate (2) 

Compound 1 (2.4 g, 5.55 mmol) was dissolved in triethylphosphite (20 ml) and the reaction 

mixture was heated at reflux for 18 h. After reaction completion (TLC, acetone:n-hexane, 2:3, 

v:v) the solvent was distilled off under reduced pressure. The crude product was purified by 

column chromatography using acetone:n-hexane, 7:18, v:v as eluent to give 2.56 g (95%) of 

white crystalline material (Tm=118-119oC) 

Anal. calcd for C18H20NBr2O3P, %: C 44.20; H 4.12; N 2.86; found, %: C 44.09; H 4.26; N 

3.02. 
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1H NMR (400 MHz, CDCl3) δ 8.11 (d, J = 1.8 Hz, 2H); 7.56 (dd, J = 8.7, 1.9 Hz, 2H); 7.30 (d, 

J = 8.7 Hz, 2H); 4.60 – 4.49 (m, 2H); 4.04 (dq, J = 14.2, 7.1 Hz, 4H); 2.28 – 2.16 (m, 2H); 

1.24 (t, J = 7.1 Hz, 6H).  

13C NMR (100 MHz, CDCl3) δ 138.65; 129.25; 123.71; 123.37; 112.50; 110.30; 62.01; 61.94; 

37.26; 37.24; 25.88; 24.50; 16.37; 16.31. 
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diethyl (2-{3,6-bis[bis(4-methoxyphenyl)amino]-9H-carbazol-9-yl}ethyl)phosphonate (3) 

A solution of 2 (1 g, 2.04 mmol) and 4,4'-dimethoxydiphenylamine (1.37 g, 6.13 mmol) in 

anhydrous toluene (50 mL) was purged with argon for 20 min. Afterward, palladium(II) 

acetate (0.137 g, 0.613 mmol), tri-tert-butylphosphonium tetrafluoroborate (0.35 g, 

1.23 mmol), and sodium tert-butoxide (0.59 g, 6.13 mmol) were added and the solution was 

refluxed under argon atmosphere for 5 h. After completion (TLC, acetone:n-hexane, 2:3, v:v) 

reaction mixture was filtered through Celite. The solvent was removed under reduced pressure 
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and the crude product was purified by column chromatography using acetone:n-hexane, 7:18, 

v:v as eluent to give 1 g (62.5%) of greenish powder. 

Anal. calcd for C46H48N3O7P, %: C 70.30; H 6.16; N 5.35, found, %: C 70.14; H 6.29; N 5.56.  

1H NMR (400 MHz, DMSO-d6) δ 7.64 (d, J = 2.2 Hz, 2H), 7.46 (d, J = 8.7 Hz, 2H), 7.11 (dd, 

J = 8.7, 2.2 Hz, 2H), 6.86 – 6.74 (m, 16H), 4.50 (dt, J = 13.8, 7.3 Hz, 2H), 3.92 (p, J = 7.2 Hz, 

4H), 3.67 (s, 12H), 2.26 (dt, J = 18.2, 7.3 Hz, 2H), 1.12 (t, J = 7.0 Hz, 6H). 

13C NMR (101 MHz, DMSO) δ 154.16, 142.08, 140.25, 136.67, 124.39, 123.67, 122.90, 

116.94, 114.60, 110.28, 61.20, 61.14, 55.15, 28.62, 16.13, 16.07. 
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(2-{3,6-bis[bis(4-methoxyphenyl)amino]-9H-carbazol-9-yl}ethyl)phosphonic acid 

3 (0.4 g, 0.51 mmol) was dissolved in dry 1,4-dioxane (15 ml) under argon. Afterwards, 

bromotrimethylsilane (0.67 ml, 5.08 mmol) was added dropwise. Reaction was kept for 24 h 

at 25oC under argon atmosphere. Afterwards solvent was distilled off under reduced pressure, 

solid residue was dissolved in methanol (10 ml) and distilled water was added dropwise 

(10 ml), until solution became opaque, and was stirred for 15 h. Product was filtered off and 

washed with water to give 0.321 g (86 %) of greenish powder. 

Anal. calcd for C42H40N3O7P, %: C 69.13; H 5.52; N 5.76, found, %: C 68.89; H 5.38; N 5.53. 
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1H NMR (400 MHz, DMSO-d6) δ 7.64 (s, 2H), 7.42 (d, J = 8.8 Hz, 2H), 7.15 – 7.07 (m, 2H), 

6.87 – 6.74 (m, 16H), 4.50 – 4.44 (m, 2H), 3.67 (s, 12H), 2.02 (dt, J = 17.3, 8.0 Hz, 2H). 

13C NMR (100 MHz, DMSO-d6) δ 154.16; 142.09; 140.22; 1366; 124.60; 123.66; 122.88; 

117.15; 114.63; 110.01; 66.36; 55.16. 
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The rapid rise of perovskite solar cells (PSCs) is increasingly limited by the available charge-selective

contacts. This work introduces two new hole-selective contacts for p–i–n PSCs that outperform all typical

p-contacts in versatility, scalability and PSC power-conversion efficiency (PCE). The molecules are based on

carbazole bodies with phosphonic acid anchoring groups and can form self-assembled monolayers (SAMs)

on various oxides. Besides minimal material consumption and parasitic absorption, the self-assembly process

enables conformal coverage of arbitrarily formed oxide surfaces with simple process control. The SAMs are

designed to create an energetically aligned interface to the perovskite absorber without non-radiative losses.

For three different perovskite compositions, one of which is prepared by co-evaporation, we show dopant-,

additive- and interlayer-free PSCs with stabilized PCEs of up to 21.1%. Further, the conformal coverage

allows to realize a monolithic CIGSe/perovskite tandem solar cell with as-deposited, rough CIGSe surface

and certified efficiency of 23.26% on an active area of 1 cm2. The simplicity and diverse substrate

compatibility of the SAMs might help to further progress perovskite photovoltaics towards a low-cost, widely

adopted solar technology.

Broader context
Perovskite-based photovoltaics promises three main benefits: low cost, high efficiency and large versatility. However, combining all three factors into one solar
cell design is still a difficult endeavor. In particular, one of the main bottlenecks towards large-scale production is the available choice of hole-selective contacts.
The best standards in both polarities, n–i–p (Spiro-OMeTAD) and p–i–n (PTAA), are highly unsuitable for commercial production due to their very high prices
and limited processing versatility. Thus, with this work, we present a new generation of self-assembled monolayers (SAMs) as hole-selective contacts that are
intrinsically scalable, simple to process, dopant-free and cheap. In addition, they enable highly efficient p–i–n perovskite solar cells and a record-efficiency
monolithic perovskite/CIGSe tandem device. While self-assembly offers the crucial advantage of conformally covering rough surfaces within a self-limiting
process, one of the herein used SAMs creates an energetically well-aligned interface to the perovskite absorber with minimal non-radiative recombination. Our
model system further provides insights into the influence of molecular design on surface passivation and open-circuit voltage, beneficially adding to future
prospects of rationally engineering perfect charge-selective contacts.
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Introduction

Metal-halide perovskites triggered intensive research activities
throughout the last 5 years with over 3000 published papers on
perovskite solar cells (PSCs) only in 2018.1 Typical metal-halide
perovskite absorbers are composed of a mixture of different
cations (methylammonium MA, formamidinium FA, Cs, Rb etc.)
and anions (I�, Br�, Cl�). These compositions have attracted
attention due to their outstanding optoelectronic properties
including a steep absorption onset together with strong solar
absorption2 and high defect tolerance.3,4 Furthermore, the low
non-radiative recombination rates enabled voltage deficits that
are only B65 mV below the radiative limit,5 which is striking
for a material processed at low temperatures of around 100 1C.
The perovskite layers can be fabricated through a variety of
techniques, including vacuum deposition by co-evaporation6

and versatile solution processing methods like spin coating or
printing.7 The relatively high band gap of 1.6–1.7 eV, together
with the ability of band gap tuning by compositional
engineering,8 also renders these materials suitable for integra-
tion into tandem solar cell architectures to overcome the
efficiency limit of single solar cells.9 In efficient tandem
devices, the PSC is used as the top cell absorber with either
crystalline silicon,10,11 Cu(In,Ga)Se2 (CIGSe)12,13 or a Sn-based
perovskite forming the lower band gap bottom cell.14

Although highest reported power conversion efficiencies
(PCEs) of over 23% are demonstrated for PSCs with the
‘‘regular’’ n–i–p device architecture,15 the p–i–n (so called
‘‘inverted’’) architecture is gaining increasing popularity due
to its ease of processing and superior suitability for perovskite-
based tandem solar cells.16–19 Moreover, p–i–n PSCs carry the
promise of low-temperature fabrication, high stability20 with-
out the use of dopants that cause degradation,21–23 low current–
voltage hysteresis24 and compatibility to flexible substrates.25,26

However, compared to their n–i–p single junction counterparts,
p–i–n PSCs still lack behind in maximum power-conversion
efficiency. This is predominantly due to a higher loss in potential,
i.e., energetic difference between open-circuit potential (eVOC, with
elementary charge e) and band gap. This loss was identified to be
dominated by the interfaces to charge-selective contacts.27 Thus,
recent efforts were dedicated to reduce these losses through
surface passivation, mostly by processing nanometer-thick inter-
facial layers between absorber and charge-selective contacts.28–34

Recently, changes of the perovskite precursor (e.g., addition of Sr35

or an organic molecule with passivating functional groups,36 or a
substitution5 of PbI2) led to open-circuit voltages of well over
1.20 V with comparable loss-in-potential values as obtained in
best n–i–p PSCs. However, the mentioned strategies often require
finely tuned processing that might be complicated to implement
on a large scale. Additionally, for most high-VOC approaches,
acceptable stability of the PSCs has yet to be shown.

In the scope of future high-throughput commercialization, it
is crucial to keep the simplicity and robustness that p–i–n PSCs
exhibit even at high PCEs4 20%. Additionally, it is desirable to
minimize parasitic absorption and to use low-cost materials
that are suitable for a variety of substrates with arbitrary

surfaces and large areas, in order to expand the fields of PSC
applications. These ambitions could be realized by using self-
assembled monolayers (SAMs) as charge-selective contacts:
the required material quantities are minimal; the substrate
compatibility is manifold and process control is simple, with
the molecules autonomously forming a functional layer in a
self-limiting process by design. Functionalization of surfaces
with SAMs already has a rich history in surface chemistry.37–39

With the rise of miniaturized electronics, e.g., SAM-based field-
effect transistors were built.40,41 After first occurrences in PSCs
as electrode modifications,42,43 the first hole-selective SAMs
were introduced in 2018.44,45 These molecules covalently bind
to the transparent conductive oxide (TCO), e.g., indium tin
oxide (ITO), on which the perovskite absorber crystallizes.
Due to their hole-selectivity, the SAMs can replace the classical
hole-transporting layer. To date, however, the SAMs in PSCs did
not enable high PCEs of over 20% that would surpass those
reached with the typically used polymeric hole contact material
PTAA (poly[bis(4-phenyl)(2,4,6-trime-thylphenyl)amine]). Here,
we reach this important objective by using a new generation of
SAMs in which the molecules are based on carbazole bodies
with phosphonic acid anchoring groups.

We show that the SAMs act as simple hole-selective contacts
that can be prepared by classical dip-coating or spin-coating
within wide processing windows. By replacing PTAA with
a SAM, we demonstrate a maximum PCE of over 21%, which
is comparable to current record-efficiencies in the p–i–n
architecture.27,34,36 Notably, this PCE is achieved without any
perovskite post-treatments, additives, dopants or interlayers
that are usually used for high PCEs after delicate fine-tuning.
Ultraviolet photoelectron spectroscopy reveals that both new
SAMs show a stronger hole-selectivity than PTAA, and photo-
luminescence (PL) studies show that the SAM/perovskite inter-
face does not introduce non-radiative losses. This enables a VOC
of up to 1.19 V and a PL decay time of B2 ms. The investigated
SAMs work efficiently for three different perovskite composi-
tions, including a 19.6%-efficient PSC which is fabricated by
co-evaporation, assuring that hole-extraction by SAMs is a uni-
versal approach. We further demonstrate that self-assembly leads
to conformal coverage of rough surfaces like as-deposited CIGSe.
By integrating a SAM into a tandem architecture, we realize a
23.26%-efficient monolithic CIGSe/perovskite tandem solar cell
(certified) with an active area of 1.03 cm2, embodying a low-cost,
facile way of realizing all-thin-film tandem solar cells, which has
proven to be a hard endeavor in the past.46,47

Results

A schematic representation of the used p–i–n device structure is
displayed in Fig. 1a. The glass/ITO serves as a substrate for
covalent bonding of the molecules to the ITO, forming a SAM.
Afterwards, the perovskite is deposited on top of the SAM. As
the electron-selective contact, C60 is thermally evaporated on
top of the perovskite absorber. The device is completed by
thermal evaporation of a bathocuproine (BCP)/Cu electrode.
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More details on sample fabrication and methods are provided
in the supporting information. Fig. 1c–e displays the molecular
structures of the molecules that form the SAMs. Fig. 1f shows the
molecule structure of PTAA, which is currently used in the highest
performing p–i–n PSCs in literature.27,34,36 PSCs with V1036 ((2-{3,6-
bis[bis(4-methoxyphenyl)amino]-9H-carbazol-9-yl}ethyl)phosphonic
acid) were already investigated in our previous work.44 MeO-2PACz
([2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid) and
2PACz ([2-(9H-carbazol-9-yl)ethyl]phosphonic acid) are new
molecules based on a carbazole moiety.

Carbazole derivatives have been studied, e.g., for their
electron-localizing and thus hole-selective properties,48 starting
from first applications in electro-photographic devices. Since
then, a huge variety of carbazole-based conductive polymers
and molecular glasses has been synthesized and characterized.49

Currently, the carbazole fragment is widely adapted in the synthesis
of newmaterials used in organic light-emitting diodes,50 and, more
recently, in PSCs.51 Organic phosphonic acids (PA) are known to
form strong and stable bonds on, e.g., ITO surfaces,52–54 enable
reliable work function modifications and can principally form
bonds to any oxide surface.55–57 In particular, it was calculated
for the case of TiO2 that PA has the strongest binding energy
among all studied anchoring groups.58 Strong bonds like these
enable exceptional stability of the formed monolayers.59 In the
frame of perovskite photovoltaics, it has been shown that organic
PAs on ITO are stable under continuous solar cell operation for at
least 1000 h.60 Fig. 1b presents the absorption spectra of all used
molecules in a tetrahydrofuran solution. The new SAMs 2PACz and

MeO-2PACz show reduced absorption in the visible wavelength
regime as compared to PTAA or V1036. The synthesis of these
carbazole derivatives was conducted following a simplified version
of the previously published synthesis procedure used for V1036 (see
Fig. S1 in the ESI†).44 In comparison to V1036, the reaction scheme
is one step shorter, no metal-based catalysis was required, and
inexpensive, commercially available starting materials were used.

The classic method to coat oxide surfaces with a SAM is to
immerse the substrates for several hours into a solution con-
taining the material, optionally under heating of the solution to
accelerate binding to the surface. Some molecules, such as the
ones used in this work, can also form a dense monolayer simply
by spin-coating the solution with a suitable concentration,
as was previously described by Nie et al.61 The process is
intrinsically self-limiting, since the PA groups only attach to
sites on the surface where there is still blank oxide. Following
previous studies, we assume that the self-assembly is ordered
and stabilized by p–p interactions between adjacent carbazole
fragments, in contrast to an ordering that is dominated by van
der Waals forces in long-chain aliphatic monolayers.62–64

We investigated solar cells with SAMs formed both by classical
dip-coating and spin-coating and did not observe significant
differences in solar cell performance between both methods
(Fig. S2 in the ESI†). This indicates SAMs of similar surface
coverage in both cases. Dip-coating is more suitable for large-
area application and conformal coating of textured or rough
substrates, while spin-coating is useful for high-throughput
optimization in laboratory workflows.

Fig. 1 Solar cell device architecture and molecule structures investigated in this work. (a) Schematic of the investigated device structure. The zoom-in
visualizes how the SAM molecules attach to the ITO surface and therefore enable the hole selective contact to the perovskite above. (b) Molar extinction
coefficient of solutions in tetrahydrofuran containing the different hole-selective contact materials at a concentration of 0.1 mmol l�1. (c) Chemical
structure of the SAM molecules V1036,44 MeO-2PACz (d) and 2PACz (e). (f) Chemical structure of the typically used polymer PTAA.
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The SAM films obtained from both methods show similar
properties in reflection–absorption infrared spectra (RAIRS) mea-
sured on ITO substrates as presented in Fig. 2. RAIRS is a
molecule-specific, surface-sensitive technique, which allows for
probing the structure and bonding of adsorbed molecules on
metallic substrates with sub-monolayer sensitivity.65 Here we use
the reflection signal (R), normalized to the signal of a bare ITO
substrate (R0), to detect the absorption bands of the molecular
vibrational modes of the SAM components. By comparing to
density functional theory (DFT) calculations (see Fig. S4 and S5,
ESI†) and previous reports,66–70 we assign the individual absorp-
tion bands to the specific molecular bonds. In general, the
observed bands fit to the ones expected from the molecular

structure of the SAM molecules. For instance, in the V1036
spectrum in Fig. 2a, the strong band near 1511 cm�1 can be
assigned to CQC in-plane stretching vibrations of aromatic rings
of the carbazole structure with some contribution from CQC
in-plane stretching vibrations of p-methoxy-phenyl groups.66–68,70

The second strongest band of V1036 near 1246 cm�1 can be
associated with C–N stretching vibrations.67,68 Both MeO-2PACz
and 2PACz exhibit two bands located near 1490–1494 cm�1 and
1466–1483 cm�1 which are associated with carbazole ring stretching
vibrations. Characteristically, 2PACz exhibits two carbazole ring
stretching modes at 1242 and 1347 cm�1 and MeO-2PACz a
frequency mode at 1582 cm�1 that is associated with the asym-
metric stretching vibration of rings with adjacent methoxy groups.69

Fig. 2 Infrared and X-ray spectroscopic characterizations of SAM-coated ITO substrates. (a–c) FTIR spectrum of the SAM molecule bulk material and
reflection–absorption infrared spectra (RAIRS) of monolayers on Si/ITO substrates. (a) Spectra of V1036, MeO-2PACz and 2PACz from spin-coating on
Si/ITO substrates, after washing with ethanol and chlorobenzene. (b) Comparison between V1036 bulk material vs. SAM formation from spin-coating and
dip-coating. Inset: Detail spectrum in which the monolayer fingerprint (P–O to metal bond) is visible as a broad peak at 1010 cm�1. (c) Effect of the
washing step on the RAIRS spectra on spin-coated SAMs. MeO-2PACz and 2PACz already show the monolayer fingerprint without washing. (d) X-ray
photoelectron spectroscopy (XPS) spectra of the C1s region, in which the solid line shows the fit to the data and the dotted lines show the components
thereof. The additional methoxy group that defines MeO-2PACz in comparison to 2PACz is visible as an additional peak near 286 eV that is assigned to
carbon species in C–O–C bonds.
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Importantly, the RAIR spectra show a signature of mono-
layer formation by detection of the bound PA functional group,
which is the covalent link between hole-transporting fragment
and metal oxide. In our previous work, we concluded the
absence of multilayers by comparing absorption measurements
to optical simulations.44 This conclusion is further supported
by the shown RAIRS analysis. Fig. 2b presents the RAIR spectra
for molecules of V1036, comparing monolayers on ITO that are
derived from spin- and dip-coating, versus the bulk Fourier-
transform infrared (FTIR) spectrum obtained from the powder
pressed into a KBr tablet. While the main spectral features are
the same for all three materials, the monolayers, in contrast to
the bulk material, exhibit a broad feature in the RAIR spectrum
at 1010 cm�1 (see inset in Fig. 2b). Both monolayers formed
from spin- and dip-coating of V1036 show this band, while the
bulk material of V1036 only shows a small shoulder and a
slightly shifted spectrum compared to the monolayer spectrum.
In conjunction with previous reports,71–74 we can assign the
peak at 1010 cm�1 to P–O species bound to ITO. The appear-
ance of this peak, together with the disappearance of the P–OH
peak that is prominent in the bulk material at B950 cm�1

(see Fig. S4 and S5, ESI†), provides evidence for deprotonation
of the phosphonic anchoring group and monolayer formation.

After spin-coating the SAM solution and heating the sub-
strates at 100 1C for 10 min, the substrates are typically washed
with the solvent that dissolves the molecules (here ethanol) to
remove any molecules that did not bind to the oxide surface.
The effect of this is visible in Fig. 2c. Here, the RAIR spectra are
shown for ITO samples on which the different SAM solutions
were spin-coated, with and without washing the substrates
afterwards. For V1036 (upmost curve), the intensity drops by
a factor of B7 after the washing procedure, and the character-
istic P–O absorption shoulder, i.e., the monolayer fingerprint,
appears at 1010 cm�1. However, with MeO-2PACz and 2PACz,
we notice that the washing step only slightly decreases the
intensity of the absorption bands and the monolayer finger-
print is already present without washing. Thus, we conclude
that simply spin-coatingMeO-2PACz and 2PACz solution with a
concentration of roughly 0.5–1 mmol l�1 and subsequent
heating of the substrate is sufficient for obtaining a monolayer
of the material. Indeed, a wide window of concentrations
(at least between 0.5 mmol l�1 and 3 mmol l�1, see Fig. S3,
ESI†) of the solutions is found for which no extra rinsing step is
required to obtain equivalently performing PSCs. This large
processing window further adds to the simplicity of the here
presented process strategy and highlights the robustness of
monolayer formation with the new SAMs.

As another surface-sensitive technique, we utilized X-ray
photoelectron spectroscopy (XPS) to detect the atomic species
on the SAM-coated substrates. Fig. 2d shows the X-ray photo-
electron spectra in the C1s binding energy region of the
investigated SAMs on glass/ITO substrates. While the bare
ITO substrate shows almost no signal in this region (see
Fig. S14, ESI†), the SAM-coated substrates show characteristic
signals that can be fitted with 4–5 peaks with a mixed Lorentzian/
Gaussian lineshape and a linear background. The strongest peak

can be assigned to aromatic carbon (C–C, C–H) with relative peak
areas of 0.57, 0.38 and 0.42 compared to the area of the sum of
all peaks for 2PACz, MeO-2PACz and V1036 respectively, each
indicating the ratio of the atomic specie to the sum of atoms in
the molecule structure. The second strongest peak arises from
carbon atoms bonded to nitrogen (C–N), with relative peak
areas of around 0.3, 0.27 and 0.28 for 2PACz, MeO-2PACz and
V1036, respectively. For MeO-2PACz and V1036, an additional
peak is present compared to 2PACz (0.21 relative peak area for
MeO-2PACz and 0.16 for V1036), at an energy corresponding to
ether functional groups.75 In this case, it can be assigned to C
atoms in C–O–C bonds, since methoxy groups are present only
for MeO-2PACz and V1036. This is in conjunction with an
additional analysis of the Oxygen specie in Fig. S12 of the ESI.†
Regarding the peak between the respective C–O–C and C–P
assignments, we hypothesize that it might stem from the C
atoms bonded to three other C atoms in the carbazole fragment
(4a and 4b positions). Overall, the trend of relative peak areas
compared between the different SAMs is in line with the counts
of atoms in the molecule structures depicted in Fig. 1c–e.

Perovskite solar cell performance

For comparing the performance and device-relevant character-
istics of SAM-based solar cells, we chose to focus our analysis
on the so called ‘‘triple cation’’ perovskite absorber76 Cs5(MA17-

FA83)95Pb(I83Br17)3 (CsMAFA), which is widely used due to its
high reproducibility. The various hole-selective contacts (HSCs)
are compared using the device design as shown in Fig. 1a. Since
the polymeric hole transport material PTAA is currently being
used in the highest-performing p–i–n PSCs,27,34,36 we compare
the SAM-based cells to PTAA-based PSCs and analyze the
perovskite film and device properties. To keep the devices as
simple as possible, the SAM and PTAA cells do not contain any
interfacial compatibilizers, additives or doping. As such, our
PTAA control cells are comparable to state-of-the art ones as
found in literature.27,77

Fig. 3a shows J–V characteristics under simulated AM 1.5G
illumination of best PSCs obtained on the respective HSCs in
forward ( JSC to VOC) and reverse scan (VOC to JSC) direction, with
continuous maximum power point (MPP) tracks in the inset.
Their photovoltaic parameters are summarized in Table 1.
A statistical comparison of the PCEs is plotted in Fig. 3c with
41–53 solar cells per HSC (other device metrics in Fig. S7 in the
ESI†). From the J–V curves, we obtain that hysteresis is overall
negligible with MPP-tracked efficiencies close to the respective
J–V scan values and the fill factor (FF) is overall comparable at
around 80% between all PSCs. Fig. 3b displays the external
quantum efficiencies (EQEs) of the best devices as well as the
integrated product of EQE and AM 1.5G spectrum. The JSC
values from EQE integration have a negligible difference to the
JSC values obtained from the J–V scans (B1%). The most
striking difference between the HSCs is visible in the open-
circuit voltage (VOC), with a difference of 63 mV between PTAA
and 2PACz. For the most efficient 2PACz solar cell, a VOC of
B1.19 V is measured, which is among the highest for this
perovskite composition and device architecture, and the

Energy & Environmental Science Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 2

/2
/2

02
1 

11
:2

7:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online



This journal is©The Royal Society of Chemistry 2019 Energy Environ. Sci., 2019, 12, 3356--3369 | 3361

highest for CsMAFA cells without interlayers, dopants or addi-
tives. Overall, the PCE trend resembles the increase in VOC and
bothMeO-2PACz and 2PACz solar cells surpass the efficiency of
PTAA cells, with 2PACz yielding the highest efficiency of 20.9%
in J–V scan and 20.8% in the maximum power point (MPP)
track. One of the 2PACz cells was masked, encapsulated and
sent to Fraunhofer ISE for certification (see Fig. S23–S25 (ESI†)
and red star in Fig. 3c). The certified MPP performance
of 20.44% is close to our in-house measurement of 20.7% of
that specific cell, validating our analysis. Interestingly, all
SAM-based cells show a lower leakage current compared to a

champion PTAA cell with a B10 nm thick PTAA polymer film
(see Fig. 3d). This finding demonstrates that the formed SAMs
are dense enough (with regard to number of molecules per
surface area) to provide efficient rectification, even though this
is just one molecular layer covering the ITO surface.

Energetic alignment

As shown above, both 2PACz andMeO-2PACz enable higher VOC
values in solar cells compared to PTAA. Changes in VOC can
have a variety of origins, most importantly changes of the bulk
properties and of the non-radiative recombination velocities at
one or both interfaces. The latter can be caused by either a
higher selectivity due to more favorable energetic alignment
and/or less defect states at one or both interfaces to the
respective charge-selective contacts. Changes in the bulk prop-
erties (e.g., density of trap states) could be caused by altered
crystallization of the perovskite film. Since the perovskite film
crystallizes on top of various HSCs here, the morphology of the
perovskite is analyzed with scanning electron microscopy
(SEM) images and X-ray diffraction (XRD) patterns (Fig. S9
and S10, ESI†). No obvious differences in the grain morphology
and X-ray diffractograms are observed. Moreover, we estimate

Fig. 3 Device-related analysis of SAM-based solar cells in comparison to state-of-the-art PTAA solar cells with triple cation perovskite absorber. (a) J–V
curves under simulated AM 1.5G illumination at a scan rate of 250 mV s�1 in forward (JSC to VOC, dashed) and reverse scan (VOC to JSC, solid) with
respective MPP tracks in the inset. (b) External quantum efficiency (EQE) spectra of best solar cells and corresponding integration of the product of EQE
and AM 1.5G spectrum (right axis). (c) Box plot of power conversion efficiency (PCE) values for 41 V1036, 53 PTAA, 47 MeO-2PACz and 46 2PACz solar
cells. (d) Typical J–V curves measured under dark conditions of the respective hole-selective contacts.

Table 1 Photovoltaic parameters from J–V scans under illumination in
reverse scan direction together with the efficiency of MPP tracking of best
CsMAFA perovskite solar cells based on the different investigated hole-
selective contacts

HSC
JSC
(mA cm�2)

JSC_EQE
(mA cm�2)

VOC
(V)

FF
(%)

PCE
( J–V) (%)

PCE
(MPP) (%)

V1036 21.2 21.1 1.041 79.3 17.5 16.9
PTAA 21.5 21.7 1.125 79.3 19.2 18.9
MeO-2PACz 22.2 22.5 1.144 80.5 20.4 20.2
2PACz 21.9 21.9 1.188 80.2 20.9 20.8
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the so-called Urbach energy, which is given by the slope of the
exponential increase of the absorption edge,2,78 to be around
16 � 2 meV measured on PSCs based on all four HSCs
(obtained from EQE, see Fig. S11, ESI†). The Urbach energy is
a measure of electronic disorder in the absorber material,
and has been associated with the crystalline quality of lead
halide perovskite thin films.79,80 Thus, since we observe neither
significant differences in the Urbach energy, XRD, nor coarse
grain morphology between the perovskites grown on the inves-
tigated HSCs, we conclude that the HSCs do not significantly
alter the bulk film properties of the herein used CsMAFA
perovskite.

To assess the energetic properties of the studied HSCs in
relation to the perovskite absorber, we performed ultra-violet
photoelectron spectroscopy (UPS) on ITO/HSC and on CsMAFA
samples. We can thus compare the positions of the HSC’s

HOMO (highest occupied molecular orbital) to the perovskite’s
valence band maximum (VBM). Furthermore, adding the band
gaps of the materials estimated from the absorption edge
(Fig. 1b), we can also calculate the positions of the HSC’s
LUMO (lowest unoccupied molecular orbital) and compare it
to the perovskite’s conduction band minimum, CBM. The
spectra are shown in Fig. S18 and S19 (ESI†) and a summary
of the results is schematically displayed in Fig. 4a, referenced to
the vacuum level. The valence band or HOMO onset values are
given in the lowermost row and the work function (i.e., difference
between vacuum and Fermi level) values in the upmost row.

All SAMs show a p-type character in the energetic diagram.
Comparing the valence band onset of the perovskite absorber
to the HOMO levels of the HSC layers, it is apparent that
MeO-2PACz and 2PACz are energetically more hole-selective
than PTAA, due to the higher energetic barrier for electrons,

Fig. 4 Energetic alignment and Photoluminescence analysis on CsMAFA perovskite. (a) Schematic representation of the band edge positions of the
investigated HSCs based on values from UPS measurements, referenced to the vacuum level. The lowermost numbers indicate the difference between
Fermi level (EF) of the ITO substrate and HOMO level or valence band maximum (EVBM) (in eV, global error of B0.1 eV). The energetic distance between
conduction band minimum (ECBM) or LUMO and EVBM was estimated from the onset of optical absorption. The grey, dashed lines are guides to the eye
that mark the CBM and VBM levels of the perovskite absorber. (b) Summary of absPL and TrPL measurements. Left axis: average VOC values of solar cells
(stars) based on the different HSCs, together with the average quasi Fermi level splitting values (QFLSs, blue spheres) obtained from perovskite films
grown on the respective HSCs. The blue filling indicates the span between maximum and minimumQFLS values obtained from several samples (3 V1036,
5 PTAA, 8 MeO-2PACz and 9 2PACz samples). The VOC error bars show the standard deviation from values of 38 V1036 cells, 56 PTAA cells, 42 MeO-
2PACz cells and 40 2PACz cells. Right axis: the light-green bars represent the highest obtained PL decay time; the decay time of the perovskite on quartz
glass is indicated as a dashed line. (c) Photoluminescence transients of perovskite films deposited on the respective HSCs. The dotted lines are
extrapolated fits to the mono-exponential tail of the transients, from which the PL decay time values are obtained.
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while still allowing for an efficient extraction of holes (no
barrier). 2PACz shows the closest alignment to the valence
band maximum (VBM) of the perovskite, whereas V1036 shows
the strongest offset. In this respect, MeO-2PACz is similar to
PTAA, while the presence of methoxy groups in MeO-2PACz
suggests a passivating function, as reported in earlier works.81,82

Changes in ITO work function with PA-based SAMs have been
thoroughly analyzed in literature.71,83,84 In our case, the binding
type between the studied SAMs is the same, thus differences
between the work functions can be assigned to differences of the
molecular dipole moments of the hole-selective fragments.85,86

The shift in work function between bare ITO (4.6 eV, see Fig. S18a,
ESI†) and the SAM-modified surface is higher for 2PACz as
compared to MeO-2PACz, being 5.0 and 4.6 eV, respectively. This
is in line with the larger molecular dipole moment of 2PACz of
+2 D compared to +0.2 D for MeO-2PACz (calculated by DFT
following a previously published procedure,56 more details in the
ESI†). V1036 has a negative calculated dipole moment of �2.4 D,
reducing the ITO work function to 4.4 eV. Judging from this
energetic picture, the observed trend in VOC could potentially be
explained with how close the HOMO of the HSCs is aligned to the
perovskite’s VBM.87 V1036 devices show the smallest VOC and
V1036 the largest offset in EVBM (0.9 eV), whereas 2PACz yields the
highest VOC and shows almost no offset to the perovskite’s VBM.

Photoluminescence studies

The energetic alignment discussed above already provides a
first hint to why PSCs based on the new SAMs outperform those
on PTAA. However, it remains unclear how the bands align to
each other at the buried interface between the HSC and
perovskite itself. Recent reports also point to an insensitivity
of the energetic difference in EVBM between perovskite and HSC
for moderate misalignment.88 Thus, we further investigate the
differences with photoluminescence (PL) studies, using time-
resolved PL (trPL) to study the behavior of the charge carriers
on short time scales and absolute PL (absPL) to estimate the
‘‘implied VOC’’ or quasi Fermi level splitting (QFLS)89 of the bare
absorber computed by the high-energy tail fit method27,90,91 for a
temperature of 300 K. The PL measurements were conducted on
glass/ITO/HSC/CsMAFA samples without the C60 overlayer. The
QFLS was also determined from the full 2PACz solar cell that is
shown in Fig. 3a, with negligible difference to the eVOC value
obtained from a J–V scan (see Fig. S20, ESI†).

Fig. 4b shows a summary of the QFLS values from absPL
(blue spheres) on the left axis, together with average values of
measured VOC (stars) of the full devices. The right axis presents
PL decay times from TrPL (bars), calculated from Fig. 4c, in
comparison to the PL decay time for a perovskite film on quartz
glass (dashed line), which is known as a highly passivated
surface.27,92 The rising trend in average QFLS from V1036 over
PTAA to MeO-2PACz and 2PACz fits to the trend in VOC.
Compared to V1036 and PTAA, the spread of QFLS values is
smaller with MeO-2PACz and 2PACz. The TrPL transients are
plotted in Fig. 4b and were recorded at an excitation fluence
that is relevant for device operation at 1 sun illumination
(fluence B15–30 nJ cm�2, see PL section in ESI†). The PL

measured on the perovskite film on glass decays mono-
exponentially. The deviation from mono-molecular decay in
the measurements with HSCs could be attributed to charge
transfer effects.93 MeO-2PACz allows for PL decay times of over
650 ns, which approaches the decay time of the same perovskite
on quartz glass of B860 ns, a comparable value to the ones
previously reported for the same perovskite in record-efficiency
PSCs.27 Interestingly, the decay time on 2PACz with a value of
2 ms even surpasses the one on quartz glass by a factor of over 2.
Since the 2PACz PL transient shows signs of slow charge
transfer, the significantly longer decay time cannot be attrib-
uted to a mere reduction of majority carriers at the interface.
We thus conclude that the interface defect density must be
negligibly low, highlighting that bare Carbazole is chemically
compatible to the perovskite, forming a well-passivated surface.
A direct comparison to MeO-2PACz with regard to interface
defect density is not possible from the TrPL data alone, since an
energetic offset can independently affect interfacial recombination.94

However, the faster decay at early times suggests faster hole
extraction. With the only difference between MeO-2PACz and
2PACz being the termination with a methoxy group, it is
interesting to observe such an intrinsically different behavior
in the charge carrier dynamics.

Comparing the values obtained on PTAA and on 2PACz, the
decay times differ by an order of magnitude, and both the QFLS
and VOC values are around 60 mV higher with 2PACz. This fits
to the thermodynamically expected increase of 60 mV when
increasing the photoluminescence yield by a factor of 10, with
kT ln (10) E 60 meV, where k is the Boltzmann constant and T
the temperature (300 K).95 We emphasize that the FF values of
the full solar cells are comparable among all HSCs, suggesting
similarly efficient charge extraction. Thus, we conclude that the
trend in PL decay time is set by the non-radiative recombina-
tion velocity at the interface. Assuming that interface recombi-
nation is dominating, the recombination velocities can be
estimated to range from 193 cm s�1 (V1036) to a lowest value
of 12 cm s�1 for 2PACz (upper estimate, see Section 8 for
details, ESI†). The clear correlation between QFLS, PL decay
time and VOC provides a strong indication that the differences
in VOC of the solar cells are originating from differences in the
compatibility of the HSC interface to the perovskite. This is
either governed by the interface defect density, energetic
alignment as addressed above, or a combination of both. It
remains open whether the molecular dipole moments play a
role other than the mentioned work function modifications.
The energetic difference between QFLS and eVOC with all HSCs
is induced by non-radiative recombination at the perovskite/C60

interface (see also Fig. S20, ESI†). Previously it was identified
that the perovskite/C60 interface limits the VOC to a fixed value
in the used PSC architecture, independent of the perovskite
bulk quality.27 Indeed, our PTAA devices achieve max. B1.13 V,
even though the perovskite on PTAA can reach a QFLS of up to
1.18 eV. It is thus interesting that by increasing the hole-
selectivity and decreasing the interface recombination velocity,
the 1.13 V limitation can be overcome although the perovskite
morphology stays the same. It is furthermore worth noting that

Paper Energy & Environmental Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 2

/2
/2

02
1 

11
:2

7:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online



3364 | Energy Environ. Sci., 2019, 12, 3356--3369 This journal is©The Royal Society of Chemistry 2019

a recent study that compared a wide variety of typically used
charge-selective layers identified that every single layer introduces
non-radiative losses compared to the bare perovskite bulk, low-
ering the PL decay time and QFLS.94 In sharp contrast, the herein
introduced 2PACz HSC is an important demonstration that the
opposite is possible as well, rendering a ‘‘lossless’’ hole-selective
interface. With SAM contacts, further enhancement of the VOC to a
level of the QFLS of the bare perovskite film or above is expected
upon mitigating the losses introduced at the C60 interface.

To conclude our analysis, we identified several aspects as to why
the herein introduced molecules lead to high-performance PSCs,
besides the already discussed dense film-forming properties. Con-
sequently, a clear guidance could be drawn from our findings to
develop other lossless contact materials in the near future: on the
one hand, the structure of these small molecules leads to a small
density of interfacial trap states as seen by the comparison of quartz
glass to 2PACz-covered ITO and by the comparison of PTAA toMeO-
2PACz. On the other hand, as shown by simulations of a similar
device stack in a recent work,94 our own energetic alignment data
and other experimental studies,96–100 energetic alignment for major-
ity carrier extraction influences interfacial recombination losses and
is a crucial factor for achieving high VOC values. The strong
correlation in our SAM model system (layers with similar carbazole
chemistry and similar thickness, but different HOMO levels)
indicates that by using carbazole derivatives and tuning the work
function by dipole moment engineering, ideal hole-selective layers
could be rationally designed for specific perovskite absorbers.
Further investigations on the exact hole extraction mechanisms at
a SAM interface might include simulations of the electric field in
atomic scales,84 tunneling of charge carriers and atomistic simula-
tions on the interaction between dipole moment and perovskite
interface.

Stability assessment

In addition to the increased efficiencies of both MeO-2PACz
and 2PACz-based solar cells compared to PTAA, we also observe

an increased stability. Fig. 5a shows the time evolution of PCE
under continuous MPP tracking for the investigated HSCs at
simulated 1 sun AM 1.5G illumination without active sample
cooling. The samples reach temperatures of at least 40 1C under
operation. Only small differences are visible between cells with
the investigated HSCs, while a slight advantage is evident for
the MeO-2PACz and 2PACz-based devices after 11 h of opera-
tion (o3% PCE loss with 2PACz with a stable value after an
initial drop, B3% loss with MeO-2PACz, B6% loss with PTAA
and almost 12% loss with V1036). A stronger difference is
visible when increasing the stress on the solar cells, which is
done here by light soaking at open-circuit condition under
1 sun illumination, a condition at which a high average density
of charge-carriers is present in the device that can induce a
quick degradation of the PSC.101 The most notable differences
occur in the time evolution of VOC, as displayed in Fig. 5b.
PTAA-based solar cells show a substantial drop (60 mV ampli-
tude) after two hours, while the VOCs of all SAM-based cells
remain virtually stable after an initial drop caused by increasing
temperature. Interestingly, light soaking steadily improves the
VOC of V1036-based samples. The difference in stability between
PTAA and SAMs under illumination cannot simply be explained
with the differences in non-radiative recombination rates at the
interface, since judging by QFLS and PL decay time, V1036
should then show the weakest VOC stability. We attribute the
quick degradation of PTAA-based cells to be a material-specific
characteristic of the CsMAFA/PTAA contact that occurs under
conditions with a high number of excess charge carriers and
direct illumination of the PTAA, as also observed in a recent
work.102 A previous study identified that a large number of
excess charge carriers, as under illumination at open-circuit,
leads to a lowered energetic threshold of ionic movement.101

We hypothesize that the diffusion of iodine to the PTAA inter-
face leads to structural damage of the PTAA, as recently argued
by Sekimoto et al.103 In contrast, a SAM, being a chemically
robust electrode modification with virtually no volume, is

Fig. 5 Stability assessments of PSCs based on the investigated HSCs in N2 atmosphere. (a) MPP tracking under continuous, simulated 1 sun AM 1.5G
illumination of uncooled devices (reaching a temperature of B40 1C in operation). (b) Time evolution of VOC values of solar cells kept at open-circuit
conditions under light-soaking at full sun illumination at B40 1C cell temperature (no active cooling). The values were extracted from J–V-scans every
6–8 min. The error bars show the standard deviation of these values across the individual cells (4 V1036, 6 PTAA, 3 MeO-2PACz and 10 2PACz cells).
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neither susceptible to structural damages nor to an accumula-
tion of ions.

Versatility of a SAM contact and tandem solar cell integration

In order to show versatility of the new HSC molecules, we
demonstrate in Fig. 6 that the SAMs also yield highly efficient
perovskite solar cells with perovskite compositions other than
CsMAFA. In addition to the ‘‘triple cation’’ composition utilized
for the analysis above, we investigate here a ‘‘double cation’’
MA5FA95Pb(I95Br5)3 (MAFA)8 absorber with a lower band gap of
ca. 1.55 eV and a ‘‘single cation’’ (MAPbI3) absorber layer that is
fabricated by direct co-evaporation with an optical band gap
of ca. 1.60 eV (see Fig. S26 for the absorption onset, ESI†).
Table 2 shows the corresponding performance metrics. We
noticed that on MeO-2PACz, the MAFA and MAPbI3 perovskites
tend to crystallize more reproducibly than on 2PACz, thus we
chose MeO-2PACz for the purpose of demonstrating that a SAM
enables a broad spectrum of applications.

Perovskite processing by co-evaporation is highly attractive
due to large-area compatibility and absence of potentially
harmful solvents for fabrication. Utilizing MeO-2PACz as the
HSC also works well with the co-evaporated MAPbI3 perovskite
absorber. The herein shown stabilized PCE of 19.6% with over
1.14 V VOC is approaching the PCE of the best co-evaporated
PSC to date and represents the highest reported value for p–i–n type
devices utilizing co-evaporation for the perovskite absorber.104,105

Recently, highest PSC performances were reported for
the MAFA double cation composition.15,106 Compared to the
CsMAFA solar cells shown before, the MAFA cell has an
advantage in higher current density due to the lower bandgap
of the composition, but still enables a relatively high VOC.
Without detailed optimization, the MAFA absorber enables a
stabilized PCE of 21.1% when utilizing MeO-2PACz as the HSC.
As seen in Table 2, for all three solar cells the JSC values
measured in the J–V curve closely fit to the values obtained by

integrating the product of EQE measurement and AM 1.5G
spectrum (Fig. S26a, ESI†). 2PACz enables an over 21%-efficient
MAFA PSC as well, as shown in Fig. S27 (ESI†).

Furthermore, we show in Fig. 6b that a SAM is also a suitable
HSC for manufacturing PSCs on rough surfaces, which is
essential for e.g., CIGSe/perovskite tandem solar cells. All-
thin-film tandem solar cells pose an attractive strategy for
cheap, versatile and flexible high-efficiency solar cells and are
a promising route for the introduction of halide perovskites
into industrial production. CIGSe enables thin-film solar cells
with a suitable bandgap for the use in perovskite-based tandem
solar cells. However, the rough surface of the CIGSe makes it
difficult to process the thin HSCs that currently enable efficient
perovskite top cells. Recently, we demonstrated that the use
of a NiOx layer processed by atomic layer deposition (ALD)
in combination with PTAA represents a CIGSe/perovskite-
compatible hole-transport layer that prevents shunting caused
by the CIGSe roughness, enabling a 21.6%-efficient tandem
cell.47 Here we now show that a SAM removes the need of an
ALD step, since the self-assembly process works reliably even
on rough surfaces, by dipping the CIGSe bottom cell into a
MeO-2PACz solution. The perovskite layer was fabricated
by solution-processing and the top contact layers by either
evaporation or ALD/sputtering (see ESI† for details). The so
prepared tandem solar cell, shown in Fig. 6b, shows a stabilized
efficiency of 23.26% on an area of 1.03 cm2 (certified by
Fraunhofer ISE, see Fig. S30–S32, ESI†), while the bottom cell
alone has a PCE of 15–16% (see Fig. S28, ESI†). The EQEs of
both sub-cells measured in the tandem are shown in Fig. S29
(ESI†). Following the VOC trend shown earlier, our SAM-based
tandem shows an improved VOC as compared to our previously
published one (B90 mV increase from 1.59 to 1.68 V). However,
the SAM-based tandem cell shows a lower FF (72% vs. 76% with
the NiO2/PTAA double layer), which here is mainly limited
by the shunt resistance. Since the tandem current is limited

Fig. 6 Display of the versatility of SAM contacts and tandem solar cell integration. (a) J–V curves under illumination of solar cells based on a solution
processed ‘‘double cation’’ perovskite absorber (FA95MA5Pb(I95Br5)3, orange line) and co-evaporated perovskite absorber (MAPbI3, green line). Inset:
Continuous MPP tracks of these cells. (b) J–V curve of a monolithic CIGSe/perovskite tandem solar cell (active area of 1.034 cm2), with MeO-
2PACz2PACz as HSC conformally covering the rough CIGSe bottom cell. The orange circle indicates the MPP at 23.26% PCE (see certified MPP track by
Fraunhofer ISE in Fig. S27, ESI†). Inset: SEM image of the cross-section of a representative tandem device. The recombination contact consists of
aluminum-doped zinc oxide, sputtered onto the CIGSe surface and covered by MeO-2PACz.
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here by the bottom cell, further optimization could be
dedicated to developing a more robust stack design that
prevents micro-shunts caused by processing and measuring
(here we use the same design as in our previous work47).
Nonetheless, the here presented tandem cell surpasses
the previous record46 (22.4%) in PCE and area (0.04 cm2 vs.
1.03 cm2 here). The simplicity of the tandem stack and the use
of as-deposited CIGSe additionally suggests that our approach
could be easily adopted in higher throughput fabrication.

In summary, the compatibility of the SAM to three different
perovskite compositions, two different processing techniques
(solution and vacuum process), two different oxides (ITO in the
single junctions and Al-doped zinc oxide in the tandem) and
two different substrate morphologies (rough and flat) strongly
suggests that SAM hole-selective contacts represent a universal
approach for perovskite-based photovoltaics.

Conclusion

Two new simple molecules that form self-assembling mono-
layers (SAMs), MeO-2PACz and 2PACz, were synthesized and
integrated into inverted perovskite solar cells, enabling hole-
selective contacts with minimized non-radiative losses. The
new SAMs can be deposited on transparent conductive oxides
via spin-coating or by dipping the substrate into the solution,
both yielding layers of comparable properties, combining high
reproducibility and ease of fabrication. Both new SAMs outper-
form the polymer PTAA, the material that enabled the highest-
performing p–i–n PSCs to date, in efficiency, stability and
versatility. With a standard triple-cation absorber, a maximum
power conversion efficiency of 20.9%, certified efficiency of 20.44%
and a VOC of up to 1.19 V were demonstrated. MeO-2PACz further
enabled a 21.1%-efficient solar cell with a double-cation absorber,
and a stabilized efficiency of 19.6% with a co-evaporated single-
cation absorber. Photoelectron spectroscopy and photolumines-
cence (PL) investigations revealed a well-suited energetic alignment
and strongly reduced non-radiative recombination at the interface
between absorber and contact, leading to a PL decay time of 2 ms
for a perovskite on 2PACz. As deduced from a comparison between
the PL transients of perovskite grown on 2PACz versus on quartz
glass, the interface defect density at the 2PACz/perovskite interface
is minimal. From the trend between surface recombination
velocity, VOC and offset between the SAM HOMO level and
perovskite valence band edge, our model system provides

experimental evidence for the energetic alignment and inter-
face defect density being similarly important for mitigating
non-radiative recombination losses. The results highlight that
carbazole derivatives can combine all necessary features for
lossless interfaces and are thus a compelling material class for
future chemical engineering of high-performance hole-selective
contacts. In a light-soaking stress test at open circuit condi-
tions, SAM-based PSCs showed a higher stability compared to
PTAA-based cells. Finally, by integrating a SAM contact into a
monolithic CIGSe/perovskite tandem solar cell, the ability of con-
formally creating a hole-selective layer on a rough surface was
demonstrated. This led to a stabilized, certified PCE of 23.26%with
facile device design on an active area of 1.03 cm2, surpassing the
values achieved with a complex bilayer47 or mechanical polishing.46

Importantly, the herein demonstrated solar cells are fabricated
without additional passivation layers, additives or dopants.
Together with the minimal material consumption, manifold
substrate compatibility and simplicity during fabrication, the
SAM contacts might present a realistic way to further progress
perovskite photovoltaics into a low-cost, wide-spread technology.
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Table 2 Photovoltaic parameters from J–V scans under illumination in reverse scan direction as well as continuous MPP tracking. Presented are single
cells with double cation MAFA and co-evaporated MAPbI3 perovskite and a CIGSe/perovskite (triple cation) tandem solar cell. All cells are based on
MeO-2PACz as the HSC

Perovskite Device type JSC (mA cm�2) JSC_EQE (mA cm�2) VOC (V) FF (%) PCE ( J–V) (%) PCE (MPP) (%)

Co-evaporated MAPbI3 Single 22.6 22.5 1.145 76.8 19.8 19.6
Double cation MAFA Single 23.5 23.4 1.120 80.6 21.2 21.1
Triple cation CsMAFA Monolithic

Tandem
19.17
(certified)

20.2/19.1a

(in-house)
1.68
(certified)

71.9
(certified)

23.16
(certified)

23.26 � 0.75
(certified)

a First value corresponds to the perovskite top cell and second value to the CIGSe bottom cell.
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1. Experimental Part  
 

Device preparation 
 

Patterned indium tin oxide (ITO) glass substrates (25x25 mm, resistivity = 15 Ω sq-1, nominal ITO 

thickness = 150 nm, patterned by Automatic Research GmbH) were cleaned sequentially for 15 min 

with a 2% Mucasol solution in water (Schülke), water, Acetone, and Isopropanol at ~ 40°C in an 

ultrasonic bath. After that, directly before HTM deposition, the substrates were treated in an UV-ozone 

cleaner for 15 min. UV treatment seemed crucial for achieving a high reproducibility. All subsequent 

procedures were done in a nitrogen-filled glovebox (MBRAUN). For the PTAA devices, PTAA 

dissolved in anhydrous Toulene (both by Sigma Aldrich) was spin-coated from a 2 mg/ml solution in at 

5000 rpm (5 s acceleration) for 30 s and heated on a hot plate at 100°C for 10 min. 

SAM powders were dissolved in anhydrous Ethanol at a concentration of 1 mmol/l and put into an 

ultrasonic bath for 15 min (30-40 °C) before using. 2PACz powder (molar weight 335.3 g/mol) was 

stored in a nitrogen glovebox, MeO-PACz (275.24 g/mol) was stored in ambient air. If stored otherwise 

before dissolving, penalties in performance were observed. The SAMs were prepared either by spin-

coating or dipping. When spin-coating, 100 µl of the solution was uniformly released onto the middle 

of the substrate, the lid was closed and after ~ 5 s resting, the spin-coating program (30 s at 3000 rpm) 

was started. Alternatively, a lower concentration of 0.1 mmol/l can be used if dropping the solution 2-3 

times dynamically during the spinning program. After spin-coating, the substrates were heated at 100 °C 

for 10 min. A washing step (with Ethanol) is possible but not necessary. For some perovskites, it might 

be beneficial to wash the substrates after heating, since it can change the contact angle of the perovskite 

(no significant performance differences were observed for all used perovskites in this work). SAMs by 

dipping were prepared by immersing the substrates into a 0.1 mmol/l solution for 2-12h, with subsequent 

heating at 100 °C for 10 min. After heating, the dipped substrates were washed dynamically during a 

4000 rpm, 30 s spin-coating program by dripping 100-200 µl of Ethanol 2-3 times onto them.  

Triple-cation Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 (CsMAFA) perovskite film was formed according to 

our previously reported procedure1. 100 µl of the precursor was dripped onto the PTAA or SAM-covered 

substrates and the solution was spread with a pipette tip across the substrate before starting the spinning 

program (5s acceleration to 4000 rpm, 35s steady at 4000 rpm). On PTAA, 500 µl of Ethyl Acetate as 

the antisolvent was dripped onto the perovskite 25 s after starting the spin-coating program (closed spin-

coater lid). On SAMs, either Ethyl Acetate, or, in later optimized stages, 200 µl of Chlorobenzene or 

Anisole2 were used as the antisolvent (with open lid during the program), dripped 5-7 s before the end 

of the spinning program (with 3500 instead of 4000  rpm spinning speed). The SAMs are chemically 

robust and allow the use of more types of antisolvents than PTAA.  Further, the perovskite was annealed 

at 100 °C for 30-60 min. 

Double cation MA5FA95Pb(I95Br5)3 (MAFA) perovskite was prepared similarly to the CsMAFA 

perovskite, with respectively changed ratio of mixing the MAPbBr3 and FAPbI3 precursor solutions and 

60 min annealing. The final perovskite solution was mixed just before spin-coating. Additionally, a 1.24 

mol/l MACl solution in DMSO was mixed with the perovskite solution in a 5:95 volume ratio. The same 

spin-coating program as for CsMAFA was used, with dripping 300 µl Chlorobenzene 5s before the end 

of the program. 

Single cation MAPbI3 was prepared by direct co-evaporation using a CreaPhys “PEROvap” deposition 

tool integrated into an inert glovebox (MBraun). The system includes a cooling shield inside the 

chamber, whose temperature was set to -25 °C for the entire process time. The rotation speed of the 

substrate holder was held constant at 10 rpm. Lead iodide and Methylammonium iodide were filled in 

two individual crucibles and the chamber was evacuated. At reaching a base pressure of 1E-6 mbar the 

sources where heated to 240 °C (PbI2) and 150 °C (MAI). Starting from this point the temperature was 
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slightly adjusted until a stable rate of 1.4 Å s-1 (PbI2) and 3.5 Å s-1 (MAI) were obtained. The ratio was 

monitored using individual quartz crystal microbalances (QCM, Inficon) for each material. 

After perovskite deposition, 23 nm C60 and 8 nm BCP were thermally evaporated in a MBRAUN 

ProVap 3G at a base pressure of 1E-6 mbar with an evaporation rate of 0.1-0.18 Å/s. For completing the 

device, 100 nm Cu or Ag was thermally evaporated through a shadow mask. The overlap of the 

substrate’s ITO with the Cu stripe defines the active area of 0.16 cm² (cross-checked with an optical 

microscope). 

Some devices, such as the one sent for certification, were encapsulated with a cover glass and a two-

component self-curing epoxy glue (5-min epoxy, R&G Faserverbundwerkstoffe GmbH). After 

encapsulation, an antireflective coating (100 nm NaF) was thermally evaporated onto the glass 

substrates, which increased the short-circuit current density distinctly stronger for 2PACz and MeO-

2PACz devices than for PTAA and V1036 devices. 

When employing SnO2 instead of BCP, we noticed better and more stable performance with MeO-

2PACz than with 2PACz, possibly due to a faster hole-extraction with MeO-2PACz. 

CIGSe/perovskite tandem solar cell 

The CIGSe bottom cell was fabricated in a multi-step thermal evaporation on a glass substrate as 

described in the SI of our previous work3, with RbF surface treatment. The p-type back contact is made 

of sputtered Molybdenum. The recombination contact consists of 10 nm sputtered i-ZnO and 140 nm 

ZnO:Al (AZO). After completion, the surface was rinsed with Ethanol and treated with UV-Ozone for 

15 min, before submersing the CIGSe bottom cell into a 0.1 mmol/l MeO-PACz/Ethanol solution 

overnight. Spin-coating a 1 mmol/l MeO-PACz solution once or a 0.1 mmol/l solution three times also 

yielded >20 %-efficient tandem cells. Subsequently, the bottom cell was heated at 100 °C for 10 min in 

a N2-filled glovebox, before proceeding the CsMAFA perovskite processing on top as described above. 

After perovskite annealing, 20 nm C60 was thermally evaporated and 20 nm of SnO2 processed on top 

at a substrate temperature of 80 °C via atomic layer deposition (ALD, Arradiance GEMStar) to form a 

buffer layer for the indium zinc oxide (IZO) sputtering, as optimized in another work4. SnO2 precursors 

were tetrakis(dimethylamino)tin(IV) (TDMASn) and water. The IZO top electrode was deposited by RF 

sputtering from a 10%wt ZnO and 90 %wt In2O3 target. For contacting the electrode, a 100 nm thick Ag 

frame was thermally evaporated through a shadow mask and 100 nm LiF as the anti-reflective coating. 

After device completion, the tandem cell was manually scribed around the Ag frame, since the AZO 

recombination and Molybdenum back contact were both processed on the full bottom cell area. 

Materials 
 

The molecules that form SAMs were synthesized (see next section). All other materials for the 

perovskite precursor and for evaporation were used as bought without further purification. Lead iodide 

and lead bromide were purchased from TCI (99.99%, trace metals basis) or Sigma Aldrich (99.999%, 

trace metals basis). FAI and MABr were purchased from Dyenamo (grade 99%), CsI from abcr GmbH 

(99.999%). Solvents (all anhydrous) DMF, DMSO and antisolvents ethyl acetate, chlorobenzene and 

anisole were from Sigma Aldrich, the SAM solvent ethanol was bought from VWR Chemicals. PTAA 

was by Sigma Aldrich. 

Electron-selective contact and top electrode: C60 (99.99%) and BCP from Sigma Aldrich, Cu shots from 

Alfa Aesar. 

For co-evaporated MAPbI3, lead iodide by TCI and Methylammonium iodide by Lumtec were used. 

Analysis Methods 
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Molar extinction coefficient 

The SAM or PTAA powders were dissolved in Chlorobenzene at a concentration of 1 mmol/l. The 

absorption spectra were recorded from the solution in a cuvette in a PerkinElmer Lambda 35 

spectrometer. 

Infrared spectroscopy (RAIRS and FTIR) 

Reflection absorption infrared spectroscopy (RAIRS) data were recorded using Vertex 80v (Bruker Inc., 

Leipzig, Germany) spectrometer equipped with liquid nitrogen cooled narrow-band MCT detector. 

Samples were placed onto a horizontal accessory in evacuated (~2 mbar) spectrometer chamber. The 

bare ITO substrate was used as a reference. The spectra were taken with p-polarized incident light after 

incubation of the samples in vacuum for 180 s. Spectral resolution was set to 4 cm−1, aperture to 4 mm, 

and spectra were acquired by averaging 256 scans. The spectra were taken in three steps: First, samples 

were measured as received. Next, they were rinsed with ethanol and incubated in chlorobenzene for 10 

min in order to remove any possible multilayers and measured again. Lastly, measurements were 

repeated after one month to identify any changes occurring due a degradation of the samples (see fig. 

S6). 

Fourier transform infrared (FTIR) spectra of bulk materials were taken from KBr pellet-pressed V1036 

(V1036), MeO-2PACz (V1193) and 2PACz (V1194) samples, using an Alpha (Bruker Inc., Leipzig, 

Germany) spectrometer equipped with a DLATGS detector in transmission mode. The resolution was 

set to 4 cm−1. Geometry optimization and frequency calculations were performed using Gaussian 09W 

software with Becke three parameter functional, B3LYP, and def2-SVP basis set for V1036 and B3LYP 

functional with 6-311++g(2d,p) basis set for MeO-2PACz and 2PACz compounds. The scaling factor 

was applied for the theoretical results as described in a previous publication5. 

Solar cell characterization 

Current-voltage (J-V) characteristics under 1 sun equivalent illumination were recorded using a 

Wavelabs Sinus-70 LED class AAA sun simulator in air, calibrated with a filtered KG3 Silicon reference 

solar cell certified by Fraunhofer ISE. J-V scans were performed as 2-point measurements with a 

Keithley 2400 SMU (4-point measurement with Keithley 2600 for the tandem cell), controlled by a 

measurement control program written in LabView. The single junctions were not masked during 

measurement (due to small differences between JSC from integrated EQE and J-V). The voltage values 

are swept in 20 mV steps with an integration time of 40 ms per point and settling time of 20-40 ms after 

voltage application (maximum voltage sweep speed of 250 mV/s). 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 white light filtered into monochromatic light by a Newport Cornerstone 260 

monochromator with a 10 nm increment and chopped into a frequency of 78 Hz before being conducted 

to the solar cell surface via optical fibers. 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%. For the Urbach energy estimation, the 

monochromator step size is reduced to 2 nm and Lock-In integration time increased to 1 s per increment. 

The temperature during continuous MPP tracking was measured with a thermocouple attached to the 

samples’s glass surface. 

A spectral mismatch M6 for the used solar simulator was calculated with typical CsMAFA and MAFA 

EQE spectra, the spectral response of the calibrated reference cell and the spectrum of the solar 

simulator. The small deviations from 1 (M = 0.997 for CsMAFA and 1.005 for MAFA) are within the 

measurement error margins during J-V characterizations, thus the measured JSC values were not 

corrected by 1/M. 

No pre-conditioning protocols were applied. For some cells, we observed a slight rising trend in VOC 

upon multiple J-V scans (or some minutes of light-soaking until thermodynamic stabilization). 

Typically, the PCE value of the PSCs saturates at higher values a few days after perovskite processing. 
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Photoelectron spectroscopy 

XPS measurements were conducted with a non-monochromated Mg Kα excitation source and a 

ScientaOmicron Argus CU electron analyzer in the Energy Materials In-Situ Laboratory (EMIL) of 

HZB. Core level peak fitting was performed with the free software fityk7. The number of Voigt peaks 

was determined by fitting all three datasets simultaneously with coupled width and shape parameters 

and increasing the number of peaks until the residuum was in the order of the background noise of the 

data. A linear background was included into the fit.  

UPS measurements were conducted with the same equipment employing He I (21.22 eV) excitation. 

For measuring the secondary electron cutoff, a 10 V bias was applied to the substrate. The valence band 

onset was determined by the leading edge extrapolation method (see fig. S15). 

The ITO substrates were prepared in the same manner as for the solar cells, in order to accurately reflect 

device-relevant ITO modification. The high VOC values and low leakage currents obtained with the 

SAM-based PSCs, the constant PCE in dependence of the used solution concentration (Fig. S3) and the 

similarity in RAIRS of SAMs prepared by spin-coating vs. dipping ascertains that the studied SAMs are 

closely packed and that saturation of coverage is fulfilled. After preparation of the glass/ITO substrates 

in a nitrogen-filled glovebox, they were quickly transferred into the ultra-high vacuum UPS system 

without exposure to ambient air.  

 

Absolute and transient photoluminescence  

Time-resolved photoluminescence (trPL) measurements were carried out in a home-built setup using 

excitation at a 660 nm wavelength from a pulsed supercontinuum laser light source (SuperK) with a spot 

size of 25-35 µm in diameter. The repetition rate was set to 304 kHz and the sample’s PL emission was 

collected panchromatically through a photomultiplier. Utilizing a time-correlated single photon counting 

technique (TCSPC), the PL decay was recorded with a time resolution of approximately 4 ns. The 

excitation power was varied with a linear ND filter, tracked with a power meter and chosen as follows, 

for injecting approximately the amount of charge carriers that is relevant for device operation under 1-

sun conditions: If at a 1-sun equivalent excess charge-carrier density n the PL decay is dominated by 

monomolecular recombination, the recombination rate R can be approximated by n/ where  is the 

monomolecular recombination-limited PL lifetime. At quasi steady state, the generation rate G equals 

R. Thus, G is roughly the photon flux per penetration depth (approximated by the film thickness ~ 

500 nm) divided by the steady-state PL lifetime (we assume 500 ns). This G is compared to the expected 

G under 1-sun equivalent excitation for an absorber with 1.63 eV band gap, which is given by the 

respective integration of the AM1.5G irradiance spectrum (1.5E+21 m-2 s-1). Under these estimations, a 

fluence of ca. 10-30 nJ/cm² of pulsed excitation should create a 1-sun equivalent quasi-steady-state 

situation. The samples were excited on the perovskite side. 

Absolute photoluminescence spectra and hyperspectral images were recorded with a custom setup 

described in another work8. Excitation was performed with two 450 nm LEDs, calibrated to ~ 1 sun 

equivalent fluence and PL emission was collected with a CCD camera. Wavelength-selectivity of the 

PL emission was achieved by coupling a tunable liquid crystal filter in front of the camera. The setup 

was calibrated to absolute photon numbers with light sources of known fluences9, thus enabling to 

estimate the quasi fermi-level splitting from the generalized Planck law using the high-energy tail fit 

method. 

XRD 

X-ray diffraction patterns (only in SI) were recorded at room temperature using a Bruker D8 

diffractometer in Bragg-Brentano geometry. For all measurements the Cu radiation from an X-ray tube 

operated at 40 mA and 40 kV acceleration voltage was used. 
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Synthesis of the SAM molecules 
 

In brief, alkylation with dibromoethane of the respective carbazole derivatives was performed 

(compounds 1 and 2), followed by an introduction of phosphonic acid ester groups via an Arbuzov 

reaction to yield the intermediate materials 3 and 4. Finally, cleavage of the ethyl groups was performed 

with bromotrimethylsilane to produce the final products 2PACz and MeO-2PACz. Further details are 

presented in the following 

Chemicals, unless stated otherwise, were purchased from Sigma-Aldrich or TCI Europe and used as 

received without further purification. The 1H and 13C NMR spectra were taken on Bruker Avance III 

(400 MHz) spectrometer at RT. All the data are given as chemical shifts in δ (ppm). 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 Å, Aldrich) was used for column chromatography. 

Elemental analysis was performed with an Exeter Analytical CE-440 elemental analyzer, Model 440 

C/H/N/. Electrothermal MELTEMP capillary melting point apparatus was used for determination of 

melting points. 

UV/Vis spectra were recorded on a PerkinElmer Lambda 35 spectrometer. 

 

 

Figure S1 Synthesis scheme of the phosphonic acid functionalized carbazole derivatives 2PACz and MeO-
2PACz. 

 

2PACz synthesis 

 

9-(2-bromoethyl)-9H-carbazole (1) 

9H-carbazole (2 g, 12 mmol) was dissolved in 1,2-dibromoethane (20 ml), and tetrabutylammonium 

bromide (0.08 g, 0.25 mmol) with 50% KOH aqueous solution (7.2 ml) were added subsequently. 

Reaction was stirred at 70°C for 6 h (TLC, acetone:n-hexane, 3:22, v:v). After completion of the 

reaction, extraction was done with ethyl acetate. The organic layer was dried over anhydrous Na2SO4 

and the solvent was distilled off under reduced pressure. The crude product was directly used for the 

further synthesis. 2.4 g (73 %) of white crystalline material was isolated– compound 1. 

Anal. calcd for C14H12NBr, %: C 61.33; H 4.41; N 5.11; found, %: C 61.39; H 4.37; N 5.03.  

1H NMR (400 MHz, CDCl3) δ 8.08 (d, J = 7.7 Hz, 2H), 7.51 – 7.36 (m, 4H), 7.29-7.20 (m, 2H), 4.66 (t, J = 7.5 Hz, 2H), 3.64 

(t, J = 7.5 Hz, 2H).  

13C NMR (101 MHz, CDCl3) δ 140.05, 126.07, 123.25, 120.66, 119.70, 108.55, 44.77, 28.23. 
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diethyl [2-(9H-carbazol-9-yl)ethyl]phosphonate (3) 

Compound 1 (1.14 g, 4.16 mmol) was dissolved in triethylphosphite (14 ml) and the reaction mixture 

was heated at reflux for 20 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 

using n-hexane as eluent, with the gradual change of the eluent to acetone:n-hexane, 1:4, v:v, to give 

1.25 g (91%) of clear liquid – compound 3. 

Anal. calculated for C18H22NO3P, %: C 65.25; H 6.69; N 4.23; found, %: C 64.99; H 6.60; N 4.16. 

1H NMR (400 MHz, DMSO-d6) δ 8.15 (dd, J = 7.9, 1.9 Hz, 2H), 7.58 (d, J = 8.2 Hz, 2H), 7.52 – 7.43 (m, 2H), 7.26 – 7.17 (m, 

2H), 4.65 – 4.54 (m, 2H), 3.94 – 3.85 (m, 4H), 2.35 – 2.21 (m, 2H), 1.23 (t, J = 7.0 Hz, 16H). 

13C NMR (101 MHz, DMSO) δ 139.49, 125.71, 122.34, 120.26, 118.96, 109.20, 61.22, 61.16, 36.59, 24.95, 23.59, 15.97. 

 

 

[2-(9H-carbazol-9-yl)ethyl]phosphonic acid (2PACz) 

Compound 3 (1 g, 3.02 mmol) was dissolved in dry 1,4-dioxane (30 ml) under argon. Afterwards, 

bromotrimethylsilane (4 ml) was added dropwise. Reaction was kept for 24 h at 25 °C under argon 

atmosphere. Afterwards solvent was distilled off under reduced pressure, solid residue was dissolved in 

methanol (30 ml) and distilled water was added dropwise (150 ml), until solution became opaque, and 

was stirred for 24 h. The solution was concentrated under vacuum and the product was filtered off and 

washed with water to give 0.510 g (61 %) of pale-blue solid – 2PACz. 

Anal. calculated for C14H14NO3P, %: C 61.09; H 5.13; N 5.09, found, %: C 60.64; H 5.22; N 5.02.  

1H NMR (400 MHz, DMSO-d6) δ 8.15 (d, J = 7.8 Hz, 2H), 7.54 (d, J = 8.2 Hz, 2H), 7.51 – 7.42 (m, 2H), 7.21 (t, J = 7.4 Hz, 

2H), 4.62 – 4.49 (m, 2H), 2.12 – 1.96 (m, 2H). 

13C NMR (101 MHz, DMSO) δ 139.40, 125.85, 122.29, 120.41, 118.96, 108.93, 37.37, 27.94, 26.64. 
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MeO-2PACz synthesis 

 

 

9-(2-bromoethyl)-3,6-dimethoxy-9H-carbazole (2) 

3,6-dimethoxycarbazole (0.534 g, 2.35 mmol) was dissolved in 1,2-dibromoethane (8 ml), and 

tetrabuthylammonium bromide (0.08 g, 0.25 mmol) with 50% KOH aqueous solution (6.9 ml) were 

added subsequently. Reaction was stirred at 70°C for 20 h (TLC, acetone:n-hexane, 3:22, v:v). After 

completion of the reaction, extraction was done with ethylacetate. The organic layer was dried over 

anhydrous Na2SO4 and the solvent was distilled off under reduced pressure. The crude product was 

purified by column chromatography using acetone:n-hexane, 1:49, v:v as eluent to give 0.352 g (60 %) 

of white crystalline material – compound 2. 

Anal. calcd for C16H16O2NBr, %: C 57.50; H 4.83; N 4.19; found, %: C 57.39; H 4.86; N 4.15. 

1H NMR (400 MHz, CDCl3) δ 7.51 (d, J = 2.5 Hz, 2H), 7.29 (d, J = 8.8 Hz, 2H), 7.10 (dd, J = 8.8, 2.5 Hz, 2H), 4.62 (t, J = 7.5 

Hz, 2H), 3.93 (s, 6H), 3.62 (t, J = 7.5 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 153.85, 135.65, 123.39, 115.30, 109.41, 103.45, 56.27, 45.07, 28.55. 

 

 

diethyl [2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonate (4) 

Compound 2 (0.316 g, 0.95 mmol) was dissolved in triethylphosphite (2.7 ml) and the reaction mixture 

was heated at reflux for 18 h. After reaction completion (TLC, acetone:n-hexane, 1:4, v:v) the solvent 

was distilled off under reduced pressure. The crude product was purified by column chromatography 

using acetone:n-hexane, 1:1, v:v as eluent to give 0.353 g (95%) of clear liquid – compound 4. 

Anal. calculated for C20H26NO5P, %: C 61.37; H 6.70; N 3.58; found, %: C 61.32; H 6.73; N 3.55. 

1H NMR (400 MHz, CDCl3) δ 7.52 (d, J = 2.5 Hz, 2H), 7.30 (d, J = 8.8 Hz, 2H), 7.10 (dd, J = 8.8, 2.5 Hz, 2H), 4.60 – 4.49 

(m, 2H), 4.09 – 4.03 (m, 4H), 3.93 (s, 6H), 2.29 – 2.15 (m, 2H), 1.28 (t, J = 7.1 Hz, 6H). 

13C NMR (101 MHz, CDCl3) δ 153.67, 135.46, 123.37, 115.20, 109.49, 103.46, 62.02, 61.96, 56.28, 37.31, 26.15, 24.79, 16.56, 

16.50. 
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[2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid (MeO-2PACz) 

Compound 4 (0.335 g, 0.86 mmol) was dissolved in dry 1,4-dioxane (25 ml) under argon. Afterwards, 

bromotrimethylsilane (1.12 ml) was added dropwise. Reaction was kept for 24 h at 25oC under argon 

atmosphere. Afterwards solvent was distilled off under reduced pressure, solid residue was dissolved in 

methanol (15 ml) and distilled water was added dropwise (30 ml), until solution became opaque, and 

was stirred for 15 h. Product was filtered off and washed with water to give 0.230 g (80 %) of beige 

solid – MeO-2PACz. 

Anal. calculated for C16H18NO5P, %: C 57.32; H 5.41; N 4.18, found, %: C 57.19; H 5.53; N 4.11.  

1H NMR (400 MHz, MeOD) δ 7.57 (d, J = 2.5 Hz, 2H), 7.34 (d, J = 8.8 Hz, 2H), 7.05 (dd, J = 8.8, 2.5 Hz, 2H), 4.58 – 4.48 

(m, 2H), 3.87 (s, 6H), 2.20 – 2.06 (m, 2H). 

13C NMR (101 MHz, MeOD) δ 154.97, 136.71, 124.61, 116.03, 110.37, 104.29, 56.46, 38.47. 
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2. Comparison of spin-coating, dipping and different SAM solution 

concentrations 
 

 
 

Figure S2 Statistical comparison between SAMs from spin-coating (no washing) and dipping (with subsequent 
washing), with triple cation perovskite absorber. The ITO substrates were either dipped into SAM solutions 
(0.1 mmol/l concentration in Ethanol, both MeO-2PACz and 2PACz are shown here) for several hours at room 
temperature with subsequent washing, or were prepared by spin-coating a 1 mmol/l SAM solution at 3000 rpm for 
30s with subsequent heating at 100°C for 10 min. When spin-coating the SAM solution, subsequent washing of the 
substrates is optional and shows no PCE difference. Both preparation techniques yield similar efficiencies. The 
slightly higher average PCE obtained by SAMs from spin-coating is due to the fact that process optimization started 
with dipping and later stages predominantly spin-coating was used for single junction cells. 

 

 

 

Figure S3 Power conversion efficiency of CsMAFA solar cells based on 2PACz, spin-coated from different 
concentrations in Ethanol. 
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3. Additional information to the RAIRS measurements 
 

V1036: The high frequency feature at 1585 cm−1 was assigned to the asymmetric stretching vibrations 

of carbazole and p-methoxy-phenyl rings. 1484-cm−1 band was associated with carbazole ring stretching 

vibrations. Slightly lower frequency shoulder near 1441−1465 cm−1 has highest contribution from 

deformation vibrations of CH3 groups. In-plane deformation vibrations of ring C−H bonds are visible at 

1182 cm−1. The broad band near 1010 cm−1 belongs to stretching vibration of phosphate group.10,11  

MeO-2PACz: Pair of well-defined bands of compound MeO-2PACz near 1164 and 1211 cm−1 are 

related with rings C−H in-plane deformation vibrations coupled with C−O stretching mode. Two 

carbazole ring stretching modes of compound 2PACz are visible at 1242 and 1347 cm−1. Presence of 

phosphonic acid group can be recognized from the broad band at 1010, 1021, and 1017 cm−1 for V1036, 

MeO-2PACz, and 2PACz monolayers, respectively. 

 

 
Figure S4 Comparison of FTIR spectrum of V1036 compound pressed into KBr pellet (a) and calculated spectrum 
at DEF2-SVP level of theory (b). The broad feature at 941 cm-1 for the bulk spectrum stems from P-OH species that 
are not present in monolayers. 

 

Figure S4 shows the bulk spectrum of V1036 and the theoretical spectrum calculated by density 

functional theory (DFT), and figure S5 shows the same for MeO-2PACz and 2PACz. For V1036, the 

spectrum can be almost fully replicated by the calculation. For MeO-2PACz and 2PACz, prominent 

features can be replicated as well, although not all peaks expected by the DFT calculation can be found 

in the experimental spectra and vice versa, which we contribute to intermolecular interactions in the 

SAM, which are not present in the calculation that was conducted for a free-floating molecule in 

vacuum. 

 

750 1000 1250 1500

9
4

1

1
4

8
6

(b)

1
2

7
0

1
4

8
5

1
2

3
9

In
te

n
s
it
y

Wavenumber / cm-1

1
5

0
4V1036

1
5

2
6

1
2

7
9

1
0

8
8

8
9

8

8
4

6

1
4

6
7

1
5

0
3

1
4

4
1

1
4

6
5

1
0

3
4

8
2

5

1
5

8
2

1
6

0
4

(a)

8
7

2



12 

 

 

Figure S5 Comparison of FTIR spectrum of 2PACz and MeO-2PACz compounds pressed into KBr pellet (a) and 
calculated spectra at DEF2-SVP level of theory (b). The broad features at 941 cm-1 and 951 cm-1 stem from P-OH 
species10–13 that are not present in the monolayer spectra. 

 

750 1000 1250 1500

1
0

1
7

8
8

4

PACz

MeO-2PACz

In
te

n
s
it
y

Wavenumber / cm-1

(a)

(a)

(b)8
4

1
8

8
4

8
4

2

1
2

4
7

1
2

7
3

1
2

7
11
2

3
2

1
0

6
0

1
0

1
7

1
4

6
7

1
4

9
8

1
1

5
9

1
5

7
71

4
9

4
1

4
8

1

1
3

2
8

7
8

0

8
3

0

1
0

2
4

1
0

6
1

9
4

18
0

0

1
2

1
3

7
2

3

1
1

7
9

1
2

5
5

1
4

6
4

1
4

5
4

1
5

9
7

1
4

8
6

1
2

3
7

1
0

3
3

7
4

7

1
5

9
1

1
4

5
2 1
5

0
5

1
4

8
7

1
6

1
1

1
3

5
2

1
0

4
8

9
5

1

(b)



13 

 

 

Figure S6 RAIRS spectra of different preparations of V1036 self-assembled monolayers on an ITO substrate. 
Spectra are shown of spin-coated (A) and formed from dipping (B, C, respectively) samples solutions before (a), 
after rinsing with ethanol and chlorobenzene (b) and after being kept in a lab environment for one month (c). 
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4. Additional device metrics 
 

 

 

 

 

 

Figure S7 Solar cell device metrics for all investigated HTMs with CsMAFA “triple cation” perovskite absorber with 
1.63 eV optical bandgap, on devices with area of 0.16 cm² (1:1 aspect ratio). The high JSC values over 22 
mA/cm² with both new SAMs are only achieved with a NaF antireflective (AR) coating. We notice that the AR coating 
is not as beneficial for PTAA-based devices, but adding 0.3 – 0.6 mA/cm² current density to 2PACz and MeO-
2PACz devices. Note that, despite enabling a higher Jsc, the FF values of the (MeO-)2PACz devices are 
comparable to the ones of the PTAA devices, pointing to a higher extraction efficiency with (MeO-)2PACz. 
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Figure S8 Initial stability assessment of SAM-based solar cells. The plot shows the time evolution of stabilized PCE 
of the single junction cell that was sent for certification. This cell was repeatedly handled and measured in ambient 
air (RH 30-60 %) and was stored in a nitrogen-filled glovebox in between the measurements. The orange points 
show the same for a representative CIGSe/perovskite tandem solar cell (same device stack as for the cell in the 
main text). The cell was measured in ambient air and was stored in nitrogen in between the measurement days. 
We expect that SAMs are suitable for the integration into PSC architectures that are specialized for high stability. 
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5. X-Ray Diffraction patterns and SEM pictures 
 

 

 

Figure S9 X-ray diffractograms of CsMAFA Perovskite films grown on the investigated HTMs (stack is 
glass/ITO/HTM/Perovskite). The stars on the PTAA case indicate the expected positions of perovskite crystal 
diffraction peaks. 

 

 

Figure S10 Scanning electron microscopy images of CsMAFA perovskite grown on PTAA, MeO-PACz and PACz. 
SEM pictures of the same perovskite on V1036 was previously published1. 
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6. Photocurrent Spectra to determine the Urbach Energy 
 

 

Figure S11 Normalized EQE of Perovskite solar cells based on the investigated HTMs, measured by a lock-in 
amplified current signal of the solar cell under modulated, monochromatic light (step size 2 nm & 1 second 
integration time). The slope in the “Urbach regime” gives an estimate of the energy of tail states (“Urbach energy”), 
which is likely to be overestimated by this method, but still gives a comparable value to the ones determined by a 
sophisticated full-fit.14 The kink at 1.52-1.53 eV might stem from the low spectral response of the reference cell 
used for calibration. 
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7. Additional information to Photoelectron spectroscopy 
 

 

Figure S12 X-ray photoelectron spectroscopy (XPS) spectra in the O1s region of cleaned and O3-treated ITO 
(lower panel), ITO covered with MeO-2PACz (middle) and covered with 2PACz (top panel). After heating, the SAM-
treated samples were washed with Ethanol. The number of necessary peaks for the fit was determined as for the 
C1s fitting in the main text (with linear background included into the fit). The peak shape parameters (Voigt curves) 
are the same for all shown peaks. For the (MeO-)2PACz fits, the relative distances between the peaks were locked 
to the same values as determined from the bare ITO fit, in order to unambiguously determine whether additional 
peaks are needed. Only the MeO-2PACz fit needed an additional peak (orange) that is here assigned to C-O-C 
species15, in conjunction with the C1s study of the main text. The largest peak at 530.5 eV is assigned to oxygen in 
In2O3 in both bulk and surface of the ITO16. In this case, a possible tin-oxygen bond coincides in binding energy with 
In-O bonds17. The second largest peak at 531.5 eV is assigned to metal hydroxide species15. The area ratio between 
this peak and the largest one is 0.47 for the bare ITO sample. Upon SAM treatment, this ratio rises to 0.57 for both 
MeO-2PACz and 2PACz, pointing either to an increased concentration of O-H groups18 on the surface or that less 
signal from the ITO bulk is collected. The remaining two peaks at higher binding energies might be assigned to 
other hydroxides and adventitious contaminants, like H2O15,16. We assume that P-O species cannot be resolved 
here due to limited sensitivity and possible overlap with the contaminant peaks.  
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Figure S13 X-ray photoelectron spectroscopy on the studied substrates at the N1s region. Both MeO-2PACz and 
2PACz share the same peak position, whereas V1036 shows a broader peak due to the presence of an additional 
N species in the diphenylamine group. A more detailed peak analysis would require a higher signal-to-noise ratio. 

 

 

 

 

Figure S14 X-ray photoelectron spectroscopy at the C1s region of ITO glass, with and without SAM spin-coated 
on top (from 1 mmol/l solution, with subsequent heating to 100°C for 10 min). The residual small signal of the bare 
ITO sample is probably caused by adventitious carbon of the e. g. the sample storage boxes or glovebox. 
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Figure S15 X-ray photoelectron spectroscopy at the C1s region for samples on which the SAM solution (1 mmol/l 
in Ethanol) was spin-coated (with subsequent heating to 100°C for 10 min), with and without washing the substrates 
subsequently. 
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Figure S16 Same XPS measurement as in the main text, with the additional graph on top of each plot showing the 
relative residuum of each fit. The number of peaks was determined by fitting all three datasets globally with the 
same width and shape parameters and increasing the number of peaks until the residuum was in the order of the 
background noise of the data. 
 
 
 

 

Figure S17 X-ray photoelectron spectra of the substrates on which UPS for the energy band edge diagram in fig. 
4 of the main text (except for the perovskite values) has been conducted. The XPS measurement was recorded 
directly after the UPS measurement and shows the In peaks of the ITO substrate. All peaks are aligned, showing 
that no sample charging effects might have altered the energetic values.  
 
 

289 288 287 286 285 284 283 289 288 287 286 285 284 283 288 287 286 285 284 283 282

-10

0

10

In
te

n
s
it
y
 (

a
rb

. 
u
n
it
s
)

Binding energy (eV)

V1036 2PACzMeO-2PACz

Binding energy (eV)

C-C,

C-H

C-C,

C-H

C-O-CC-O-C

C-C,

C-H

Binding energy (eV)

C-P

C-NC-NC-N

C-PC-P

R
e
s
. 
(%

)

-456 -454 -452 -450 -448 -446 -444 -442

N
o
rm

a
liz

e
d
 i
n
te

n
s
it
y
, 
s
ta

c
k
e
d

Binding energy (eV)

bare ITO

ITO/V1036

ITO/MeO-2PACz

ITO/2PACz

ITO/PTAA

XPS at In3d region



22 

 

a 

 

b 

 
Figure S18 Ultra-violet photoelectron spectra (UPS) from which the work function (a) and valence band onset 
values (b) were extracted for the energy band edge diagram in fig. 4 of the main text (excitation energy is 21.22 eV). 
The excitation energy was 21.22 eV. After every UPS measurement, an XPS measurement was recorded to check 
for any charging effects of the substrates that could cause any shifts of the spectra (see comparisons of the 
substrates’ In peaks in fig. S14).   
 
 
 

   

Figure S19 X-ray and UV Photoelectron spectroscopy of CsMAFA perovskite grown on PTAA (glass/ITO 
substrate). The dashed line in the XPS measurement (left) marks the expected position of the Iodine 3d5/2 peak19. 
The black lines in the UPS measurements (middle and right plot) are linear extrapolations of the leading edges. 
 
 

Calculation of the dipole moment 
 

The dipole moment was calculate following the previously published procedure20. In brief, as the hole-

selective fragment is electronically decoupled from the phosphonic acid group due to the non-conjugated 

linking ethylene fragment, the contribution of the PA fragment to the final dipole moment can be 

excluded (following the assumption that the binding to the ITO surface is roughly the same for all three 

SAMs). Therefore, for the calculations the phosphonic acid group was replaced by hydrogen. DFT 

calculations were performed using TURBOMOLE version 7.0 software21, with Becke's three parameter 

functional, B3LYP22,23, and def2-SVP24,25 basis set in vacuum. Note that the mentioned dipole moments  

do not necessarily contribute in the relative same magnitude for all different SAMs, since the orientation 

relative to the ITO surface is not known for the individual SAMs. 
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8. Further PL measurements  
 

 

 

 

 

 

 

 

 

 

Figure S20 Absolute photoluminescence imaging of a sample with solar cells (bright squares, champion 2PACz 
device of the main text), recorded under an equivalent 1-sun intense fluence. By recording the photon-count 
calibrated PL spectra (displayed on the right for this sample) and applying the high-energy tail slope method as 
previously described for the same setup on perovskites,8  the quasi fermi-level splitting (QFLS) values are obtained. 
The solar cell pixel shows a QFLS of 1.18 eV, while the same solar cell shows 1.188 V VOC in the J-V scan. The 
bright stripe in the middle of the image shows an area without C60 evaporated on the perovskite. The QFLS of 
1.22 eV (PL quantum yield of ~ 0.4 %) represents the maximum possible VOC with this perovskite on 2PACz and 
the comparison to the solar cell shows that the C60 interface is leading to a loss of ~ 40 meV. This, interestingly, is 
lower than for the same perovskite grown on PTAA.8 The lower panel shows a 2D plot of the QFLS of the upper 
part of the upper image (calculated from the difference of PL quantum yield to radiative limit26, with same results as 
obtained with the high-energy tail slope fit). 
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Figure S21 TrPL transients of CsMAFA perovskite film to investigate possible differences between spin-
coating and dip-coating of the SAM solution (exemplary for MeO-2PACz). The non-significant difference 
is in line with the initially presented conclusions made with the RAIRS analysis. 

 

 

Figure S22a TrPL transients of CsMAFA perovskite films on 2PACz and PTAA for different excitation 
intensities. 
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Estimation of the interface recombination velocity 
 

Assuming one-sided surface recombination (thus over-estimating S, since the CsMAFA top side is not 

passivated), we calculate the interface recombination velocity S through 

𝜏2/2 =
𝑑

𝑆
+

4

𝐷
(

𝑑2

𝜋2), 

with sample thickness d (~ 500 nm) and diffusivity D (~ 0.5). The calculated values for CsMAFA 

perovskite on the different HSCs are listed in the following table. Here, the two lifetimes were obtained 

from a bi-exponential fit, 𝜏2 corresponds to the value reported in the main text (which is roughly the 

same as obtained from a linear fit of the long tail), 𝜏1 was not used for the calculation: 

 𝜏1(ns) 𝜏2/2 (ns) S (cm/s) 

Quartz glass 0 708 35 

V1036 60 130 193 

PTAA 60 200 125 

MeO-2PACz 109 641 39 

2PACz 161 2041 12 
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9.  Certification Results  

 

Figure S23 Fraunhofer ISE certificate of a representative 2PACz solar cell with a CsMAFA perovskite absorber. 
The cell was masked from a 0.16 cm² area to ~ 0.108 cm² and then sent to the calibration laboratory. 
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Figure S24 JV measurement by Fraunhofer ISE of a representative 2PACz solar cell with a CsMAFA 

perovskite absorber. 

 

Figure S25 MPP tracking measurement by Fraunhofer ISE of a representative 2PACz solar cell with a CsMAFA 
perovskite absorber. The certified PCE value of 20.44 % is drawn from this measurement. The in-house MPP 
measurement of this device was 20.7 % 2 weeks prior to certification (with an in-house measured area of 0.107 cm², 
FF of 81.6% and VOC of 1.15 V). 
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10. Additional results with the other perovskite absorbers  
 

 
a 

 

b 

 
 
 

Figure S26 a, External quantum efficiency measurements of the “double” and “single” cation perovskite solar cells 
shown in fig. 7a of the main text, and corresponding integration of the product of EQE and AM1.5G spectrum (right 
axis). The JV-curve of the 2PACz/MAFA cell is shown in fig. S23. The vertical dashed lines indicated the position 
of the maximum of the curve’s derivative (for estimation of the optical band gap, 775 nm for MAPbI3 and 800 nm for 
MAFA). b, XRD of a representative MAPbI3 perovskite prepared by co-evaporation on MeO-2PACz. The asterisks 
indicate the expected perovskite crystal diffraction peaks. 

 

 
 

Figure S27 J-V scan (250 mV/s scan rate) at standard measurement conditions and MPP tracking in the inset of a 
PSC based on “double-cation” MAFA perovskite on 2PACz. Compared to MeO-2PACz, the VOC is slightly higher, 
following the trend presented with CsMAFA in the main text. Device metrics are (reverse scan parameters): PCE = 
21.0 %, VOC = 1.142 V, FF = 76.7 %, JSC = 24.0 mA/cm² (integrated EQE x AM1.5G = 23.7 mA/cm²). The blue line 
in the MPPT inset marks the 21.1 % value. 
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11.  Additional results to the Perovskite/CIGSe Tandem  

 
  

  

Figure S28 Solar cell device metrics of representative CIGSe bottom cells, similar to the one used for the tandem 
cell, under full 1-sun illumination and filtered for visible range absorption (as absorbed by the perovskite). The PCE 
values for the filtered case have been adjusted for the smaller illumination intensity.  
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a 

 

b 

 

Figure S29 a, External quantum efficiency measurement (provided by Fraunhofer ISE, CalLab) of the 
CIGSe/perovskite monolithic tandem solar cell shown in figure 6b of the main text. The red line shows a 1-reflection 
measurement of the certified cell measured in-house. b, photograph of a representative CIGSe/perovskite 
monolithic tandem solar cell with ~ 1 cm² active area (surrounded by a silver frame).  
 
 
 
 

a 

 

b 
 
 
 

 

Figure S30 Certification results by Fraunhofer ISE of the CIGSe/Perovskite tandem solar cell (area ~ 1.035 cm²). 
a, maximum power point tracking from which the steady-state MPP value was extracted (in-house measurement 
was 23.2 %, fitting to the certified 23.26 %). b, J-V curve. 
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Figure S31 Certification sheet for the CIGSe/perovskite tandem, description of the measurement procedure and 
type of solar cell. 
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Figure 32 Certification sheet for the CIGSe/perovskite tandem, performance parameters, measurement conditions 
and active area (designated area, defined by an evaporated silver ring, while the rest of the cell was masked). 
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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) (1) could increase 
efficiencies of commercial mass market photovoltaics beyond the single-junction cell limit (1, 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 cm²) (5), 24.2% for perovskite/CIGSe (copper-indium-
gallium-selenide) tandem cells (~1 cm²) (5–7), 24.8% for all-perovskite tandem cells (0.05 cm²) (8, 9) 
and 26.2% for the highest openly published perovskite/silicon tandem efficiency (~1 cm2) (10, 11). 
Perovskite/silicon tandem cells have additionally undergone technological advances in both stability 
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and compatibility with textured silicon substrates (11–13). 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 (PLQYs) 
approaching theoretical limits (16–18). Consequently, PSCs were reported with open-circuit voltage 
(VOC) values of only a few 10 meV below their radiative limit (19–23). 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 cm²) 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 (11, 12, 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 nID, 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 cm². 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 1.6-1.63 eV (~17% Br), yielding a nominal precursor composition of 
Cs0.05(FA0.77MA0.23)0.95Pb(I0.77Br0.23)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 cm²). (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 
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 
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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 (16). 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  cm² 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 cm² 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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 Fig. 2 Role of charge transfer on transient 
photoluminescence (TrPL). (A) PL 
transients of perovskite on ITO/hole-selective 
layer substrates. The dashed lines indicate the 
background levels. (B) Computed differential 
lifetimes from fits to the transients in (A), 
showing the single-exponential decay time at 
each time of the transient, with early times 
shown in the inset. The inset highlights the 
region of the Me-4PACz and 2PACz transients 
that is governed by hole transfer into the ITO. 
Excitation density is similar to 1-sun conditions 
(fluence of ~30 nJ/cm², 2-3 x 1015 cm-3). (C) 
Ratio of higher-order processes to mono-
exponential decay in the TrPL transients, 
revealing that Me-4PACz not only extracts 
holes faster (inset in B), but also with a ~10 
times higher efficiency compared to 2PACz, 
since the Me-4PACz transient shows the 
same magnitude of radiative recombination 
only at a ~10 times higher charge carrier 
generation (comparison along the dashed line, 
see Figure S10 for details). 

 
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 (18). 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 τ dln ϕ t /dt  (Fig. 
2B), with ϕ 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 µs 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 µs) led to a sharp rise of 𝜏, 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 µs. 

In the charge carrier generation regime of this experiment (~1-sun, ~3 ∙ 10   cm ), 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 supplementary text 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 PbI2 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 C60 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/C60 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 C60 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/C60/SnO2/Ag, with the SnO2 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 nID 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 C60 interface. However, as reasoned above, the C60 
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 C60 (52, 53) (see Fig. 3D and 
Figure S20). The combination of a high VOC with low nID 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 C60 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 C60 layer sets a iVOC limitation through high non-radiative recombination rates (53). This 
limitation was only overcome with a counter electrode on the C60 (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 C60 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/C60/SnO2/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 C60 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 
C60 layer, with which all curves are comparable due to the limiting non-radiative recombination at the C60 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 C60, SnO2 
and Ag metal electrode.  

 Quartz PTAA MeO-2PACz 2PACz Me-4PACz 
pFF (%), half cell 
(suns-PL) 

87.9 85.6 85.5 88.3 87.5 

pFF (%), half cell + C60 
(suns-PL) 

85.3 85.3 85.3 85.3 85.3 

pFF (%), full cell  
(suns-Voc) 

 85.8 85.9 86.9 87.9 

max FF (%), full cell 
(J-V) 

 79.8 81.9 81.8 84.0 

iVOC (V), half cell 
(absolute PL) 

1.258 1.185 1.215 1.244 1.248 

nID, full cell  
(suns-VOC) 

 1.55 1.51 1.42 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 C60, 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 µm 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 Cs0.05(FA0.77MA0.23)0.95Pb(I0.77Br0.23)3 as analyzed above, 
resembled the single-junction stack of ITO/HTL/Perovskite/(LiF)/C60/SnO2/IZO/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/C60 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 of 26.25% 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 S1). The statistics of all photovoltaic parameters are shown in 
Figure S26. The J-V measurements of the champion cells of each configuration are shown in Figure S27 
and the PV parameters are summarized in Table S2. 

The tandem solar cells did not reach FF values as in single-junction cells due to the larger active area 
(1 cm2) and a TCO without grid fingers, leading to increased series resistance. The cells showed very 
high VOCs of up to 1.92 V (Figure S28). With a VOC of ~715 mV from the bottom cell at half illumination 
(Figure S29), 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-2. (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 S30 for certificate). With a VOC of 1.90 V, FF of 79.4% and JSC of 
19.23 mA cm-2, the cell had a PCE of 29.01% when measuring from JSC to VOC, similar to our in-house 
measurement (Figure S31), and was certified at the MPP with a PCE of 29.15% with a designated area 
of 1.064 cm². This PCE surpasses other monolithic (10, 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).  
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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 
subcells were 19.41 mA cm-2 and 20.18 mA cm-2, respectively, which agreed with the measured JSC of 
19.23 mA cm-2. The tandem solar cell exhibited a non-ideal current mismatch of 0.77 mA cm-2

, 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-2 and 
2.57 mA cm-2, 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 S32. 

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-2 this lead to a 
PCE of 29.29% and a stabilized efficiency of 29.32% (Figure S33). 

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 S34) and 
independent intensity calibration and recording. We adjusted the mismatch so that the Jph 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 supplementary text). 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 S3 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 C60 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 (see supplementary text). 
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 (13), 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 S35).  

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. 5A).  
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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 
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 (19).  

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 S36). 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 supplementary text 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 Jph being calculated from EQE measurements and amount to 18.7 and 
20.6 mA cm-2 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 the supplementary text. 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 S37a) and the cumulative current density was fixed to 39.3 mA cm-2 (as it is for 
AM1.5G-equivalent illumination). Figure S37b shows the photovoltaic parameters as a function of the 
mismatch (Jph,Si-Jph,Pero). As shown in a previous publication, the Voc is almost independent of the 
mismatch, whereas the FF is affected by it (26). A minimum FF occurs when the Jph,Si is 0.7 mA cm-2 
below the Jph,Pero. 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 C60 
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-VOC measurements. A non-encapsulated tandem 
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 
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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 C60 and SnO2 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. C60 (sublimed) was bought from CreaPhys GmbH. FAI (formamidinium iodide) 
and MABr (methylammonium bromide) were purchased from Dyenamo. PbI2 and PbBr2 were bought 
from TCI. CsI was purchased from abcr GmbH. The ceramic 2-inch IZO 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-O3 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)/C60/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-1 in toluene) was deposited using spin-coating (5000 rpm for 30 s, 
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 PbI2 and 
PbBr2 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 % PbX2 excess, respectively (X = I or Br) (typical amounts 
were 0.3 g FAI and 0.06 g of MABr). The so obtained FAPbI3 and MAPbBr3 were then mixed in 77:23 
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volume ratio to obtain the “double cation” perovskite. Finally, 5 vol-% of 1.5 M nominal CsI in DMSO 
was added to the perovskite precursor (stock solution prepared one day before, typically ~50 mg 
powder). 100 µl 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 µl 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 C60 was thermally evaporated at a rate of 0.15 Å s-1 onto the perovskite film. 
Optionally, as indicated, a 1 nm-thick LiF interlayer was deposited between C60 and perovskite, 
evaporated at a rate of 0.05 Å s-1, within the same vacuum run as the C60 layer. 20 nm of SnO2 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/purge1/H2O/purge2 times were 1s/10s/0.2s/15s with corresponding nitrogen flows of 
30sccm/90sccm/90sccm/90sccm. 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 Å s-1. 

Silicon solar cell preparation  

The silicon heterojunction (SHJ)-bottom cell was fabricated from a 260 µm thick, ~3 Ω cm-1 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 SiO2 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/O2 gas mixtures. For the ITO a tube target with 95/5 doping ratio and for the 
AZO a tube target with 1% Al2O3 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 cm2 (2 x 2 cm2 for single-junction 
reference). For single-junction reference cells with an aperture area of 2 x 2 cm2, an Ag grid was screen-
printed on top of the front ITO. 

Preparation of tandem solar cells 

The bottom cells were blown clean with N2 and UV-O3-treated for 15 minutes. The same HTL, 
perovskite, (LiF), C60 and SnO2 deposition as described above was conducted on the silicon bottom 
cells. Subsequently, 100 nm IZO (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. In2O3 
and 10 %wt. ZnO. At a RF-power of 70 W the cells oscillated under the target to have a uniform 
deposition. 0.2%vol O2 was added to the chamber. The previously optimized layer (26) has a mobility, 
carrier density and resistivity of 43.5 cm2 V-1 s-1, 3.4∙1020 cm-3 and 4.2∙10-4 Ω 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 
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evaporation. The active area is defined by the metal frame and is slightly larger than 1 cm2. A photo and 
schematic of a monolithic tandem solar cell is shown in Figure S25. 

 

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 cm² (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 mm². 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 mm² 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 cm²-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-2 at 100 mW cm-2, or 1.375x1021 
photons m-2 s-1). 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 µs. 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-2, 1% 
of a sun to 0.220 mA cm-2. The obtained dark current was then plotted against the measured QFLS or 
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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 
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 𝑽𝐎𝐂 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 𝐽   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 µm 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 × 1021 photons 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. 

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 Jdark 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 (j) 𝑌 𝐽  as a function of the injected 

current 𝐽 . The radiative current of every subcell 𝐽  is calculated by multiplying the 𝑌 𝐽  by 

the elementary charge. Finally, the voltage of the subcells 𝑉  is calculated with: 

𝑉 𝑘𝑇 ln ,

,

. 

Here, 𝐽 ,  is calculated from the EQE of the individual subcells following the reciprocity theorem 

(71): 

𝐽 , 𝑞 𝐸𝑄𝐸 
 

 𝐸 𝜙 𝐸 𝑑𝐸. 
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Terahertz-Probe (OPTP) spectroscopy  

Optical-Pump Terahertz-Probe (OPTP) spectroscopy can measure the transient photo-excited sheet 
conductivity ΔσS and sum mobility µ∑ = µe +µh of the electron mobility µe and the hole mobility µh. 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 ΔT, which is also detected. The derived pump-
induced change in THz transmission ΔT/T is analyzed by the thin-film approximation in equation (S5) 
for the photo-excited sheet conductivity ΔσS, which is the integral of the induced photoconductivity Δσ 
over the sample thickness d. The parameters are the speed of light c, the permittivity of the vacuum ε0, 
and the terahertz refractive index of the substrates nsub, which is 1.95 for the used quartz glass substrate. 

∆𝜎 ∆𝜎𝑑𝑥 𝜀 𝑐 1 𝑛

∆𝑇
𝑇

1
∆𝑇
𝑇

    1  

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 ΔT 
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 1011 photons/pulse/cm2, 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.  

Σ𝜇 𝜇 𝑓, 𝑡 𝜇 𝑓, 𝑡
∆𝜎

𝑞𝜑 1 𝑅
 2  

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 Jph,Si (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 Jph,Pero. 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: i) ITO-covered glass substrate, two different SAMs ii) Me-4PACz and 
iii) 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 (EF-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 (EVak-EF) 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 (λ = 1.5498 Å) were 
incident on 1 cm2 samples prepared with stack silicon/ITO/HTL/perovskite/C60 to mimic growth 
conditions in devices, and with C60 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 108 s-1 
with 80 μm 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 S34. 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 

 

 

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 S38 was used to estimate the “bandgap” of the SAMs. The data for PTAA is from 
ref. (7) (this and the following citations refer to the numbers of the main paper), 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 

 

 

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. 

 

 

a 

 

b 

 

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 cm² (a) and 0.4 mm² (b), each at different positions on the 
sample – but the excitation fluence was kept the same by placing additional ND1+ND0.4 filters into the beam for 
the 0.4 mm² 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. c, Same experiment as in a, but with a smaller illumination spot size. d, same spot size as in 
c, but with 10-times higher intensity. 

 

 
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 cm² 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. 

 

Supplementary text: Amount of higher order recombination estimated from the TrPL transient 

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.  

 

 

 

 

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. 

 

a 

 

b 

 

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 C60 side first 
since the majority of charge carriers are excited at the C60-near perovskite surface and fast extraction to the C60 
layer or non-radiative recombination occurs at/in the C60 layer (53, 75, 76). Assuming negligible non-radiative 
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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-
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 cm2/s and their extraction with an extraction velocity S of 1.6 x 104cm/s. To this end, the continuity equation with 
S as a boundary condition is used (eq-S2 & eq-S3).  

 

𝜏
𝑑

𝜋 𝐷
𝑑

2𝑆
 

(eq-S1)

𝑑
𝑑𝑡

∆𝑛 𝐷
𝑑

𝑑𝑥
∆𝑛 (eq-S2)

𝐷
𝑑

𝑑𝑥
∆𝑛| 𝑆∆𝑛 (eq-S3)

𝐷 2
𝑘 𝑇

𝑒
𝜇 𝜇

𝜇 𝜇
 (eq-S4)

 

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 µ∑ = µe +µh can be used to gain to the individual mobilities of electrons 
and holes (77). For the sum mobility µ∑ of 30 cm2/Vs, electron and hole mobilities of 6 cm2/Vs and 24 
cm2/Vs are derived. However, it cannot be clarified whether electrons or holes have the higher value. 

 

 

 

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 

 

 

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 PbI₂ (*). Scattering data shown in part a) are uncorrected images with the 
scale indicating the detector rotation about the sample. 
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Figure S14 a) Typical remapped 2D scattering intensity data (Me-4PACz shown), plotted as χ (azimuthal scattering 
angle) vs. 2θ, with (100) and (110) perovskite reflections and PbI2 marked. b) Azimuthal intensity profiles showing 
orientation distribution for the radially integrated (100) and (110) scattering features and PbI2 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 PbI₂ (*). Here the PbI2 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. c, Example Le Bail structural refinement of the Me-4PACz pattern with cubic Pm-3m perovskite, PbI2 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 PbI2 peak), which was 
less pronounced in the 1D scans extracted from the GIWAXS data.   
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Additional single-junction device data 

 

 

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).  

 

 

   

 

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 S18 Left: J-V curve of the champion single-junction cell based on Me-4PACz as the hole-selective layer and 
LiF/C60/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. 

 

 

  

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). 

 

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. 

 

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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b 

 
 

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

 

 

a 

 

b 

 

Figure S25 a) Photograph of a monolithic perovskite/silicon tandem solar cell. b) Layout of the tandem solar cells 
used in this work. 
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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 C60 and perovskite. The arithmetic 
mean is given for each parameter and HTL. 
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Table S1 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 Jph 
(mA/cm²) 

Perovskite Jph 
(mA/cm²)

Mismatch: Jph,Silicon-Jph,Perovskite 
(mA/cm²)

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

 

 

 

 

Figure S27 J-V curves of the champion tandem solar cells with various HTLs. The parameters are given in Table 
S2. 

 

 

 

 

 

 

 



 

49 
 

Table S2 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 Jsc in mA 
cm-2 

Voc in V FF in % PCE 
in % 

PTAA Jsc to Voc 19.19 1.85 75.6 26.79 
PTAA Voc to 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 to 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 to Jsc 19.58 1.88 78.66 28.88 
2PACz Jsc to Voc 19.55 1.85 75.73 27.36 
2PACz Voc to Jsc 19.57 1.85 76.83 27.79 
Me-4PACz Jsc to Voc 19.37 1.87 80.89 29.23 
Me-4PACz Voc to Jsc 19.37 1.87 81.06 29.29 
Me-4PACz – LiF 
(certified values) 

Jsc to Voc 19.23 1.90 79.40 29.00 

Me-4PACz – LiF 
(certified values) 

Voc to Jsc 19.24 1.89 78.85 
 

28.75 

 

 

 

 

Figure S28 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 S29 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 cm2 active area, a screen-printed Ag grid is used. 
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Certification 
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Figure S30: 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 S31 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. 

 

 

 

Figure S32 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-2, 
whereas the flat front side of this publication led to 39.59 mA cm-2. Additionally, the dashed lines show the reflection 
(1-R) of the respective cell. 
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a 

 

b 

 

Figure S33 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% 

 

 

Figure S34 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. 

 

Supplementary text: 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 S3 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) Iph,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 

 

 

 

 

 

 

Figure S35 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 Jošt 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 S36 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. 

 

Supplementary text: 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 RSh for the JVEL,Tandem. 
We attribute this to pinholes in the perovskite top cell (e.g., direct contact between C60 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 is a 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 VMPP, 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 VMPP 
compared to VOC. Since in a solar cell diode equation the series resistance appears in the product Rs × I, 
the JVEL thus simulates a J-V curve under small net current flow. 
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a 
 

 

b 

 

Figure S37 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-2 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-2, 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  

 

 

 

Figure S38 Molar extinction coefficient of 2PACz and Me-4PACz dissolved in THF (10-4 M). UV/Vis spectra were 
recorded on a PerkinElmer Lambda 35 spectrometer. 

  



 

60 
 

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 1H and 13C NMR spectra were taken on Bruker Avance III (400 MHz) spectrometer at room 
temperature. Chemical shifts are reported in parts per million (δ, 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 Å, Aldrich) was used for column chromatography. Elemental analysis was 
performed with an Exeter Analytical CE-440 elemental analyzer, Model 440 C/H/N/. 

 

Figure S39 Synthesis scheme of the new materials (Me)-nPACz (n = 2, 4, 6). 

 

 

(3,6-Dimethyl-9H-carbazole) (1a). 3,6-Dibromocarbazole (10 g, 30.77 mmol) and 1,3-bis-
(diphenylphosphino)dichloronickel(II) (Ni(dppp)2Cl2) (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 CH3MgBr 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 Na2CO3 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 Na2SO4 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. 

1H NMR (400 MHz, (CD3)2SO): δ 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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13C NMR (100 MHz, (CD3)2SO): δ 138.3, 126.8, 126.6, 122.4, 119.8, 110.6, 21.1.  

Anal. calcd for C14H13N, %: C 86.12, H 6.71, N 7.17, found, %: C 85.91, H 6.82, N 7.27. 

 

 
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 Na2SO4 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.  

1H NMR (400 MHz, CDCl3): δ 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). 

13C NMR (100 MHz, CDCl3): δ 138.6, 128.8, 127.2, 123.2, 120.6, 108.2, 44.8, 28.4, 21.5. 

Anal. calcd for C16H16BrN, %: C 63.59, H 5.34, N 4.63, found, %: C 63.72, H 5.52, N 4.77. 

 

 

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.  

1H NMR (400 MHz, CDCl3): δ 7.84 (s, 2H), 7.30 – 7.23 (m, 4H), 4.55 (q, J = 8.5 Hz, 2H), 4.08 (quint, 
J = 7.1 Hz, 4H), 2.52 (s, 6H), 2.28 – 2.16 (m, 2H), 1.28 (t, J = 7.0 Hz, 6H). 

13C NMR (100 MHz, CDCl3): δ 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 C20H26NO3P, %: C 66.84, H 7.29, N 3.90, found, %: C 67.01, H 7.09, N 4.08. 
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[2-(3,6-dimethyl-9H-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. 

1H NMR (400 MHz, (CD3)2SO): δ 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). 

13C NMR (100 MHz, (CD3)2SO): δ 138.0, 127.4, 126.9, 122.3, 120.2, 108.6, 37.4, 28.0, 26.7, 21.0.  

Anal. calcd for C16H18NO3P, %: C 63.36, H 5.98, N 4.62, found, %: C 63.53, H 5.81, N 4.76. 

 

 

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 Na2SO4 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. 

1H NMR (400 MHz, CDCl3): δ 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). 

13C NMR (100 MHz, CDCl3): δ 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 C18H20BrN, %: 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.  

1H NMR (400 MHz, CDCl3): δ 7.84 (s, 2H), 7.25 – 7.22 (m, 4H), 4.24 (t, J = 7.0 Hz, 2H), 4.00 (quint, 
J = 7.3 Hz, 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). 

13C NMR (100 MHz, CDCl3): δ 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. calcd for C22H30NO3P, %: C 68.20, H 7.80, N 3.62, found, %: C 68.03, H 7.98, N 3.79. 

 

 

[4-(3,6-dimethyl-9H-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 25oC 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.  

1H NMR (400 MHz, (CD3)2SO): δ 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). 

13C NMR (100 MHz, (CD3)2SO): δ 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. calcd for C18H22NO3P, %: C 65.25, H 6.69, N 4.23, found, %: C 65.38, H 6.51, N 4.29. 
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9-(6-Bromohexyl)-3,6-dimethyl-9H-carbazole (2c): 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 Na2SO4 and the solvent was distilled off 
under reduced pressure. The crude product was purified by column chromatography (acetone: n-hexane 
1:249 v/v) to give 1.04 g (95 %) of colourless compound  

1H NMR (400 MHz, CDCl3): δ 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, CDCl3): δ 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 C20H24BrN, %: C 67.04, H 6.75, N 3.91, found, %: C 67.18, H 6.62, N 4.10. 

 

 

Diethyl [6-(3,6-dimethyl-9H-carbazol-9-yl)hexyl]phosphonate (3c): 2c (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.  

1H NMR (400 MHz, CDCl3): δ 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). 

13C NMR (100 MHz, CDCl3): δ 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. calcd for C24H34NO3P, %: C 69.37, H 8.25, N 3.37, found, %: C 69.56, H 8.13, N 3.50. 

 



 

65 
 

 

[6-(3,6-Dimethyl-9H-carbazol-9-yl)hexyl]phosphonic acid (Me-6PACz): 3c (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 ºC 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. 

1H NMR (400 MHz, (CD3)2SO): δ 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, (CD3)2SO): δ 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 C20H26NO3P, %: C 66.84, H 7.29, N 3.90, found, %: C 66.73, H 7.47, N 3.76. 

 

nPACz (n = 2,4,6) 

 

 

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 Na2SO4 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. 

1H NMR (400 MHz, (CD3)2SO): δ 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, (CD3)2SO): δ 139.9, 125.7, 122.0, 120.3, 118.7, 109.2, 41.3, 34.7, 29.8, 27.2. 

Anal. calcd for C16H16BrN, %: 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. 

1H NMR (400 MHz, (CD3)2SO): δ 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, (CD3)2SO): δ 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. calcd for C20H26NO3P, %: C 66.84, H 7.29, N 3.90, found, %: C 66.58, H 7.21, N 3.82. 

 

 

[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. 

1H NMR (400 MHz, (CD3)2SO): δ 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, J = 7.2 Hz, 2H), 1.64 – 1.42 (m, 
4H). 

13C NMR (101 MHz, (CD3)2SO): δ 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. calcd for C16H18NO3P, %: C 63.36, H 5.98, N 4.62, found, %: C 63.25, H 6.11, N 4.54. 
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9-(6-bromohexyl)-9H-carbazole (2e): 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 Na2SO4 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. 

1H NMR (400 MHz, (CD3)2SO): δ 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, (CD3)2SO) δ 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 C18H20BrN, %: C 65.46, H 6.10, N 4.24, found, %: C 65.52, H 6.09, N 4.26. 

 

 

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. 

1H NMR (400 MHz, (CD3)2SO): δ 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, (CD3)2SO): δ 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. calcd for C22H30NO3P, %: C 68.20, H 7.80, N 3.62, found, %: C 68.33, H 7.84, N 3.68. 
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[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. 

1H NMR (400 MHz, (CD3)2SO): δ 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, 
8H). 

13C NMR (101 MHz, (CD3)2SO): δ 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. calcd for C18H22NO3P, %: C 65.25, H 6.69, N 4.23, found, %: C 65.40, H 6.62, N 4.17. 

 



Nomenclature
𝐽SC Short-circuit current density
𝑛ID Ideality factor
𝑉OC Open-circuit voltage
𝐽0 Dark saturation current density
𝑛 Charge carrier density
2PACz [2-(9H-carbazol-9-yl)ethyl]phosphonic acid
FF Fill factor
AFM Atomic force microscopy
ALD Atomic layer deposition
AM1.5G Air mass 1.5G
AZO Al-doped zinc oxide
CIGSe Copper Indium Gallium Selenide
DMF dimethylformamide
DMSO dimethyl sulfoxide
EA Electron affinity
EQE External quantum efficiency
ETL Electron transport layer
FAI Formamidinium iodide
GIWAXS Grazing incidence wide-angle x-ray scattering
HTL Hole transport layer
Ip Ionization potential
ITO Indium tin oxide
IZO Indium zinc oxide
LiF Lithium fluoride
MABr Methylammonium bromide
Me-4PACz [4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phosphonic acid
MeO-2PACz [2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid
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Nomenclature

MPP Maximum power point
NaF Sodium fluoride
PCE Power conversion efficiency
PCE Power
PL Photoluminescence
PLQY Photoluminescence quantum yield
PSC Perovskite solar cell
PTAA Polytriarylamine
QFLS Quasi-Fermi level splitting
SAM Self-assembled monolayer
SEM Scanning electron microscopy
SMU Source measure unit
SPV Surface photovoltage
SRH Shockley-Read-Hall
TrPL Transient photoluminescence
UPS Ultraviolet photoelectron spectroscopy
V1036 (2-{3,6- bis[bis(4-methoxyphenyl)amino]-9H-carbazol-9-yl}ethyl)phosphonic

acid
WF Work function
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
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