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Chapter 1

Introduction

Abstract

Solar technology is on its way to becoming a pivotal contributor to the future energy
supply because of its accessibility and predictability. Solar energy is directly converted into
electricity using a photovoltaic cell. The pursuit of low production cost and high device
performance has led to the development of various types of solar cells. This chapter gives a
brief introduction to traditional and new-generation solar cell technologies. Novel perovskite
semiconductors are discussed with focuses on their structural and optoelectronic properties.
The advancement of perovskite-based solar cells is presented in parallel to the evolution of
device architectures. Moreover, different solution-processing techniques are compared with an
emphasis on their impact on the film formation dynamics. After introducing the performance
metrics for solar cells, the fundamental efficiency loss of single-junction solar cells is discussed.
The potential of perovskite-based multijunction solar cells is highlighted, and some recent

developments of the interconnecting layers are reviewed.
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1.1 Solar energy and photovoltaics (PV)

Developing clean, accessible, and renewable energy sources are of critical importance
for the next generations in the context of climate change and energy shortage.! Among all forms
of energy resources on earth, the ubiquitous sunlight would be a pivotal contributor to future
energy consumption due to its vast abundance and zero-carbon emission.>® By using a
photovoltaic (PV) cell, solar energy is directly converted into electricity, which can be exported
through the power grid or restored in chemical fuels.* Since the first report on a 6% silicon p-n
junction photocell in 1954,° the laboratory power conversion efficiency (PCE) of crystalline
silicon (c-Si) has now reached 26.7%.% Meanwhile, c-Si modules have shown PCEs of ~20% at
a production scale, with a moderate price of ~$0.25 W-L. To date, over 90% of the global PV
market is based on c-Si, which has become the fastest-growing renewable energy technology,

reaching a total capacity of 627 gigawatts by the end of 2019.”°
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Figure 1.1 The maximum power conversion efficiencies as a function of optical bandgaps for a solar
cell operated under the standard AM1.5G spectral irradiance.’® The record efficiencies of different types

of solar cells are marked with symbols.®

Further improving the solar cell performance and reducing the production costs are
needed to enable the terawatt-scale PV industry in the coming decades.!! Half the cost of a ¢-Si
module is attributed to the high purity material.! Due to the indirect bandgap of silicon
semiconductors, a thick silicon wafer (~200 pum) is required for sufficient light absorption,
resulting in a large amount of material waste during manufacturing and heavy modules for
installation.! On the other hand, the PCE of single-junction c-Si is already approaching its
theoretical limit (Figure 1.1), which makes it very challenging to improve the cost-efficiency

of c-Si technology.'? In comparison, thin-film solar cells based on direct-bandgap 11—V
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semiconductors can be made with a much thinner photo-active layer (~1 um). Owing to the
excellent material quality and suitable bandgap, the state-of-the-art gallium arsenide (GaAs)
device has achieved a record PCE of 29.1%, very close to the theoretical Shockley-Queisser
PCE limit of 33% for single-junction solar cells.® However, the requirements of intricate and

expensive deposition processes of such semiconductors prohibit their large-scale applications.®

In the past decades, research interests have been focused on new PV technologies,
including dye-sensitized solar cell (DSSC),* organic photovoltaic (OPV),® and quantum dot
solar cell (QDSC)? for their low-cost, lightweight, and solution processability. These features
enable high-throughput manufacturing techniques such as roll-to-roll coating.!” However, their
sub-optimal performance reported to date,® i.e., 12.3% for DSSC, 17.4% for OPV, and 16.6%
for QDSC prohibit their grid-scale applications. Recently, organic-inorganic hybrid perovskite
semiconductors offer new avenues for the development of low-cost and high-efficiency solar

cells, with rapid advances in the PCE from 3.8% to a record of 25.2% within a decade.®*8
1.2 Perovskite semiconductors

Perovskite, named after a mineralogist Lev Perovski, is a nomenclature for any material
adopting the same crystal structure as calcium titanium oxide (CaTiO3).!® Such materials can
be described by the formula ABXs, where X is an anion, and A and B are different cations
(Figure 1.2). The crystal structure is stable when the ionic radii of A (Ra), B (Rg), and X (Rx)
satisfy the Goldschmidt tolerance factor 0.81 <t < 1.11 and octahedral factor 0.44 < u < 0.90,
where t = (Ra + Rx)/[N2(Re + Rx)] and x = Re/Ra, respectively.? This allows a myriad of oxide-
and halide-based perovskite materials with distinct optical and electronic properties.?
Developed in 1972, the archetypal organic-inorganic hybrid metal halide CHzNHz:MX3 (M =
Pb or Sn, X =1, Br, or ClI) was known for its potential in transistors and light-emitting diodes
in the mid-1990s.222* In 2009, Miyasaka and co-workers first reported the use of CHsNHsPbXs
(X =Brand I) as light sensitizers in DSSCs and showed a promising PCE of 3.8%.% Since then,
metal halide perovskites have been under the spotlight of the PV research community for their

exceptional optoelectronic properties.

Compositional engineering has suggested several components that are suitable to form
photo-active perovskite phases.?® In general, the A site is a monovalent cation, which is
methylammonium (MA"), formamidinium (FA"), or cesium (Cs*); the B site is a divalent cation,
which can be lead (Pb?*) or tin (Sn?*); and X is the halide anion, which is iodide (1), bromide

(Br), or chloride (CI7).2° Interestingly, the optical bandgap of perovskite can be easily tuned by
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changing its composition.?’ Starting from a conventional 1.5 eV MAPbDIs, the perovskite
bandgap is gradually increased to 2.3 eV when replacing | with Br, and further to 3.1 eV by
using CL.2” Meanwhile, an anomalous bandgap behavior is observed when mixing Pb- (1.5 eV)
with Sn-based (1.3 eV) compounds, providing the narrowest bandgap of ~1.2 eV between 50%
and 80% Sn-content.?® Such a broad bandgap tunability offers a great promise for developing

perovskite-based multijunction solar cells (see in Section 1.6).1?

Figure 1.2 Illustration of a cubic perovskite crystal structure.? Reprinted by permission from Springer
Nature.

Remarkably, metal halide perovskites exhibit a direct bandgap and an even stronger
optical absorption than some I11-V semiconductors, which allows the usage of below 1 pm thin
films to harvest most of the above-bandgap photons.?%?° Such materials also show a large
dielectric constant, suggesting that photo-generated excitons can easily dissociate into free
carriers at room temperature and thereby generating a high photocurrent.?® Besides, perovskite
crystallites have shown a high defect tolerance, together with high carrier mobility as well as
long diffusion lengths (>1 pm) for both electrons and holes.*® As a result, the non-radiative
recombination rate is significantly reduced, which results in a small difference between open-
circuit voltage (Voc) of the solar cells and their effective bandgap potential (Eg/q).! In contrast
to traditional semiconductors, these prominent features are also found in polycrystalline
perovskite films with small grains (<1 um), thus providing great flexibility in fabricating high-

quality perovskite films.?°
1.3 Device architecture of perovskite solar cells

As mentioned above, perovskite was first utilized as a dye-sensitizer by self-organizing
on a mesoporous TiO, film.2® It was infiltrated in a liquid electrolyte containing an

iodide/triiodide redox couple. The meso-TiO2 was crucial for the fast extraction of electrons,
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whereas the liquid electrolyte collected holes. The initial DSSCs showed PCEs of 3.8% and
6.5%.2>% Later, the liquid electrolyte was found to dissolve perovskite compounds and was
replaced by a more stable, solid-state 2,2',7,7'-tetrakis[N,N-di(methoxyphenyl)amino]-9,9'-
spirobifluorene (Spiro-OMeTAD) as the hole transport layer (HTL), with reported cell
efficiencies up to 10%.33 Since then, most of the record-breaking perovskite solar cells (PSCs)
were achieved in a similar mesoscopic structure: fluorine-doped tin oxide (FTO)/compact
TiO2/meso-TiO2/perovskite/HTL/Au (Figure 1.3a).3** However, meso-TiO- requires a high-
temperature (>450 <C) sintering, which is not compatible with the large-scale processing on

flexible plastic substrates.36:%’

By replacing TiO2 with insulating Al.O3z in mesostructured devices, Snaith and co-
workers have shown that the perovskite layer alone can act as both a light absorber and a charge
transporter.3 This allows the fabrication of planar-structured PSCs without using meso-TiO;
and thereby high-temperature processing.*® Planar PSCs are divided into p-i-n and n-i-p
structures (Figure 1.3b and c), in which the intrinsic perovskite absorber (i) is deposited either
on a p-type HTL or an n-type electron transport layer (ETL).3” To date, PCEs of ~23% have
been achieved in both planar structures, which are comparable to that of mesostructured

devices.3940

HTL HTL

Perovskite Perovskite Perovskite

TCO TCO TCO
Glass Glass Glass

Figure 1.3 (a) Mesoporous and planar (b) p-i-n and (c) n-i-p device structure of perovskite solar cells.

A judicious selection of charge transport materials is crucial for the high efficiency and
long-term stability of PSCs. The (front) transport layers should be optically transparent to
ensure sufficient light reaching the photo-active layer.** They should provide a favorable
energetic alignment with the perovskite, thus enabling a fast charge extraction process while
retaining a low potential energy drop.*? They should possess high charge mobility such that free
carriers can be efficiently collected at both electrodes.®® Besides, the transport layers need to be
intrinsically stable and compact to protect the perovskite layer from degradation.*® Furthermore,

manipulating defect states at the transport layer/perovskite interfaces is essential to mitigate
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non-radiative recombination and ionic charge accumulation, both are responsible for the Voc
drop and hysteresis effect in the current density—voltage (J-V) characteristics of PSCs (see in
Section 1.5).4244

In n-i-p PSCs, Spiro-OMeTAD and poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA) are the most commonly used HTLs for their ease of solution process and high device
performance. However, both organic HTLs are expensive and require hygroscopic dopants such
as lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI), 4-tert-butylpyridine (tBP) to improve
their hole mobility, which accelerates device degradation under ambient conditions.*?
Numerous dopant-free organic HTLs have also been investigated, yet the reported efficiencies
are relatively low compared to that of Spiro-OMeTAD.* In comparison, low-cost inorganic
HTLs exhibit much higher hole mobilities and excellent stability.*> However, most of the polar
solvents used for solution processing such inorganic materials can degrade the underlying
perovskite layer. Gr&zel and co-workers have developed a fast solvent removal method to
deposit a compact copper thiocyanate (CuSCN) layer on the perovskite film. Combined with a
reduced graphene oxide layer at the CUSCN/Au interface, the authors demonstrated a PCE of
20.4% with excellent operational stability.*®

N-type semiconducting metal oxides are the most used ETLs in the n-i-p device
structure.*” Compared to other metal oxides, TiO2 has relatively low electron mobility and a
conduction band misalignment with the state-of-the-art mixed-cation perovskite materials,
which creates an energetic barrier at the interface and lowers the device performance.*® Besides,
TiO2 can be photo-activated under ultraviolet (UV) illumination, which will trigger the
oxidation of I~ and eventually decompose the perovskite material by releasing CHsNH; or HI.*3
Similarly, ZnO has much higher electron mobility and is commonly used in OPV devices;
however, its basicity causes instability of perovskite material during thermal annealing.*®
Recently, SnO; has received tremendous attention as the ETL for n-i-p PSCs.** Compared to
TiO2, SnO- has been shown to provide excellent UV stability, higher electron mobility, and a
better energy level alignment with many perovskite materials.** Using SnO2 nanoparticles, You
and co-workers have achieved a high PCE of 23.32% in planar n-i-p devices.*

Notably, metal oxides are easy to form imperfections that are correlated with deep trap
states and affect interfacial charge carrier dynamics of PSCs.*® Depending on the preparation
methods, the number of trap states can vary drastically, which makes the modification or surface
passivation of such metal oxides crucial for the device performance.*! Typically, self-assembled

monolayers such as fullerene and its derivatives are commonly used at the ETL/perovskite
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interface.®® Such modification layers can effectively block defects at the metal oxide surface
and enhance electron mobility.>® As for the elemental doping method, Tan and co-workers have
demonstrated high PCEs of 22.2% by using SnO,-KCI composite as the ETL.>? They found that
both K™ and CI ions can passivate the ETL/perovskite contact, while K* ions further diffuse

through the perovskite layer and passivate the grain boundaries.

For planar p-i-n PSCs, poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS) is widely used as the HTL for its high conductivity and low-temperature solution
processability.** However, PEDOT:PSS has a relatively low work function of 5.0 eV and can
be further reduced by N,N-dimethylformamide (DMF) to ~4.5 eV when spin coating the
perovskite precursor solution on top.>*%* The large energy offset between the valence band
maximum (VBM) of perovskites and the work function of PEDOT:PSS can lead to significant
exciton quenching at the interface and potential energy loss in the PSCs.> Besides, hygroscopic
and acidic PEDOT:PSS can adversely react with the perovskite layer, which limits the thermal
stability of PSCs.*® To date, most of the high-efficiency p-i-n PSCs are based on PTAA or
poly[N,N'-bis(4-butylphenyl)-N,N"-bis(phenyl)-benzidine] (poly-TPD) as the HTL.>"*® In
contrast to n-i-p structure, a thin HTL (<10 nm) between the perovskite layer and the bottom
electrode is sufficient, which considerably lowers the series resistance of the device even
without using chemical dopants in the HTL.%® On the other hand, fullerene and its derivatives,
including Ceo, phenyl-Ce1-butyric acid methyl ester (PCBM), and indene-Cego bisadduct (ICBA),
are commonly used as the ETL in p-i-n PSCs.®° Fullerenes have shown favorable energy level
alignment with perovskites and high electron mobilities. Moreover, they can effectively
passivate trap states on the top of the perovskite layer, eliminating the photocurrent hysteresis

of solar cells.5!

The choice of electrodes also has a significant impact on the performance and stability
of PSCs.*? For device structures as illustrated in Figure 1.3, transparent conductive oxides
(TCOs) such as indium tin oxide (ITO) or FTO are the commonly used bottom electrodes for
their high transparency and low sheet resistance. Opaque devices typically use conductive
metals as the counter (top) electrodes, which also serve as a reflective mirror for better light
absorption.? However, metals such as Al and Ag can adversely react with I-species from the
perovskite layer, causing fast deterioration of cell performance in an ambient environment.
Huang and co-workers have shown that a Cu electrode is more stable on top of the perovskite
film and hence improves the long-term stability.®® On the other hand, transparent top contacts
have also been developed for semitransparent and multijunction PSCs.®* Compared to the
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sputtered TCO, alternatives are the solution-processed metal-nanowires and thermally

evaporated dielectric-metal-dielectric multilayered electrodes.®>5®

1.4 Deposition methods of perovskite films

Controlling the morphology and crystallinity of the perovskite absorber layer is of vital
importance for the performance of PSCs. There are some prerequisites for high-quality
perovskite films in PV applications. The photo-active layer should be reasonably thick
(typically between 400 nm to 1 um) to harvest most of the incident light. In planar-structured
devices, the perovskite film should be flat (low surface roughness) and pinhole-free, which
ensure a conformal coating of the charge transport layer and electrode on top and thereby
preventing shunting pathways and leakage currents in the PSCs.% Preferably, the perovskite
film should have a high crystallinity with large-sized and vertically oriented grains, which
facilitate charge transport along the vertical direction by avoiding trap-rich grain boundaries.5®
However, the formation of crystalline perovskites involves very complex processes that depend
on variables such as precursor composition, additive, solvent, temperature, deposition
atmosphere, and the substrate.®® Given the high boiling points of the commonly used solvent
systems, the nucleation of perovskite is often limited, which leads to dendritic morphologies as
a result of the preferential growth of perovskite crystals.®® Based on classical nucleation and
crystallization models, most studies adopt strategies that can promote a high nuclei density in
the precursor film, which results in small-grained but dense and full-coverage perovskite

layers.”®

The processing of perovskite film can be divided into one-step and two-step methods,
which represent the number of steps involved in depositing the precursors through either a
solution or a vapor phase.%® For lab-scale research, spin coating is the most used deposition
technique for the fast screening of novel perovskite compositions. Altering the ink formulation
and coating conditions can drastically change the thinning and smoothing behavior of the

precursor films,”* which in turn dictates the crystallization dynamics of perovskite phases.

All the precursors are deposited simultaneously in the one-step spin coating. For the
MAPDI3 recipe, stoichiometric Pbl, and MALI are dissolved in a polar aprotic solvent such as
DMF, dimethyl sulfoxide (DMSO), or y-butyrolactone (GBL).®® The precursor solution is then
dropped onto a rotating substrate, on which surplus ink is ejected by centrifugal force and
followed by a top-down solvent evaporation process. Meanwhile, the precursor gradually
reaches a supersaturation state that leads to the formation of perovskite phases.”? After spin



Introduction

coating, a thermal annealing process (100-150 <C) is necessary to allow grain coarsening in the
MAPDI; film.%” As mentioned above, despite its simplicity, the largely uncontrolled (and slow)
drying process of one-step spin coating often results in poorly covered perovskite films with
inferior device performance. Several varieties of one-step spin coating, which include the use
of heat (hot casting), anti-solvent washing, inert gas (N2) quenching, and vacuum-assisted
drying, have been developed (Figure 1.4).”° All these additional procedures aim for fast solvent
removal, which creates a high density of perovskite nuclei (and the like) directly after spin
coating.%® Alternatively, the use of fast-crystallizing chemical additives such as lead acetate
(Pb(CH3CO2)2) or a volatile solvent such as 2-methoxyethanol, can also lead to smooth and

uniformly crystallized perovskite films.”"

Physical approaches
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Figure 1.4 Typical approaches for fast nucleation of perovskite phases in a one-step solution process.”

Reprinted by permission from Springer Nature.

Compared to a one-step process in which the layer-thinning and crystal formation
coincide, two-step spin coating provides much better morphological control for perovskite thin
films.” In this method, a metal halide (Pbl2) precursor film is first deposited on the substrate
and is converted to the perovskite phase by casting an organic halide (MAI) solution on top.
Thermal annealing is usually applied to enlarge the grain sizes. The final morphology of such
perovskite film is mainly dependent on the intermediate inorganic template (Pblz), which is
reportedly much easier to form a smooth layer over a large area.”” Furthermore, a two-step
process has shown a much broader processing window with improved reproducibility, in
contrast to the short time window of anti-solvent or inert-gas flow application in a one-step
process (typically limited to a few seconds before reaching the supersaturation point).’® One big
challenge of two-step processing is to fabricate thick perovskite films without unconverted
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Pbl,.”® A rapid formation of perovskite phase can take place upon dripping an MAI solution
onto the Pbl> precursor, which leads to a two-fold volume expansion as a result of MAI
intercalation into the layered Pbl. structure.”” Therefore, the as-formed perovskites at the top
surface retard the further reaction of the bottom Pbl.. Research has shown that the solvation
state of Pbl can drastically change the crystallization dynamics of perovskite films.” Seok and
co-workers have reported the use of a complexed Pbl>-DMSO precursor to ensure a fast and
yet complete conversion into perovskite.”” Recently, by using a similar two-step spin coating
method, You et al. have demonstrated over 23% PSCs with an 800 nm-thick perovskite absorber

layer.®

However, the spin coating technique is unsuitable for large-scale production and wastes
a large amount of material during the process. Scalable deposition methods such as blade
coating, slot-die coating, spray coating and inject printing have been utilized for continuous
roll-to-roll fabrication of perovskite films.”® To date, the performance of perovskite solar
modules based on scalable deposition techniques still lags behind the lab-scale PSCs using spin
coating. This is mainly attributed to the increasing difficulty of depositing uniform and defect-
free perovskite films over a larger area.” Besides, the aforementioned ink formulation and
processing conditions that have been exclusively optimized for spin coating cannot be directly
applied to other scalable processing methods. A profound understanding of the processing
conditions and their impact on perovskite growth is crucial for the technology transfer from lab-
scale to large-scale device fabrication.” Recently, in situ/operando thin-film characterization
techniques such as optical absorption, photoluminescence, optical microscopy, and grazing-
incidence wide-angle X-ray scattering (GIWAX) have been used to monitor the dynamic
processes during perovskite film deposition.88! These methods provide new insights
correlating the temporal evolution of optical properties, phase transition, and microstructure
with coating parameters such as precursor compositions as well as drying processes, which is

critical for the performance of the final perovskite devices.
1.5 Characterization of perovskite solar cells

Under light illumination, the perovskite layer absorbs photons with energy higher than
its optical bandgap (Epnoton > Eg) and generates unbound electron-hole pairs. Due to the large
dielectric constant and long carrier diffusion length of perovskites, free electrons/holes are
formed in picoseconds and selectively driven to the electron/hole transporting layer via a built-
in electric field.2? The charge carriers are then extracted at the corresponding electrodes,

creating a photocurrent and photovoltage (Figure 1.5).
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Figure 1.5 Schematic energy diagram and charge transfer processes in a perovskite solar cell.

The characterization of solar cells is done by measuring the current density under a fast
sweeping voltage bias applied between the two electrodes. Figure 1.6a and b display the J-V
characteristics of a representative PSC under dark (log-linear scale) and illuminated (linear scale)
conditions. In the dark, the solar cell should behave like a diode, of which the leakage current
(shunt resistance) is obtained at the low-voltage region, the high voltage region can evaluate the
series resistance, and the slope in the exponential region determines the charge recombination
regime (ideality factor).83 Under light illumination, the output current is the summation of the
dark current and the photocurrent. Several critical parameters, including the open-circuit
voltage (Voc, V), short-circuit current density (Js, mA cm2), fill factor (FF), and maximum
output power density (Pmee, MW cm2) of solar cells can be extracted in the fourth quadrant of

the J-V plot. The FF is determined by the equation

_ Pupp Jupp X Vupp
]SC X [/OC ]SC X [/OC

FF

Where Juwee (MA cm2) and Vivee (V) represent current density and voltage at the corresponding
maximum power point, the FF indicates the charge extraction capacity and is closely related to
the resistivity of a solar cell. Furthermore, the power conversion efficiency (PCE) is defined as

Pypp
Pin

PCE (%) =

Where Pin (MW cm™) is the power density of the incident light. To accurately report the cell
efficiency, in the spectral region of the test cell (e.g., 300 to 1100 nm for different types of
PSCs), the light source should be closely matched with the terrestrial solar spectrum at a global
air mass (AM) of 1.5. As such, the number of photons absorbed by the test cell from the light
source will be equal to that from standard AM1.5G illumination (one sun condition, defined as

100 mW cm).2* Besides, to prevent an overestimation of the photocurrent, the device under
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illumination needs to be shielded by a non-transparent mask with a well-defined aperture area

that is slightly smaller than the active cell area.®
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Figure 1.6 Typical J-V curves of PSCs measured in (a) dark and (b) under a solar simulator. (c) J-V
curves measured in reverse and forward directions. (d) Stabilized J-V curve, where the voltage was
swept from the open-circuit to the short-circuit at every 0.04 V. The wait time at each voltage was 5 sec.
(e) The steady-state power output of a PSC operated at Vmpr under a solar simulator. (f) EQE spectra of

a PSC measured with or without a green LED (530 nm) bias light.

Importantly, a massive inconsistency of J-V curves measured in the reverse scan (from
Voc t0 Jsc) and forward scan (from Jsc to Voc), namely the hysteresis effect, is often seen in low-
performing perovskite solar cells (Figure 1.6¢).2° This behavior is likely related to the capacitive
current induced by trap states and ion migration at the perovskite/transport material interface.®’

Also, the hysteresis effect is susceptible to the specific measuring protocol (e.g., voltage sweep
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rate) and therefore makes it difficult to determine the efficiency of PSCs accurately.®® Compared
to the common practice of performing J-V measurements only in fast sweeps (~0.1to 1V s7%),
slow sweep measurements during which the current is stabilized at each voltage step can
provide much more reliable results (Figure 1.6d). Besides, steady-state power output tracking
near the maximum power point should also be presented when evaluating the performance of
PSCs (Figure 1.6e).%¢

As discussed, measuring the J-V curves of solar cells at standard illumination conditions
is crucial to determine the true PCEs. Since the current density of solar cells should be directly
proportional to the solar irradiation, a small discrepancy between the spectrum of a sun
simulator and AM1.5G illumination can drastically affect the final Js..28 In comparison, the
external quantum efficiency (EQE) spectrum is more accurate at determining the Js..%° The EQE
is defined as the ratio of charges collected at the outer circuit to the number of incident photons
per wavelength (Figure 1.6f). Therefore, the convolution of EQE(A) with AM1.5G solar power
density lami.s6(4) yields the Js:

— [ EQEM) Ly 56D L2
Jre = | BQE@ s 5o

Where q is the elementary charge, h is the Plank constant, and c is the speed of light. It should
be noted, however, that the EQE spectrum at a single wavelength is acquired by modulated
monochromatic light of low intensity. For a solar cell that shows a nonlinear trend between the
charge collection efficiency and light intensity, the Jsc value determined solely by the normal
EQE spectrum could be somewhat overestimated.®® To mimic the one sun condition used for
the J-V measurement, an additional bias illumination should be provided to the device during

EQE measurement.>*
1.6 Shockley-Queisser limit and multijunction solar cells

The theoretical limit of photovoltaic devices based on detailed balance principles was
firstly analyzed by Shockley and Queisser (S-Q) in 1961.% Under solar radiation, the photo-
active material with a defined bandgap (Eg) can only absorb high energy photons (E > Eg) and
generates charge carriers. The excess energy above Eg is, however, lost due to the relaxation of
carriers towards the conduction band (Ec) and valence band (Ev) of the material (thermalization
loss). Meanwhile, photons with energy lower than the material bandgap (E < Eg) are not
absorbed and hence do not contribute to the photocurrent (transmission loss).®* Theoretically, a

wide bandgap material should exhibit a high Vo but a low Jsc due to insufficient absorption of
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photons. In contrast, a narrow bandgap material presents a higher Jsc but a lower Vo as a result
of increased thermalization loss. According to the S-Q calculations, the maximum attainable

PCE for single-junction solar cells with a ~1.3 eV bandgap is ~33% (Figure 1.1).9

New solar technologies with higher efficiency and lower production costs than c-Si are
needed to accelerate the upcoming terawatt-scale PV industry.!! Developing multijunction solar
cells with complementary bandgaps is a viable strategy to surpass the S-Q efficiency limit for
single-junction devices.!? In a multijunction cell, the widest bandgap absorber is placed at the
front to harvest the highest-energy photons, whereas a subsequent narrower bandgap material
absorbs the transmitted lower-energy photons.®® In this way, carrier thermalization loss can be
minimized while a broader range of the solar spectrum is harvested by the stacked PV absorbers
(Figure 1.7). Theoretically, tandem and triple-junction solar cells can increase the efficiency
limit to 46% and 52%, respectively, and up to 65% when combining an infinite number of

junctions.®

— AM1.5G
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Figure 1.7 (a) Schematic energy diagram of a multijunction solar cell, where the wide bandgap absorber
is placed at the front. (b) Standard solar irradiance spectrum (AM 1.5G). The colored areas represent the
spectral regions being absorbed by different light-absorbers.

In practice, high-quality 111-V semiconductors have achieved high PCEs of 39.2% and
37.9% in monolithic six-junction (6J) and triple-junction solar cells, respectively.®% However,
high-costs and intricate deposition processes are the limiting factors for their large-scale
terrestrial applications.** Inexpensive and solution-processable organic semiconductors have
also been exploited for multijunction solar cells. Nevertheless, their efficiencies are suboptimal
due to the lack of comparably high-performing organic absorbers over a wide range of
bandgaps.®® Perovskite semiconductors, which exhibit a widely tunable bandgap via

compositional engineering, hold a unique promise for the development of cost-effective
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multijunction solar cells.*>* A tandem solar cell comprising a wide bandgap perovskite and a
narrow bandgap (1.1 eV) c-Si has reached a certified PCE of 29.1%, already higher than the c-
Si single-junction record.® Such a hybrid tandem approach can boost the efficiency of existing
c-Si at a relatively low cost and is believed to be the first step in commercializing perovskite-
based photovoltaics.®® More recently, advances in efficient narrow bandgap Pb-Sn hybrid
perovskites (1.2-1.3 eV) have accelerated the development of all-perovskite tandem solar
cells.% The solution processability of all components at low-temperature would greatly enhance
incentives to explore the large-scale implementation of such devices. Device and optical
modeling have suggested that all-perovskite tandem cells with 1.8 eV wide-bandgap and 1.2
eV narrow-bandgap perovskite absorbers can reach a feasible PCE of 33.4%.%" Recently, by
reducing Sn vacancies and thereby increasing the charge-carrier diffusion length in Pb-Sn
perovskite to 3 um, Tan and co-workers have demonstrated PCEs of 21.1% for 1.22 eV narrow
bandgap and 24.8% for 1.77/1.22 eV all-perovskite tandem solar cells.® Furthermore,
simulations have predicted that triple-junction solar cells with 2.04/1.58/1.22 eV perovskite
absorbers and 1.95/1.44/1.10 eV perovskite/perovskite/silicon materials can reach PCEs as high
as 36.6% and 38.8%, respectively.®” Lately, proof-of-concepts PCEs of 6.7% and 13%,
respectively, have been demonstrated for all-perovskite and perovskite/perovskite/Si triple-
junction solar cells.**1% Very recently, Tan et al. demonstrated all-perovskite triple-junction

solar cells with efficiency exceeding 20%.%

In a monolithic, series-connected multijunction solar cell, the total voltage is equal to
the sum of voltages across each sub-cell at equal currents.!%2 The absorber layers with
complementary bandgaps are both optically and electrically connected by the interconnecting
layers (ICLs), which typically consist of an HTL and an ETL as used in single-junction cells.*%®
In addition to the band alignment with the contacting perovskite layers, the ICLs should have
sufficient Ohmic conductance to enable the fast recombination of holes and electrons from the
adjacent sub-cells and thereby to prevent resistive losses.!®® Meanwhile, the ICLs should
maintain a low lateral conductivity to avoid shunting paths.'®* To balance the light absorption
and current generation of each sub-cell, reflection losses and parasitic absorption of the ICLs
should be minimized such that more lower energy photons can reach the narrower bandgap
absorbing layers.’® More importantly, the ICLs should ensure a good barrier property to
prevent damage to the underlying layers caused by the processing of subsequent layers.%104

This is especially important for multijunction devices based on perovskite absorbers, for which
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polar solvents such as DMF and DMSO can easily re-dissolve any underlying perovskite

Iayers 65,99,104

For monolithic all-perovskite multijunction (tandem) cells, examples of solution-
processed ICLs are PEDOT:PSS/ITO nanoparticles and p-doped cross-linked PTAA/n-doped
PCBM.%1% |n the latter case, PTAA was cross-linked with 1,2-bis[4-(azidomethyl) phenyl]-
1,2-diphenylethene (TPE-MN3) by UV irradiation to enhance the solvent barrier property and
doped by molybdenum tris[1-(trifluoroacetyl)-2-(trifluoromethyl)ethane-1,2-dithiolene]
(Mo(tfdCOCF3)3) to increase the electrical conductivity. In addition, transfer-laminated
PEDOT:PSS, chemical vapor deposited fluoride silane-incorporated polyethylenimine
ethoxylated hybrid system have enabled the direct spin coating of perovskite solutions (with
DMF) on top.1%71% Alternatively, all-perovskite tandems can also be fabricated via thermal
evaporation, where evaporated p-doped N*N*N*" N*'-tetrakis([1,1'-biphenyl]-4-yl)-
[1,1:4',1"-terphenyl]-4,4"-diamine (TaTm) and n-doped Ceo Were sandwiched between the
evaporated perovskite absorbers.®® To date, most of the high-efficiency tandem solar cells have
been reported by using (DMF) solution-processed perovskite absorbers and sputtered TCO (e.g.,
ITO) as the recombination layer, which serves as a good physical barrier and has a low-
resistivity.?1%112 However, a thick TCO layer causes reflection loss and parasitic absorption in
the near-infrared region, limiting the Ji of the narrow bandgap sub-cell.}'? The high
conductivity of the TCO layer could also induce shunt pathways between sub-cells.1** Moreover,
the sputtering process can cause damage to the underlying layers, for which a thin metal oxide
layer such as SnO2 prepared by atomic layer deposition (ALD) has been used. %13 It was found
that changing the growth conditions can yield a compact and conductive ALD layer, which
alone shows an excellent permeation barrier property and allows for fast charge transport
without using the sputtered TCO layer.%> More recently, Tan et al. demonstrated a 24.2% all-
perovskite tandem solar cell low-resistivity ICLs based on Ceo/ALD-SNO2/Au/PEDOT:PSS.%

1.7 Outline

Recent advances in perovskite solar cells (PSCs) have enabled a record PCE of 25.2%,
already approaching the conventional inorganic technologies. Defect passivation at the metal
oxide layer/perovskite interface is a common approach to improve device performance.
However, the nature of passivation is not fully understood. On the other hand, developing all-
perovskite multijunction solar cells is a viable strategy to attain high efficiencies at low cost.
To this end, high-quality perovskite materials with complementary optical bandgaps are

required. In addition, a rational design of the device structure is needed to mitigate the optical
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and electrical losses and to tackle the processing challenges encountered in depositing widely
different perovskite layers on top of each other. This thesis aims to gain new insights into the
role of interfaces for perovskite photovoltaics and advance the understanding of film formation
kinetics on the perovskite device performance. The thesis also encompasses a cell design

strategy to achieve efficient all-perovskite multijunction solar cells.

In Chapter 2, different fullerenes are compared to study the passivation effect at the
SnOy/perovskite interface. X-ray photoelectron spectroscopy depth profiling is used to study
the distribution of fullerenes in the ETL. A direct correlation is established between the
formation of interfacial chemical bonds and the retention of passivating fullerene (monolayers)
at the SnO; interface that effectively reduces the number of defects and enhances electron
mobility. For a fullerene with a carboxylic acid functional group (PCBA), the chemical binding
is the most efficient and results in the best cell performance of 18.8%. For a fullerene with an
ester side chain (PCBM), the passivation effect is activated only when thermal annealing was
used. This observation is further demonstrated by introducing a solvent-robust PCBM-dimer
layer at the interface, where the device performance still shows a large dependence on the

thermal annealing treatment.

Developing efficient narrow bandgap Pb—Sn hybrid perovskite solar cells with high Sn-
content is crucial for all perovskite-based multijunction devices. However, compared to its Pb-
based analogs, the fast-crystallizing Sn-based perovskite imposes a greater processing challenge.
In Chapter 3, a sequential (two-step) deposition method is used to fabricate Sn-based
perovskites. To understand the growth mechanism of Pb-Sn hybrid perovskites, in situ optical
spectroscopy is performed during sequential deposition of Pb—Sn hybrid perovskite films and
combined with ex-situ characterization techniques to reveal the temporal evolution of
crystallization in Pb—Sn hybrid perovskite films. The study shows that the crystallization to
pure-Sn perovskite phase is completed while casting the solution. In contrast, the formation of
the pure-Pb based perovskite is considerably suppressed before thermal annealing. It is further
demonstrated that despite the different crystallization behavior of Pb and Sn-based perovskite
precursors, the beneficial sequential deposition method ensures a homogeneous transformation
to the Pb—Sn hybrid perovskite phase. PSCs based on a 1.23 eV perovskite absorber exhibit a
PCE of 16.1% with good ambient stability. Together with a 1.57 eV semitransparent cell, a

mechanically stacked four-terminal tandem exhibit a PCE of 21.1%.

In a monolithic, series-connected multijunction solar cell, adjacent absorber layers are

both electrically and optically connected by the ICLs, which serve as a physical barrier to
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prevent processing damages to the underlying layers. In Chapter 4, spatial-ALD (SALD) grown
SnO; has been studied in all-perovskite tandem solar cells. A compact SALD layer significantly
reduces solvent permeation. It also enhances the thermal stability and allows the deposition of
PEDOT:PSS and perovskite layers on the top of a bottom perovskite sub-cell. By optimizing
the intermediate electrical contact, the ICLs demonstrate efficient charge recombination with
low-resistivity losses. Tandem devices combining 1.73 eV and 1.23 eV perovskite sub-cells
yield PCEs of above 19%.

Furthermore, in Chapter 5, using the processing methods developed in the previous
chapters, 1.73 eV, 1.57 eV, and 1.23 eV perovskite absorbers are integrated with low-resistivity
ICLs to form a monolithic, all-perovskite triple-junction solar cell. A promising PCE of 16.8%
is achieved with a low potential energy drop of 80 mV in comparison to the summed Vo of all
three sub-cells (Voc = 2.78 V) and low resistivity loss (FF = 0.81). Simulation data suggests that
the performance loss of the current triple configuration is from the overlapped spectral response
of the sub-cells, parasitic absorption of ITO and PEDOT:PSS, reflection, and incomplete light
absorption in the near-infrared due to a relatively thin 1.23 eV absorber layer.

The most used HTL for narrow bandgap PSCs is PEDOT:PSS, despite its instability
with Pb-Sn hybrid perovskite materials. The parasitic absorption of PEDOT:PSS in the near-
infrared region also lowers the attainable Jsc of the narrow bandgap sub-cell in a multijunction
device. In Chapter 6, ultrathin small organic molecule layers are used as the HTLs in narrow-
bandgap PSCs. Driven by hydrogen bonds and n—= interactions, such molecules can be self-
assembled into planar-stacked molecular structures with high crystallinity. Compared to
PEDOT:PSS, the new HTLs display good hole extraction properties and result in comparable
Voc and FF in the solar cells. It is also found that an ultrathin HTL leads to a slightly higher Jsc
by changing the optical interference of the device and reducing reflectance and parasitic
absorption of PEDOT:PSS layer.
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Chapter 2

Insights into fullerene passivation of SnO; electron

transport layers in perovskite solar cells”

Abstract

Interfaces between the photo-active and charge transport layers are crucial for the
performance of perovskite solar cells (PSCs). Surface passivation of SnO. as an electron
transport layer (ETL) by fullerene derivatives is known to improve the performance of n-i-p
devices. Nevertheless, organic passivation layers are susceptible to removal during perovskite
deposition. Understanding the nature of the passivation is essential for further optimization of
SnO. ETLs. X-ray photoelectron spectroscopy (XPS) depth profiling is a convenient tool to
monitor the concentration of fullerene passivation layers at a SnO; interface. Through a
comparative study using [6,6]-phenyl-Ces1-butyric acid methyl ester (PCBM) and [6,6]-phenyl-
Ce1-butyric acid (PCBA) passivation layers, a direct correlation is established between the
formation of interfacial chemical bonds and the retention of passivating fullerene molecules at
the SnO- interface that effectively reduce the number of defects and enhance the electron
mobility. Devices with only a PCBA-monolayer passivated SnO, ETL exhibit significantly
improved performance and reproducibility, achieving an efficiency of 18.8%. Investigating
thick and solvent-resistant Ceo and PCBM-dimer layers demonstrate that the charge transport
in the ETL is only improved by chemisorption of the fullerene at the SnO; surface.

“This chapter is published as: Wang J., Datta K., Weijtens C.H.L., Wienk M.M., Janssen R.A.J. Adv. Funct. Mater.,
2019, 29, 1905883.



Chapter 2

2.1. Introduction

Organic-inorganic hybrid perovskite solar cells (PSCs) have attracted unprecedented
interests from the photovoltaic (PV) research community in recent years. Robust strategies have
been developed for small-area devices with various perovskite compositions and device
architectures, resulting in power conversion efficiencies (PCEs) well above 20%.1® Compared
to other PV technologies, perovskites present distinct advantages by combining high PCEs,
with cost-effectiveness and solution processability, providing the incentive to explore large-
area implementation.>'? In state-of-the-art n-i-p PSC architectures, mesoporous TiO; is
commonly used as the electron transport layer (ETL). Mesoporous TiO», however, requires a
high temperature (> 450 <C) process, which limits its potential for up-scalable processing on
flexible substrates.®!?'®* Numerous early studies!*'’ have pinpointed the excellent
characteristics of lead halide perovskites, i.e., a high absorption coefficient, long carrier
diffusion length, and bi-polar carrier transport, suggesting that high PCEs can also be achieved
in planar PSCs, eliminating the mesoporous TiO layer and the need for high-temperature

processing.

In the planar n-i-p PSC architecture, n-type semiconducting metal oxides with tailored
compositions and structures have been extensively explored as the ETLs.!31° Tin oxide (SnOy)
is considered as a superior candidate for high-performing PSCs.2%2> Compared to other metal
oxides, it has been shown to provide better energy level alignment with the perovskite absorber,
higher electron mobility, enhanced UV-stability, and visible light transparency.?!23252
Recently, several low-temperature processing techniques such as the sol-gel process,?! atomic
layer deposition,?2" and chemical bath deposition? have been utilized for high-quality planar
SnO2 ETLs. Moreover, by using a commercialized SnO: colloidal dispersion, the best PCE of
SnOz-based PSCs (23.32%) is now comparable to that of mesoporous-TiOz cells.?® It is
noteworthy, however, that metal oxides are prone to contain imperfections. Depending on the
fabrication method, the number of defects (e.g., oxygen vacancies) of SnO. can vary
dramatically, affecting the device performance and stability.?2° Specifically, defects at the
SnOa/perovskite interface can induce ionic charge accumulation®*? and non-radiative
interfacial recombination,®® both contributing to the hysteresis effect and performance loss in
the devices.>* Surface passivation of SnO, can considerably suppress the formation of
interfacial defects.?>* By introducing an organic modification layer between the perovskite and
SnO:y layers, PSCs exhibit reduced interfacial loss, less pronounced hysteresis, and thereby

better PV performance.3%:33.35-39
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There are some prerequisites for efficient surface passivation of Sn02.1%%0 First is the
activation of the SnO- surface.”* By UV-ozone treatment, organic binders and adventitious
contaminants of SnO> can be easily removed while the number of surface-bound hydroxyl
groups is increased, providing more anchoring sites for the passivation layer.?244? Second, a
judicious selection of organic surface modifier is required. Fullerene derivatives, as well as
other carboxylate self-assembled monolayers (SAMs), are among the most studied owing to the
ease of forming covalent bonds between the carboxylate moiety and SnO surface, and the
broad availability of electron-accepting groups which facilitate charge transport at the
SnOg/perovskite interface.19333%-3%43-46 Third, the deposition condition of organic modifiers
could also affect their binding strength towards the substrate.'® While no special treatment is
required for carboxylic acid-based SAMs, 3>474° 3 thermal treatment is commonly used when
employing passivation by [6,6]-phenyl-Ce1-butyric acid methyl ester (PCBM)3"348tg enhance
binding to the SnO> surface. However, it is remarkable that most organic modifiers are not
solvent-resistant and can be easily removed upon the spin coating of perovskite solutions.>°-®
Despite improving the PCE,:3947:5657 very few studies were able to pinpoint the whereabouts
of the passivation layer.*”%® Therefore, the direct correlation between the presence of
interfacial modifiers and the PSC performance remains obscure. On the other hand, tremendous
research efforts have been made to improve the robustness of the organic modification layer,
for instance, by introducing thermal evaporated Cso®’*®°° or by developing cross-linkable
fullerene derivatives,>355%%61 after which a bi-layered ETL is formed. In this case, however, the

impact of a chemical interaction between the SnO> and the passivation layer is often neglected.

Herein, three representative fullerenes, Cso, PCBM, and [6,6]-phenyl-Ce1-butyric acid
(PCBA) (Figure 2.1), were used to passivate a SnO2 ETL in planar n-i-p PSCs. Through X-ray
photoelectron spectroscopy (XPS) depth profiling, the precise distribution of fullerenes in the
ETL is revealed. It is found that a PCBA-monolayer easily binds to the SnO- interface, whereas
a PCBM-monolayer can only be created and preserved when employing a thermal annealing
treatment prior to depositing the perovskite. It is demonstrated that fullerenes with the ability
to react with surface hydroxyl groups effectively passivate defects at the SnO interface and
improve the performance and reproducibility of the PSCs. After optimization, the best-
performing device with a PCE of 18.8% is achieved by using PCBA-monolayer passivated
SnO,. Although thermally evaporated Ceo is mostly retained after the solvent treatment, the
deteriorated PV performance indicates that no efficient passivation is developed at the SnO>

interface. By exposing an as-deposited PCBM layer to UV light, a less-soluble dimeric state of
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PCBM is obtained,%-% which enabled us to study the role of fullerene passivation in a bi-
layered SnO/fullerene ETL configuration. It is found that even when a PCBM-dimer layer
entirely covers the SnO: surface, the charge transport in the ETL remains inefficient unless
thermal annealing is applied after depositing the PCBM. Our results highlight that
chemisorption (PCBA) rather than physisorption (Ceo and PCBM) to SnO; is the most
influential factor in enhancing the interfacial charge transport process.

Ceo [60]PCBM [60]PCBA

OH

Figure 2.1 Chemical structure of Ceo, [60]PCBM, and [60]PCBA.

2.2 Device performance of planar n-i-p perovskite solar cells

Planar n-i-p PSCs were fabricated based on a device structure of indium tin oxide
(ITO)/SnO2/perovskite/Spiro-OMeTAD/MoOz/Au, in which the SnO> ETL was spin coated
from a colloidal dispersion and passivated by different fullerene layers. A double-cation
perovskite FAo.esMA0.34Pbl2.gsBross (FA is formamidinium, MA is methylammonium) was
deposited on the ETL via a two-step solution process reported by Qiu and co-workers.>>% To
optimize the processing condition for the ETL, a SnO> layer (~20 nm) was spin coated from a
~2.8 wt% colloidal aqueous solution,?® thermally annealed in air at 150 <C, and treated by UV-
ozone before depositing PCBM from chlorobenzene (10 mg mL™1) and subsequent annealing
at 100 <C for 20 min. The UV-ozone treatment increases the open-circuit voltage (Voc) from
0.97 to 1.04 V (Figure 2.2a). XPS spectra confirm that together with the removal of carbon
contaminant or organic binders of the SnO, layer,*? a more hydroxylated SnO2 surface is
obtained after UV-ozone treatment, which promotes the passivation of SnO. by PCBM (Figure
2.2b-d).% Different from a previous study,?® it is found that the Vo of PSCs can be further
improved when increasing the thickness of the SnO layer from ~20 to ~110 nm because of
better coverage and reduced shunting pathways (Figure 2.3 and Table 2.1).5” Surprisingly, the
fill factor (FF) is not influenced when increasing the SnO> layer thickness, probably due to its
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high electron mobility. As a result, the optimum PSC performance can be achieved by using 10

min UV-ozone treated ~110 nm SnO: layers as ETL.
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Figure 2.2 (a) Current density—voltage (J-V) curves of ITO/SnO2/FAqesMA.34Pbl2 g5Bro15/Spiro-
OMeTAD/MoOs/Au solar cells with UV-ozone treatment on the SnO; ETL. XPS high-resolution scan
spectra of the (b) C 1s, (¢) O 1s, and (d) Sn 3d core-levels of SnO, layer before and after UV-o0zone

treatment.
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Table 2.1 Photovoltaic parameters of n-i-p devices using different water-diluted SnO, ETL, measured
under simulated AM 1.5G illumination (100 mW cm™2).

SnO; diluted in H20 Jsc (MA cm?) Voe (V) FF PCE (%)

2.8 wt%, 20 nm 20.6 1.03 0.69 14.6

5.0 wt%, 31 nm 20.3 1.05 0.68 14.4

7.5 wt% 20.3 1.07 0.65 141

10.0 wt%, 65 nm 20.3 1.04 0.69 14.6
12.5 wt% 20.9 1.08 0.69 15.6

15.0 wt%, 112 nm 21.1 1.08 0.71 16.2

a 23 b 116

Jo. (MA cm?)

FF
PCE (%)

{)«;“
ov o'
23

0.2

Figure 2.4 A statistical distribution of (a) Js, (b) Vo, () FF, and (d) PCE of the
ITO/SnO./fullerene/FAossMAo.34Pbl2g5Bro.1s/Spiro-OMeTAD/MoOs/Au PSCs using different fullerene
passivation layers, either with (w) or without (wo) thermal annealing and measured in a reverse scan

(left) and forward scan (right).

To study the effect of fullerene passivation on the device performance, Ceo, PCBM, and
PCBA were introduced at the SnO./perovskite interface, either with or without a thermal
annealing treatment at 100 <C for 20 min. Figure 2.4 shows the statistical distribution of
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performance characteristics of the devices with different passivation layers. The corresponding
averaged PV parameters are summarized in Table 2.2. Figure 2.4 demonstrates that without a
passivation layer, the SnO> control device exhibits a large inconsistency in performance,
showing an average PCE of 14.7 +£1.79% in the reverse scan and 13.0 +2.45% in the forward
scan. The differences can be ascribed to an uncontrolled number of trap states, which induces
localized ionic charges at the SnOz/perovskite interface and results in the formation of a
potential barrier that hampers the charge extraction process.3!

Table 2.2 Photovoltaic parameters of control and passivation devices with different fullerene layers,
measured in reverse (Rev, Vo t0 Js) and forward direction (Fwd, Jsc to Vo), respectively, under
simulated AM 1.5G illumination (100 mW cm 2).

Scan

Passivation layer o Jsc (MA cm?) Voe (V) FF PCE (%)
direction

Rev 20.5 +1.10 1.10 +0.02 0.65 +0.04 14.7 +1.79
SnO; reference

Fwd 20.5 +1.26 1.09 +0.02 0.58 +0.07 13.0 +2.45

Rev 20.7 +0.86 1.03+0.02 0.54 +0.12 11.7 +3.12
Cso Not-annealed

Fwd 20.7 +£0.74 1.02 +0.01 0.51+0.13 11.0 +=3.27

Rev 21.0 +0.87 1.03+0.01 0.58 +0.04 12.6 +1.38

Cso annealed
Fwd 20.9 +0.84 1.02 +£0.02 0.55 +0.07 11.8 +£1.95
Rev 21.0+1.34 1.08 +0.01 0.63 +0.04 144 +1.84
PCBM not-annealed

Fwd 21.1 +1.29 1.08 +0.01 0.62 +0.05 14.1 +1.98

Rev 21.7 +0.56 1.09 +£0.01 0.65 +0.03 15.3 +0.84
PCBM annealed

Fwd 21.6 =0.54 1.09 +£0.01 0.66 +0.03 15.5 +0.86

Rev 21.9 +0.26 1.09 +0.01 0.69 +0.03 16.5 +0.84

PCBA not-annealed

Fwd 21.9 +0.21 1.10 +0.01 0.70 #+0.03 16.9 +0.78

Rev 21.7 +0.37 1.10 +0.01 0.66 *+0.03 15.8 +0.71
PCBA annealed

Fwd 21.7 +0.36 1.10 +0.01 0.69 +0.02 16.4 +0.62

To test the effect of interfacial passivation layers, a thermally evaporated Ceso layer was
first employed. It has previously been reported that >35 nm-thick Ceo layers are needed to retain
complete coverage of the substrate after processing the perovskite layer from solution without
changing its electron transport properties.®® However, it is found that the device with a thermally
evaporated Ceo layer (35 nm) performed inferior compared to the SnO2 device. The V. is
reduced from 1.10 £0.02 V to 1.03 £0.02 V, while the FF drops from 0.65 £0.04 to 0.54 +
0.12, resulting in a moderate PCE of 11.7 £3.12% (reverse). The low FF is ascribed to high
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series resistance, resulting from the thick Ceo layer. Thermal annealing of the Ceo layer provides
only a marginal improvement, delivering an average PCE of 12.6 +1.38% (reverse). To reduce
the effect of series resistance, PSCs with thinner Cgo interfacial layers were tested, but their
performance remained inferior to the SnO. device without passivation (Figure 2.5). These
results demonstrate that inserting a Ceo layer at the SnO/perovskite interface affords no
effective passivation, but rather restricts the electron extraction and induces non-radiative

interfacial recombination, lowering both the FF and V..

In the second approach, a ~15 nm PCBM interfacial layer was applied by solution
processing from chlorobenzene (10 mg mL™2). The PV characteristics are almost identical to
the SnO> device without a passivation layer. A similar broad distribution is observed for both
the reverse scan (14.4 +1.84%) and the forward scan (14.1 +1.98%). However, an additional
thermal treatment of the PCBM layer (100 <C, 20 min. under N2) prior to depositing the
perovskite layer results in a significant enhancement in the performance and reproducibility.
Compared to the bare SnO> device, the annealed PCBM device displays a higher average PCE
of 15.3% and a small standard deviation of 0.84% in the reverse scan, due to an increased Jsc
of 21.7 £0.56 mA cm 2, a comparable Vo of 1.09 £0.01 V, and a FF of 0.65 +0.03. The PCE
difference between both scanning directions is negligible, by showing an average PCE of 15.5
+0.86% in the forward scan. Apparently, thermal annealing leads to a passivated ETL interface
that remains intact during the perovskite solution processing. Possibly, thermal annealing
causes the ester side chains of PCBM to react with the hydroxyl groups of the SnO: surface,

forming covalent bonds.
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Figure 2.5 J-V curves of the PSCs for different Cgo layer thicknesses deposited on the SnO, ETL.

Following this idea, a PCBA monolayer*’ spin coated from a dilute (0.2 mg mL™)

solution in dichlorobenzene exhibits a distinctively improved passivation compared to PCBM
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or Ceo, regardless of the thermal annealing process. Without thermal annealing, PCBA gives the
best performance, showing a PCE of 16.5 +0.84% in the reverse scan, with a reduced standard
deviation in Jsc of 21.9 £0.26 mA cm 2, a Vo of 1.09 0.01 V, and a significantly improved
FF of 0.69 +0.03. Comparable high performance is also obtained in the forward scan, with an
average PCE of 16.9 +£0.78%. This supports the idea that the higher reactivity of the carboxylic
acid side chain in PCBA towards the hydroxyl groups of the SnO. surface play a role in the
improved passivation.

0 100

— T T T T T
a —=— SN0, 15.3% j j j M b v
—e— Cgy W0, 14.7% > MW”'
& —a—coow, 14.8% 1 8oL v
g —v— PCBM wo, 15.8% v vx R ":é
< 8fr » 1 . ie ‘ )
£ S ;
> —»r— PCBA w, 17.9% E V‘A
B 12 F E o $ ® PCBM annealed, 21.7 mA cm™ &
5 u 1088 A PCBM not annealed, 21.6 mA cm? P
E 0 v PCBA annealed, 22.0 mA cm? A
5 16 L ¢ PCBA not annealed, 21.9 mA cm™
= 1/ *
> LY/>
20F .
© 20} o Y. | ¢
:-:‘: :‘;‘;‘;‘;‘Z‘Eﬁ!ig:g:t! ---- 285 2 ® Sn0,, 21.7mA cm” ;
24 L L L 0 A A A ) . 8
0.0 0.2 0.4 0.6 0.8 1.0 1.2 300 400 500 600 700 800
Voltage (V) Wavelength (nm)
0 y 25
¢ —m— Reverse d ! _ ! 0 ' '
—e— Forward 20F fP%E = 18.8%
-4 } —A— Slow sweep ——
- =0
5 16 F Jypp= 20.4 mA cm™2 -
< 8 2
£ & 152
= Sof 3
‘@ -12f w @,
& O <
kel [a R —~
2 1073
c .16} 8r 3
©
5 g
o \
-20 4+ 5
24 N N N N N 0 s X X 0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0 200 400 600 800

Voltage (V) Time (s)

Figure 2.6 (a-b) Stabilized J-V curves and EQE spectra of the best-performing PSCs with different
passivation layers, either with (w) or without (wo) thermal annealing. (c) J-V curves of the champion
device with SnO,/PCBA (non-annealed). (d) Steady-state power and photocurrent output tracking over
time of the champion device operated at the maximum power point under the simulated AM1.5G

illumination condition.

Figure 2.6a-b display the stabilized current density—voltage (J-V) curves and external
quantum efficiency (EQE) spectra of the champion PSCs for the different passivation
conditions. The corresponding parameters are summarized in Table 2.3. Similar to the
performance metrics shown in Figure 2.4, the devices based on non-annealed PCBA, annealed
PCBA, and annealed PCBM exhibit higher performance, with PCEs of 18.3%, 17.9%, and
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16.9%, respectively. The enhanced performance of the PCBA modified devices is mainly a
consequence of the improved FF of 0.76, which suggests an improved electron extraction,
originating from an efficiently passivated SnO> ETL. The EQE measured with bias illumination
provides an estimated Jsc in close correspondence with the J-V data measured with simulated
AM1.5G (100 mW cm) illumination. The best-performing PSC device based on PCBA
exhibits negligible hysteresis by showing almost identical J-V curves (Figure 2.6¢c) measured
in reverse, forward, and stabilized scans. Figure 2.6d shows the steady-state power and
photocurrent output of the best device, measured at its maximum power point (Vmer = 0.92 V)
for 800 s. In this experiment, the PCBA-modified device exhibits a PCE of 18.8%, which is
very close to the values extracted from the J-V curves.

a 40 T T T T T T
—5sno, b
35 SN0,/Cqgy WO N ) SnO/PCBA W
— a0lb SnO;/Ceow ] ‘k SnO,/PCBA wo-
a > Sn0O,/PCBM wo . A A A
Q 25} SnO,/PCEMw | 3 l ~ | SnO,/PCBM w ]
@ SnO,/PCBA wo -
% 20} ——Sno,/PCBMw ] % j n0/PCEM wo]
A A
£ 5
o Q ]
2 15¢ = 1 | SnOu/Cew
2 A A ]
10 A . )_SnO,/Ceo WO
05} l
_L A A a Sno,
0.0 L L . h : :
500 550 600 50 800 850 10 15 30 35

650 700 7
Wavelength (nm)

h_* SnOPCBA w

j ‘-

»

L

kS Sk

Figure 2.7 (a) UV-Vis—NIR spectra and (b) XRD patterns of FAssMA.3:Pbl,.g5Bro .15 perovskite films
deposited on different ETLs with (w) or without (wo) thermal annealing. Top-view SEM images of
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perovskite films on (c) SnO, (d) SnO2/Ceo (annealed), () SnO./PCBM (not-annealed), (f) SnO/PCBM
(annealed), (g) SnO/PCBA(not-annealed), and (h) SnO./PCBA (annealed). Scale bars are 1 pm.

2.3 Morphology and crystallinity of perovskite films

To validate our hypothesis that the device performance is determined by the electron
transport properties of the ETL, we investigated the quality of the perovskite films deposited
on different fullerene passivated SnO substrates. All the perovskite films display similar UV-
vis—NIR absorption spectra, with a characteristic onset at around 800 nm (Figure 2.7a). Also,
the X-ray diffraction (XRD) patterns of the as-prepared perovskite films are virtually identical
(Figure 2.7b). No significant shift in the diffraction peak positions or intensities is observed,
indicating that the crystallinity of perovskites is largely independent of the underlying fullerene
layers. The primary diffraction peaks at 14 <and 28 “are assigned to the (110) and (220) lattice
planes of the perovskite structure, respectively, and no significant trace of Pbl, and non-
perovskite phase can be identified. Figure 2.7c-h display the top-view scanning electron
microscope (SEM) images of the corresponding perovskite films deposited on different ETLs.
All the layers exhibit a compact and pinhole-free surface morphology, with an average grain
size of ~300 nm. We attribute the independence of the perovskite morphology and crystallinity
on different substrates to the two-step solution process utilized for depositing the perovskite
layer, in which the crystallization dynamics are affected by the inorganic Pbl, framework rather
than the ETL substrate.3% Accordingly, we rule out the impact of perovskite bulk properties

on the variation trend of device performance.

Table 2.3 Photovoltaic parameters of the champion PSCs with different fullerene layers.
Passivation layer Je (MACM?) Vo (V) FF PCE* (%) Ji°(MAcm?) PCE® (%)

SnO; reference 22.0 110 0.64 154 21.7 15.3
Ceo Not-annealed 21.4 1.03 0.69 15.3 20.7 14.7
Ceo annealed 214 1.04 0.69 15.3 20.9 14.8
PCBM not-annealed 22.2 1.09 0.67 16.1 21.6 15.8
PCBM annealed 22.1 1.08 0.72 17.1 21.7 16.9
PCBA not-annealed 22.2 110 0.76 18.6 21.9 18.3
PCBA annealed 22.1 1.06 0.77 18.0 22.0 17.9

 The data were extracted from stabilized J-V curves under simulated AM 1.5G illumination (100 mW
cm?). ® Calculated by integrating the EQE spectrum with the AM1.5G spectrum. ¢ Corrected PCE
obtained by calculating the Jsc integrated from EQE spectrum and Vo and FF from the stabilized J-V

measurement.
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2.4 Fullerene profile at the interface

To gain insight into the distribution of the fullerene in the passivation layers, XPS depth
profiling was performed. The depth profiles of pristine SnO2 layers show no significant amounts
of carbon (<1 at%) after UV-ozone cleaning (Figure 2.8a). Also, the carbon concentration
remains negligible after rinsing with N,N-dimethylformamide (DMF). Hence, by monitoring
the carbon signal of fullerene passivated SnO> layers, we can determine the fullerene
concentration profile. Figure 2.8b-c show the XPS depth profiles of SnO, substrates with
annealed and not-annealed PCBM layers after rinsing with DMF. In both cases, the tin
concentration increases abruptly from the surface (t = 0 s), suggesting that DMF has removed
most of the capping PCBM layer. Meanwhile, the carbon concentration of the annealed PCBM
substrate is remarkably higher (29 at%) than that of the non-annealed PCBM substrate (11 at%).
From the attenuated Sn 3d signal (Figure 2.8f),*® the thickness of the annealed and not-annealed
PCBM layers at the SnO; interface is estimated to be 1.3 nm and 0.2 nm, respectively. This
implies that without thermal annealing, the interfacial PCBM layer is almost entirely removed
by DMF, and no passivation can be developed at the SnO; interface; while with annealing, a
PCBM-monolayer passivated SnO: interface is formed, which remains intact during the
solution processing. Interestingly, both SnO./PCBM substrates exhibit a plateau of carbon
signal (>7 at%) during the sputtering process, suggesting that the PCBM infiltrates into the
porous SnO- layer and that DMF does not remove such penetrated PCBM. These SnO; layers
have been shown to have pore sizes on the order of 10 nm.*? On the other hand, for the annealed
and non-annealed PCBA-modified SnO. substrates, after DMF rinsing, the carbon
concentrations at the surface (t = 0 s) are 43 and 40 at% (Figure 2.8d-e), much higher than their
PCBM counterpart. From Figure 2.8f, the thicknesses of the interfacial PCBA layers are
estimated to be 1.9 nm (annealed) and 1.6 nm (non-annealed), respectively, indicating that a
PCBA-monolayer with better coverage is obtained at the SnO; interface. It is also found that
when compared to the non-passivated SnOz, the shift in the binding energies of Sn 3d core-
level for both the PCBA modified SnO> (>0.14 eV) is higher than that for the annealed- and
non-annealed-PCBM modified SnO: (0.10 eV and 0.03 eV), respectively. Here, the positive
shift of the Sn 3d peaks is attributed to the decreased electron density near the Sn atoms, which
could be induced by the bonding between the SnO2 surface and the fullerenes.>*®° The result
confirms the higher reactivity of the carboxylic acid functional group of PCBA than the methyl
ester side of PCBM towards the hydroxyl (—-OH) enriched SnO. surface in forming stable
monolayers. The depth profiles (Figure 2.8d-e) also show that PCBA penetrates less deep into
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the SnO; layer than PCBM, which is attributed to the use of a diluted PCBA solution (0.2 mg
mL 1) compared to the PCBM solution (10 mg mL™1). The fact that PCBA penetrates less deep
into the SnO; layer as compared to PCBM, while at the same time the PCBA concentration at
the SnO> surface is higher, confirms that the carbon signals for the PCBM samples are unlikely
due to ion knock-on effects. Together with the PV performance derived from the PCBA and
PCBM modified ETLs, it is concluded that only the fullerenes located at the SnO2/perovskite
interface are essential for the charge transport processes.
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Figure 2.8 XPS depth profiles of (a) a pristine SnO; film treated by 10 minutes of UV-ozone, (b)
SnO,/PCBM (annealed), (c) SnO»/PCBM (non-annealed), (d) SnO,/PCBA (annealed) and (e)
SnO»/PCBA (non-annealed) ETLs deposited on glass substrates. The layers were rinsed by DMF shortly
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before the XPS experiments. (f) XPS high-resolution scan spectra of the Sn 3d core-level for different

ETL substrate surface. The initial SnO; layer thickness was ~20 nm for all depth profiles.

XPS depth profiles for the Cso-modified SnO2 substrates after DMF rinsing (Figure 2.9)
show that the carbon concentration only starts to decrease after a long-sputtering process when
the as-deposited Ceo layer is above 15 nm. This indicates that the thermally evaporated Ceg layer
is resilient against DMF solvent treatment. However, for the 5 nm thick Ceo layer, the carbon
concentration at the surface (t = 0 s) is reduced to 18 at%, only slightly higher than that of the
non-annealed PCBM substrate (11 at%). Notably, compared to the device with non-annealed
PCBM, the 5 nm thick Ceso modified device exhibits decreased PV performance (Figure 2.5).
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Figure 2.9 XPS depth profiles of (a) SnO2/Ceo 35 nm (annealed), (b) SnO2/Ceso 15 nm (annealed) and (c)
Sn0,/Ceo 5 Nm (annealed) ETL deposited on glass substrate, respectively. All the measurements were

conducted shortly after rinsing in DMF. The initial SnO; layer thickness was ~20 nm for all depth
profiles.

To verify the observations from the XPS analysis, UV-vis—NIR absorption spectra were
performed on different fullerene modified SnO2 substrates before and after DMF rinsing (Figure
2.10). As expected, the SnO2/Ceo (15 nm) substrate only displays a slight decrease in absorbance

due to the high resilience of the Cso film against DMF treatment. In contrast, a significant
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reduction in the absorbance is observed for both the SnO./PCBM substrates with and without
annealing, since DMF washes away most of the capping PCBM layer. However, it is found that
the absorbance of the annealed PCBM is still higher than that of the non-annealed PCBM, which
confirms that more PCBM s retained on the substrate when thermally annealed. For PCBA-
modified SnO; substrates, the absorbance before DMF rinsing is already low due to the dilute
(0.2 mg mL™1) PCBA solution used. After DMF rinsing, both the annealed and not-annealed
PCBA substrates show a negligible reduction in absorbance, confirming that DMF rinsing
removes very little PCBA. Among the DMF-washed PCBM and PCBA passivation layers, the
annealed PCBM layer exhibits the highest absorbance. This is attributed to the PCBM infiltrated
into the SnO> layer that cannot be removed by DMF, as is evidenced by the XPS depth profiles
(Figure 2.8b-c).
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Figure 2.10 UV-vis—NIR absorption spectra of different fullerene-passivated SnO, ETLs deposited on

quartz substrates, measured before and after DMF rinsing.

To explore the impact of PCBM (annealed) and PCBA monolayers on the charge
transport of the SnO> ETL, their energy band structures were characterized by ultraviolet
photoelectron spectroscopy (UPS). Figure 2.11a depicts that the secondary electron edge of the
SnO; layer shifts to lower binding energies after PCBM and PCBA passivation. This
corresponds to a significant increase in the work function from 3.58 eV for the pristine SnOs,
to 3.80 eV and 4.00 eV for the PCBM- and PCBA-passivated SnO., respectively. From the
onset of the valence band spectrum, the ionization potential of the SnO2, SnO/PCBM, and
SnO2/PCBA films are calculated to be 7.60 eV, 6.11 eV, and 6.28 eV, respectively. Figure
2.11b illustrates a schematic energy level diagram for different ETLSs, assuming a fixed Fermi
level for all the measurements.?* Consistent with the shift in Sn 3d binding energies (Figure
2.8f), the increase in the work function of PCBM- and PCBA-passivated SnO, ETLs can be
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attributed to the formation of surface dipoles, which induce an electric field that accelerates the

charge collection at the SnO; interface and reduces the recombination losses.3*"°
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Figure 2.11 (a) UPS measurements of SnO,, SnO./PCBM, and SnO»/PCBA, respectively. All samples
were rinsed by DMF before the measurement. (b) Energy diagram of different ETL substrates, assuming

a fixed Fermi-level.
2.5 PCBM-dimer layers

Based on the XPS analysis, one might expect that introduction of a better-covered
PCBM layer at the SnO; interface would improve the device performance. Alternatively, an
interfacial chemical reaction between the PCBM and SnO> could be of vital importance for
improving the charge extraction. To gain further understanding of the role of the PCBM
interlayer, we introduced a solvent-resistant PCBM layer on the SnO,. Following the methods
reported by Edman and co-workers,®?%* we exposed an as-prepared PCBM layer to UV light
for some time before DMF or perovskite solution casting. UV light creates a robust and less-
soluble dimeric state of PCBM, yet with retained electronic properties. According to the XPS
depth profiles, when using 10 mg mL™* PCBM and UV light (Figure 2.12a-b), both DMF rinsed
SnO2/PCBM-dimer layers (w/wo thermal annealing) exhibit much higher carbon
concentrations at the surface (>70 at%) than the SnO./PCBM reference (Figure 2.8b-c) due to
a thicker PCBM layer on the SnO.. This observation is well supported by the UV-vis—NIR
measurement (Figure 2.12f) and the thickness of the capping PCBM layer (12 nm), measured
by surface profilometry. Using a higher (20 mg mL™) PCBM concentration in combination
with UV illumination, the depth profiles of both SnO>/PCBM-dimer layers (w/wo thermal
annealing, Fig 2.12c, d) are similar to that of the SnO2/Ceo (35 nm) layer (Figure 2.9a) and show
a constant carbon concentration of 100 at% during entire the sputtering process. Independent
of w/wo thermal annealing, the PCBM thickness was 23 nm. This indicates the successful
fabrication of a DMF-resilient SnO./PCBM bi-layered ETL in which the thickness and the
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chemical interaction of the capping PCBM layer can be tuned by changing the PCBM solution
concentration and the thermal annealing treatment. Notably, Figure 2.12a-b do not show a clear
peak for the Sn, and also the onset of the Si signal is much less clear than in Figure 2.8 for
PCBM layers that were treated without UV light. We think that this is because after UV
illumination, the rate of removal of the thin (12 nm) PCBM is drastically reduced, and the Sn
and Si signals result from regions below the top PCBM layer. This explanation is consistent
with Figure 2.12c-d, where the thicker (23 nm) UV-treated PCBM layer is not removed and

prevents observing Sn and Si below.

Figure 2.13 shows the J-V curves of the PSC devices prepared with different
concentrations of PCBM (5 to 20 mg mL™1). Without exposure to UV light, all devices deliver
virtually identical PCEs of 16.0% with negligible hysteresis when the PCBM layer is thermally
annealed (Figure 2.13a). For low PCBM concentrations (<10 mg mL™), only the PCBM
chemically bonded to the SnO. is preserved at the interface. For the highest PCBM
concentration (20 mg mL™1), however, DMF rinsing does not wash away the entire PCBM layer
but leaves a ~13 nm film as determined by profilometry and confirmed by XPS depth profiling
(Figure 2.12¢). The results suggest that the passivation capacity of PCBM at the SnO; interface
is mostly independent of the concentrations of the PCBM solution and that, next to a surface-

bound monolayer, a thin (~13 nm) residual PCBM layer offers no additional improvement.

In contrast, when using UV illumination to create PCBM-dimers at the SnO> surface, a
strong dependence of the PCE on the PCBM concentration is found, both with and without
thermal annealing (Figure 2.13b-c). At low PCBM concentrations (<10 mg mL™), thermally
annealed PCBM-dimer layers provide high PCEs of ~16.4%, comparable to devices without
UV-exposure, indicating that a thin PCBM-dimer layer gives good passivation. Strikingly, the
devices with not-annealed PCBM-dimer layer exhibit much inferior performance (PCE ~14%),
despite the good coverage of the fullerene on the SnO> substrate (Figure 2.12b). We conclude
that the thermally induced chemical interaction between the PCBM and SnO: is the most
influential factor in enhancing the interfacial charge transport process.
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Figure 2.12 XPS depth profiles of the glass/SnO; substrates passivated by 10 mg mL™t PCBM (a-b) with
(w) or without (wo) thermal annealing and 20 mg mL™* PCBM (c-€) w/wo thermal annealing. UV-light
illumination was applied to the samples a-d. All the samples were washed by DMF. (f) UV-vis—NIR
absorption spectra of SnO,/PCBM layers (from 10 mg mL™* chlorobenzene solution) on quartz
substrates treated w/wo thermal annealing and w/wo UV-light illumination, measured before and after

DMF rinsing. The initial SnO; layer thickness was ~20 nm for all depth profiles.
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Figure 2.13 J-V curves of PSCs based on SnO,/PCBM (5 to 20 mg mL ) ETLs. (a) For cells where the
PCBM layers were thermally annealed (100 <C, 20 min). For cells with (b) and without (c) thermal

annealing, and with UV-light illumination on the PCBM layers before the perovskite deposition.
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Figure 2.14 J-V curves of the ETL-only devices based on the structure of ITO/SnO/PCBM/LIiF/AL.

As the concentration of PCBM solution increases to 20 mg mL ™2, for both cells made

with or without thermal annealing, the corresponding J-V curves show strong s-shapes with
reduced Vo, Jsc, and FF, yielding PCEs lower than 10% (Figure 2.13b, c). Again, the effect of

perovskite bulk films on the device performance is negligible since they present virtually
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identical XRD patterns and SEM images on different PCBM-dimer layers. In conductivity
measurements for different ETLs (Figure 2.14), it is found that compared to other thin PCBM
layers, the conductivity extracted from the J-V curve is reduced when applying a slightly
thicker (20 mg mL™t) PCBM-dimer layer on the SnO> substrate. This increased resistivity of
the PCBM-dimer layer limits the charge transport and induce non-radiative recombination at
the SnOgz/perovskite interface, resulting in reduced device performance. Collectively, our
observations imply that the fabrication of a robust SnO2/fullerene ETL does not necessarily
improve the interfacial charge transport and that the introduction of a fullerene monolayer with
the controlled chemical interaction with the SnO2 ETL is sufficient to boost the PSC device

performance.
2.6 Conclusions

We have performed a comprehensive study correlating the chemical interactions at the
SnOy/fullerene interface with the PSC device performance. XPS depth profiling is a useful tool
to monitor the precise location of thin-film fullerene residues in the SnO2 ETL. In the case of
depositing PCBM from < 10 mg mL?! solutions, thermal annealing is essential to create a
surface-bound PCBM monolayer that is resilient to depositing a perovskite layer on top. The
surface-bound PCBM monolayer significantly improves the device performance and
reproducibility. Although PCBM partly infiltrates into the porous SnO layer, only the
fullerenes located at the SnO2/perovskite interface are essential for electron extraction. The
passivation capacity of PCBM is not affected by the concentration of the solution from which
it is deposited because DMF removes PCBM that is not bound to the surface in subsequent
processing. While thermally evaporated Ceo shows high resilience against DMF, the
performance of the corresponding PSC is inferior to the thermally annealed PCBM devices.
This is attributed to the absence of a chemical bond between Cgo and the SnO- surface. In
accordance, the carboxylic acid-based PCBA derivative exhibits much higher passivation
efficiency. A PCBA-monolayer with excellent coverage and DMF-resilience can be formed
from dilute (0.2 mg mL™?) solutions without any thermal treatment. After optimization, the best-
performing device using a PCBA-modified SnO2 ETL exhibits a PCE of 18.8%.

Interfaces are of significant importance for the PSCs based on metal oxide layers.
Depending on the fabrication method, the passivation of metal oxide is often found critical for
high-performing devices. This study explored the essence of the passivation layer between the

photo-active and charge transport layers. The new insights into the interface passivation of the
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metal oxide-based charge transport layer offer a strategy for future development toward high-

efficiency PSCs.
2.7 Experimental section

Materials and solution preparation: All materials and reagents were purchased from
commercial sources unless stated otherwise. For the electron transport layer (ETL), the SnO; precursor
solution was prepared by diluting the commercial 15 wt% SnO. aqueous colloidal dispersion (Alfa Aesar)
with deionized water to the desired concentrations (2.8, 5.0, 7.5. 10.0, 12.5 wt%). [6,6]-phenyl-Ce:-
butyric acid methyl ester (PCBM) (Solenne BV, 99%) was dissolved in chlorobenzene (CB) (Sigma-
Aldrich, anhydrous 99.8%) at concentrations of 5, 10, 15 and 20 mg mL*and stirred overnight at 60 <C.
[6,6]-phenyl-Cq1-butyric acid (PCBA) was dissolved in 1,2-dichlorobenzene (o0DCB, Sigma-Aldrich,
anhydrous 99%) at 0.1 ~ 0.2 mg mL™* and stirred at 60 <T. Cg Was purchased from SES Research
(99.8%) and used without purification. For the perovskite precursor solutions, Pbl, (553 mg) (TCI
Chemicals, 99.99% trace metal basis) was dissolved in DMF (0.876 mL) (Sigma-Aldrich, anhydrous
99.8%) and dimethyl sulfoxide (DMSO, 0.0864 mL) (Sigma-Aldrich, anhydrous 99.9%) at 60 <C and
stirred overnight. Formamidinium iodide (54.0 mg) (FAI, Greatcell Solar), methylammonium iodide
(14.3 mg) (MAI, Greatcell Solar) and methylammonium bromide (7.6 mg) (MABr, Greatcell Solar)
were dissolved in 1 mL 2-propanol (Sigma-Aldrich, anhydrous 99.5%) at 60 <C and stirred overnight.
For the HTL, Spiro-OMeTAD (80 mg) (Lumtec, 99.5%) was dissolved in CB (1 mL) with 4-tert-
butylpyridine (28.5 L) (TBP, Sigma-Aldrich, 99.5%) and bis(trifluoromethylsulfonyl)amine lithium
salt (17.5 L) (Li-TFSI, Sigma-Aldrich, 99.95% trace metal basis) of a stock solution (520 mg mL™) in
acetonitrile (ACN, Sigma-Aldrich, anhydrous 99.8%) at 60 <C. Before the HTL deposition, tris(2-(1H-
pyrazol-1-yl)-4-tert-butylpyridine)cobalt(l11) tri[bis(trifluoromethane)sulfonimide] (20 L) (Co(lll)-
TFSI, Greatcell Solar) of a stock solution (500 mg mL™) in ACN was added to the Spiro-OMeTAD

solution.

Device fabrication: Pre-patterned ITO glass (Naranjo Substrates) was cleaned sequentially by
sonication in acetone, scrubbing and sonication in a sodium dodecyl sulfate (Acros, 99%) solution in
water, rinsing in deionized water and sonication in 2-propanol. Shortly before the deposition, the
substrate was dried and treated with UV-ozone for 30 min. The SnO, dispersion was spin coated onto
the 1TO substrate at 2800 rpm (with a 2000 rpm s™* acceleration) for 60 s and dried at 150 <C for 30 min
in ambient atmosphere. The SnO; film was treated with UV-o0zone for 10 min. and then quickly
transferred into a nitrogen-filled glovebox. For PCBM and PCBA passivation, the fullerene solution was
spin coated onto the SnO; substrate at 2000 rpm (with a 2000 rpm st acceleration) for 30 s and was
annealed/not-annealed at 100 <C for 20 min. Depending on the passivation protocol, PCBM was
illuminated with UV-light (Spectroline, E-Series UV lamp, 365 nm) for 30 min. in N2 atmosphere. Cgo

was deposited by thermal evaporation under high vacuum (~3 <10~ mbar). The perovskite layer was
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fabricated via a two-step process, the Pbl, solution was spin coated at 3000 rpm (with a 2000 rpm s*
acceleration) for 30 s, and then the FAI/MAI/MABTr solution was dynamically cast on the Pbl; layer at
a spin speed of 3000 rpm for 30 s. Afterward, the sample was immediately annealed in the glovebox at
100 <C for 30 min. After cooling, the chemically doped Spiro-OMeTAD solution was dynamically spin
coated onto the perovskite layer at 2000 rpm (with a 20000 rpm s acceleration) for 50 s. The sample
was then exposed to dry air for 20 min., before being transferred back into the glovebox. Finally, MoO3
(10 nm) and Au (100 nm) were sequentially evaporated under high vacuum (=3 <107 mbar). The active

area (0.09 cm? or 0.16 cm?) was determined by the overlap of the top Au and bottom ITO contacts.

For the electron-only devices, an 1TO/SnO-/fullerene/perovskite/Ceo/bathocuproine (BCP)/Al
device structure was used. The fabrication up until the perovskite layers are described above. The sample
was then transferred into the thermal evaporator, where Cg (20 nm), BCP (8 nm), and Al (100 nm) were
sequentially evaporated under a high vacuum (~3 %10~ mbar).

The ITO/SnO2/PCBM/LIiF/AI ETL-only device was fabricated with LiF (1 nm) and Al (100 nm)
deposited via thermal evaporation under high vacuum (~3 x10~" mbar).

Device characterization: J-V characteristics were measured in the glovebox by a Keithley 2400
source meter. For solar cell characterization, a tungsten-halogen lamp filtered by a Schott GG385 UV
filter and a Hoya LB120 daylight filter was used to simulate the 100 mW c¢m™2 solar light. A black
shadow mask with an aperture area of 0.0676 or 0.1296 cm? was used to define the illuminated cell area.
During the fast J-V scan, the Keithley swept the voltage either from +1.5 to —0.5 V (reverse scan) or
from —0.5 to +1.5 V (forward scan) at a scan rate of 0.25 V s™*. For the stabilized J-V measurement, the
solar cell was first tracked by Vo for 5 min under light soaking and followed by a reverse sweep from
(Voc + 0.04) V to —0.04 V with a step size of 0.04 V, the acquisition time of current density at each
voltage step was 5 s. The voltage at the maximum power point determined from the stabilized J-V curve,
which was then applied to the solar cell during the maximum power output tracking under illumination.
EQE measurement was performed in a nitrogen atmosphere. The probe light source was generated by a
50 W tungsten-halogen lamp (Philips focusline), which was modulated with a mechanical chopper
(Stanford Research, SR 540) before passing into a monochromator (Oriel, Cornerstone 130). The
spectral response of the device was recorded as a voltage from a pre-amplifier (Stanford Research, SR
570) using a lock-in amplifier (Stanford Research, SR 830), and was calibrated by a reference silicon
cell. To accurately determine the current density, a green LED (530 nm, Thorlabs M530L3, driven by a
DC4104 driver) was used as a light bias to provide the solar cell with approximately one sun illumination

intensity during the measurement.

The DC conductivity o of different SnO2/PCBM ETLs was determined by fitting the J-V curves
of ETL-only devices (Figure 2.14) to the equation™
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Film characterization: The surface morphology of perovskite films was analyzed by SEM (FEI
Quanta 3D FEG) using a 5 kV electron beam and a secondary electron detector. All the samples were
deposited on glass substrates. UV—-vis—NIR absorption spectra were measured by PerkinElmer Lambda
900 UV-vis-NIR spectrophotometer at room temperature between 300 and 900 nm. For the absorption
measurement, all the perovskite films were deposited on glass substrates; for other samples, they were
deposited on quartz substrates. XRD patterns were measured by a Bruker 2D Phaser using Cu Ka (4 =
1.5405 A) as the X-ray source. The increment step size was 0.05° between 10 to 40°. XPS measurements
were performed using a Thermo Scientific K-Alpha with a 180° double focusing hemispherical analyzer
and a 128-channel detector. Monochromatic Al Ko (1486.6 €V) radiation was used, and the X-ray spot
size was 400 pm. For the surface analysis, a survey spectrum was first measured for 15 scans with a
pass energy of 200 eV. High-resolution scan (30 times) of each element was conducted with a pass
energy of 50 eV. During the sputtering experiment, in order to improve the depth resolution, the sample
was removed layer-by-layer by argon ion etching operated at low current and low ion energy (1000 eV).
The crater region generated by argon ions is ~2>4 mm?. For the depth profiles, snapshot mode was used

for each element, and the number of frames was 5 <1 s.

UPS was carried out in a multi-chamber ESCALAB Il system using He-I radiation (Ene. = 21.22
eV) and a—6 V bias. The samples were deposited on full ITO substrates and transferred into the vacuum
chamber directly from N, atmosphere.
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Chapter 3

Understanding the film formation Kinetics of sequential

deposited narrow-bandgap Pb—Sn hybrid perovskite films”

Abstract

Developing efficient narrow bandgap Pb—Sn hybrid perovskite solar cells with high Sn-
content is crucial for perovskite-based tandem devices. Film properties such as crystallinity,
morphology, surface roughness, and homogeneity dictate photovoltaic performance. However,
compared to Pb-based analogs, controlling the formation of Sn-containing perovskite films is
much more challenging. A deeper understanding of the growth mechanisms in Pb—Sn hybrid
perovskites is needed to improve power conversion efficiencies. Here, in-situ optical
spectroscopy is performed during sequential deposition of Pb—Sn hybrid perovskite films and
combined with ex-situ characterization techniques to reveal the temporal evolution of
crystallization in Pb-Sn hybrid perovskite films. Using a two-step deposition method,
homogeneous crystallization of mixed Pb—Sn perovskites can be achieved. Solar cells based on
the narrow bandgap (1.23 eV) FAo.s6M~A0.34Pbo.sSnosls perovskite absorber exhibit the highest
efficiency among mixed Pb-Sn perovskites and feature a relatively low dark carrier density
compared to Sn-rich devices. By passivating defect sites on the perovskite surface, the device
achieves a power conversion efficiency of 16.1%, which is the highest efficiency reported for
sequential solution-processed narrow bandgap perovskite solar cells with 50% Sn-content.

“This chapter is published as: Wang J., Datta K., Li J., Verheijen M.A., Zhang D., Wienk M.M., Janssen R.A.J.
Adv. Energy Mater., 2020, 10, 2000566.



Chapter 3

3.1 Introduction

Organic-inorganic hybrid perovskites hold great promise as light-absorbers for low-cost
and high-efficiency solar cells owing to their exceptional optoelectronic characteristics such as
high absorption coefficient, long carrier diffusion length, and large defect tolerance.’ Within
a decade, the power conversion efficiency (PCE) of single-junction perovskite solar cells (PSCs)
has increased from 3.8% to a record of 25.2%, on par with the state-of-the-art inorganic
photovoltaic (PV) technologies.* Developing all-perovskite tandem solar cells with
complementary bandgaps is considered the next step to surpass the Shockley-Queisser
efficiency limit for single-junction devices.>® Solution processability of all components at low-
temperature would enhance incentives to explore the large-scale implementation of such multi-

junction cells.®

Previous studies'®!? of tandem solar cells have suggested that a combination of a wide-
bandgap (1.7 to 1.9 eV) front cell and a narrow-bandgap (0.9 to 1.2 eV) rear cell is ideal for
high performance. Hybrid perovskites AMXs, where A is a monovalent cation (formamidinium
(FA"), methylammonium (MA*) or Cs*), M is a divalent metal cation (Pb?* or Sn?*), and X is
a halide anion (I” or Br),'? have a broadly tunable bandgap via compositional engineering.**
The bandgap of Pb-based perovskites can be continuously tuned from 1.5 to 2.3 eV by
substituting 1 with Br.1>® On the other hand, a nonlinear bandgap behavior’ is observed when
alloying Pb (1.5 eV) and Sn-based (1.3 eV) perovskites, providing a minimum bandgap of ~1.2
eV at 50% to 75% Sn-content.’®2! Such mixed Pb—Sn perovskites are considered the most
promising narrow-bandgap perovskite materials for tandem devices.?*?> However, compared
to their Pb analogs, Sn-based perovskite precursors have a greater tendency to react and
crystallize at room temperature,?® which makes it difficult to grow compact, smooth, and
homogeneous Pb—Sn hybrid perovskite films.?*% It has also been shown that readily oxidation
of Sn?* to Sn** can drastically increase trap density of the perovskite absorber and deteriorate
performance of mixed Pb—Sn PSCs.%? Strategies such as precursor engineering have since been
exploited for high-quality Pb—Sn perovskite films.*22” Most recently, by adding guanidinium
thiocyanate and metallic Sn powder to the precursor solution, high PCEs of 20.2% and 21.1%,
respectively, have been demonstrated in mixed Pb—Sn low bandgap PSCs.>®

Notably, most high-quality Pb—-Sn perovskite films to date are prepared by the
antisolvent method.*2? Despite being efficient in producing dense, crystalline perovskite films,
the laborious antisolvent dripping procedure presents a potential risk of irreproducibility among

different perovskite recipes and is considered to be less compatible with large-scale
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processes.?®*° In comparison, a sequential deposition method provides better morphological
control for Pb-based perovskites since the crystallization originates from an intermediate Pbl>
framework.3:*2 Furthermore, separate optimizations for each step are possible, which leads to
a broader processing window with improved reproducibility.>®* However, only a handful of
studies have used this method for Pb—Sn hybrid perovskite films,263438 and the highest PCE
(16.26%)2® is lower than achieved with the antisolvent method. Moreover, among sequentially-
deposited, high-performing Pb—Sn perovskites, most films contain less than 30% Sn, leading to
suboptimal bandgaps for tandem applications.?5343% Understanding the growth mechanism of
sequential solution-processed Pb—Sn hybrid perovskite films is critical for further optimizing
high-performing Pb—Sn perovskite films with higher Sn-content.

In this study, we explore the compositional space of high-quality FAossMAo.34Pb1-
xShxls perovskite films prepared using a simple sequential deposition method. Through in-situ
optical absorption spectroscopy during spin coating, we reveal the impact of the Pb/Sn ratio on
the film formation kinetics of hybrid perovskite films. Sn-containing precursors are found to
accelerate the conversion to the perovskite phase. Combining with ex-situ characterization, the
direct formation of large perovskite grains after coating the Sn-based precursor solutions is
evidenced. In comparison, only small perovskite nuclei are formed for the Pb-only precursor
films. The sequential deposition approach enables the formation of homogeneous Pb—Sn hybrid
perovskite phases despite the very different crystallization behavior of the Pb- and Sn-only
perovskite precursors. We demonstrate compact and smooth perovskite films with Sn-contents
up to 60%. After optimization, the narrow-bandgap (1.23 eV) FAo0.66MA034PbosSnosls
perovskite provides a current density of 28.0 mA cm2 and a PCE of 16.1% in a planar solar

cell.
3.2 Formation Kinetics of Pb—Sn perovskite films

Figure 3.1a illustrates the fabrication of FA0.e6MA0.34Pb1xSnxlz (x = 0, 0.25, 0.4, 0.5,
0.6, 0.75, 1) perovskite films via sequential deposition. First, a solution mixture of (1-x) Pbl
and x Snl, (denoted as Pb1 xSnxl2) in N,N-dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO) is spin coated to obtain the intermediate precursor film. The film is kept at room
temperature for some time to evaporate excess solvents. The film is in an amorphous state that
remains for hours due to the strong coordination between Snl, and DMSO.% In a second step,
an isopropanol solution of FAI/MALI (66:34 in molar ratio) is spin coated on top, followed by

thermal annealing to promote the crystallization of the perovskite film.
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Figure 3.1 (a) Schematic fabrication process of FAgssMAo34Pb1xSnils perovskite films using a
sequential deposition method. (b) Time-resolved absorption intensity maps during spin coating of
FAI/MAI solution on the PbosSngslz precursor film. (¢) Corresponding absorption spectra. (d) Time-

evolution of absorbance at 610 and 910 nm during the spin coating process.

To gain insight into the transformation dynamics of the PbixSnylo precursor, we
performed in-situ optical absorption measurements during the spin coating of the FAI/MAI
solution. Following a previously described protocol,*® the temporal evolution of the absorption
spectrum was recorded by collecting the light that was reflected from rotating substrates with a
white reflector at the back. Figure 3.1b exhibits the absorption spectra of a typical
FA0.66MA0.34PbosSnosls (x = 0.5) precursor film at different times during spin coating. Directly
after dripping the FAI/MAI solution (t = 0 s), the absorbance increases abruptly over a broad
wavelength region, giving rise to the characteristic narrow-bandgap perovskite spectrum at the
earliest stages of the deposition (Figure 3.1c). The absorption intensity then slightly decreases
when the material is radially ejected from the substrate during the flow phase (t < 3 s).3°
Subsequently, during the drying phase (t < 30 s), the optical absorption increases owing to the
formation of the perovskite phase. This implies that the transition from the amorphous
PbosSnosl2 precursor to the crystalline perovskite is initiated by casting the FAI/MALI solution.
Also, the simultaneous increase of absorbance in both the visible (610 nm) and near-infrared
(910 nm) regions suggests that there is no significant preferential formation of segregated Pb-
and Sn-rich perovskite phases (Figure 3.1d).
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Figure 3.2 2D colored maps showing the time-resolved absorption intensity during spin coating of a
FAI/MAI (66:34) solution onto the Pb1xSnyl2 precursor film (from t = 0 s), where x is (a) 0, (b) 0.25, (c)
0.4, (d) 0.6, (e) 0.75 and (f) 1.
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Figure 3.3 The time-resolved absorption spectra during spin coating of a FAI/MAI (66:34) solution onto
the Pb1xSnyl2 precursor film (from t = 0 s), where x is (a) 0, (b) 0.25, (c) 0.4, (d) 0.6, (e) 0.75 and (f) 1.
The apparent absorption between 800 and 1000 nm in panel (a) is due to the interference of light

reflected from the top of the film and the glass surface.

When comparing the in-situ absorption spectra of different mixed Pb—Sn compositions
(Figure 3.2 and 3.3), we found that the conversion to the perovskite phase is accelerated at
higher Sn contents. For the Sn-only precursor film (x = 1), a sharp absorption onset at around
900 nm is observed immediately after dripping the FAI/MAI solution. Afterward, the
absorbance is initially lowered due to the layer thinning and then remains constant. This implies
that the formation of a Sn-only perovskite phase is completed, directly after casting the
FAI/MALI solution. On the contrary, the transformation to the perovskite phase is considerably

slow for the Pb-only composition (x = 0), as evidenced by the weak absorption throughout the
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deposition process. Ex-situ scanning electron microscopy (SEM) and X-ray diffraction (XRD)
measurements for as-cast (non-annealed) films (Figure 3.4 and 3.5) confirm that only small-
sized nanocrystals were formed in the Pb-only precursor film (x = 0), which correlates with
slow crystal growth of Pb-based nuclei before the thermal annealing. In comparison, the Sn-
only precursor film exhibits a much higher crystallinity, accompanied by the formation of
micrometer-sized grains on the surface. The results confirm the higher affinity of the organic
components FAI/MAI toward Snl,, which facilitates crystal growth of Sn-based perovskite at
room temperature.

Figure 3.4 Top-view SEM images of non-annealed FAqssMAo.34Pb1_xSnxls perovskite films (after spin
coating), where x is (2) 0, (b) 0.25, (c) 0.4, (d) 0.5, (e) 0.6, (f) 0.75 and (g) 1. The voids are formed in
some films due to the instant evaporation of residue solvent under the SEM vacuum analysis chamber.
Scale bars in SEM images are 500 nm.
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Figure 3.5 XRD patterns of FAssMA034Pb1xSnyls (x = 0, 0.25, 0.4, 0.5, 0.6, 0.75, 1) precursor films
without thermal annealing. Some 6 perovskite phases (marked as *) were formed in the pure-Pb (x = 0)
precursor film, which is attributed to the unstable a perovskite phase without thermal annealing

(nanocrystals). The XRD measurements were performed in the ambient condition.
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Figure 3.6 Top-view SEM images of annealed FAo.6sMAo 3sPb1xSnyl3 perovskite films, where x is (a) O,
(b) 0.25, (c) 0.4, (d) 0.5, (e) 0.6, (f) 0.75 and (g) 1. Scale bars are 500 nm. The sheet-like crystals on the

perovskite surface visible in panel (b-d) are attributed to SnF,.*%4!
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3.3 Structural properties of Pb—Sn perovskite films

The crystallization behavior of Pb/Sn-based precursors has a significant impact on the
quality of the final perovskite films. Figure 3.6 displays top-view SEM images of the annealed
perovskite samples with different Pb/Sn ratios. Compared to non-annealed precursor films
(Figure 3.4), thermal annealing causes coarsening of the perovskite crystals. It is found that all
annealed films display a compact and pinhole-free surface morphology, with the average grain
size starting at 240 280 nm for the Pb-only perovskite film (x = 0), 530 140 nm for PbosSnos
(x=0.5) and 1.3 £ 0.3 um for Sn-only (x = 1) perovskite. Meanwhile, atomic force microscope
(AFM) (Figure 3.7) shows that the root-mean-square (RMS) surface roughness of the Sn-rich
perovskite films (x > 0.5) is considerably higher than that of the Pb-rich films (x < 0.5), in line
with their propensity to form large crystallites at room temperature.
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Figure 3.7 AFM height images of annealed FAq.6sM Ao 34Pb1_xSnyls perovskite films, where x is (a) 0, (b)
0.25, (c) 0.4, (d) 0.5, (e) 0.6, (f) 0.75 and (g) 1. Scale bars are 800 nm.
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Figure 3.8 (a) XRD patterns of annealed FAoesMAo34Pb1Snyls (X = 0 to 1) perovskite films with
different Pb/Sn ratios, which are indexed to the cubic space group Pm3m. (b) Cubic lattice constant a
and optical bandgaps of the non-annealed (black cubes) and annealed (red dots) perovskite films with
different Sn contents (x), respectively. The lattice constant of the pure-Pb (x = 0) precursor film does
not fit in the monotonic decreasing trend. This can be attributed to the formation of the & perovskite

phase, which complexes the XRD patterns and hampers the extraction of a reliable lattice parameter.*?

XRD patterns confirm the formation of single-phase Pb-Sn hybrid perovskite
crystallites in sequentially deposited FA0.66MAo.3sPb1 xSnxls systems (Figure 3.8a). Following
crystallographic data reported by Kanatzidis and co-workers,*® we indexed all Pb—Sn hybrid
perovskites to the cubic space group Pm3m and determined the corresponding lattice
parameters (Figure 3.8b). When replacing Pb?* with smaller Sn?* (x from 0 to 1),* the
(100)/(200) diffraction peaks gradually shift toward higher angles, corresponding to a
monotonic decrease of the cubic lattice constant from 6.34 to 6.27 A. Interestingly, a similar
trend can also be found in the non-annealed precursor films, of which the lattice constant
decreases linearly with the increasing Sn content. Our observation indicates that despite the
very different crystallization behavior of the Pb- and Sn-based perovskite precursors, uniform
Pb—Sn hybrid perovskite phases can be formed before thermal annealing. This can be attributed
to the amorphous intermediate film used in the sequential deposition process. During the
FAI/MAI solution dripping, the intermixed Pblz (1-x) and Snl2 (x) phases enable a simultaneous
and yet homogeneous transformation to the Pb—Sn hybrid perovskite crystallites. In optical
absorption spectra, the characteristic bandgap bowing!’ is seen for both non-annealed and
annealed Pb-Sn perovskite (Figure 3.8b). This result also indicates that homogeneous
crystallization has occurred. The narrowest bandgap of ~1.23 eV is obtained between 50% and
75% Sn contents, whereas the pure Pb- and Sn-compounds show bandgaps of 1.55 and 1.44 eV,

respectively.
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Figure 3.9 2D GIWAX patterns from annealed FAossMAo.34Pb1xSnyls perovskite films, where x is (a)
0, (b) 0.25, (c) 0.4, (d) 0.5, (e) 0.6, () 0.75, and (g) 1.

It has been reported that the perovskite crystal orientation depends on the microstructure
of the as-deposited precursor film.*+* Figure 3.9 shows the grazing-incidence wide-angle X-
ray scattering (GIWAXS) patterns of different Pb—Sn hybrid perovskite films. All Sn-
containing perovskite films (x > 0.25) exhibit isotropic diffraction rings for the various lattice
spacings, suggesting no preferred orientation of the Pb—Sn hybrid perovskite crystals.*® This is
attributed to the predominant growth of randomly oriented crystals in the precursor film (Figure
3.4), which suppresses re-orientation during thermal annealing. In Figure 3.9b-d, the scattering
feature at g = 0.91 A (20 = 12.79 corresponds to the Pbl, phase, which originates from
degradation during sample transfer in ambient air to the X-ray system. In comparison, a varying
reflection intensity and more distinct Bragg spots along the diffraction ring of the (100) plane
(q =1 A are observed for the Pb-only perovskite film (x = 0), indicating a slightly higher
degree of texture (Figure 3.9a).* It is anticipated that during the thermal annealing, the pure

Pb-based nuclei have more freedom to grow along the preferred directions.
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Figure 3.10 (a) The atomic ratio Sn/(Sn + Pb) measured by XPS versus the nominal composition used
in the precursor solutions. The atomic ratio varies from 0 to 1. (b) HAADF cross-sectional STEM image.
(c) Corresponding EDS elemental maps of a PSC based on the ITO/PEDOT:PSS/FAo66MAo34
PbosShosla/Ceo/ BCP/Ag structure. To reduce the background X-ray artifacts, quantitative EDS mapping
was performed by binning 5>5 pixels for each pixel to be quantified (see details in the Experimental
Section, Supporting Information). Circles and dashed lines are drawn in the TEM image, and Pb/I
elemental maps highlight the formation of Pbl.-rich domains due to sample degradation.

Improving the homogeneity of the perovskite film is of critical importance to the
electrical properties such as defect density and carrier lifetime.?** To investigate the phase
distribution of Pb—Sn hybrid perovskite films using a sequential deposition method, we carried
out a detailed microstructure analysis. First, surface X-ray photoelectron spectroscopy (XPS)
reveals that the Sn/Pb atomic ratio matches the composition used in precursor solutions. A
monotonic increase in the Sn atomic concentration can be found as x increases (Figure 3.10). It
is noted that even when the XPS samples were prepared and transferred in a N2> atmosphere, a
small trace of oxygen (O 1s) can be found in all Pb—Sn hybrid perovskite films (Figure 3.11).
Deconvolution of the Sn 3d peaks suggests that the formation of Sn** species is largely
uncontrolled (5-10 at%) among different Pb/Sn ratios, which confirms the ease of oxidation of

Sn?* in the Sn-containing perovskite films.®
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Figure 3.11 XPS spectra of the (a) Sn 3d and (b) O 1s core-levels of the annealed FAo 6sMAo.34Pb1xSnyls
(x =0.25,0.4, 0.5, 0.6, 0.75, 1) perovskite films. The sample preparation and transfer were done in an

inert atmosphere.

Furthermore, cross-sectional scanning transmission electron microscopy (STEM) and
energy-dispersive X-ray spectroscopy (EDS) analysis were performed on a PSC based on
FA0.66MA0.34PbosSno sl absorber (the device performance will be discussed later). The high-
angle annular dark-field (HAADF) STEM image (Figure 3.10b) shows well-defined interfaces
between different layers over the cross-section region, and the perovskite film exhibits large
grains that span the entire thickness of the active layer (~400 nm). The conformal and
homogeneous hole- and electron-transport layers of poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) and Ceo/bathocuproine (BCP)
prevent the perovskite film from making direct contact to the indium tin oxide (ITO) and Ag
electrodes, respectively. In line with the TEM image, EDS elemental mappings acquired in the
same region also confirm the integrity of the device stack. The Ag signal is confined to the top
electrode region. The intense C signal located at both perovskite interfaces corresponds to the
Ceo/BCP (top) and PEDOT:PSS (bottom) layers, respectively. The relatively homogeneous
distribution of Sn, Pb, I, and C suggests the high quality of the Pb—Sn perovskite film prepared

by the sequential deposition method. It is noted that the formation of small Pbl.-rich domains
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(displayed as brighter regions highlighted along with circles and defined lines in Figure 3.10c)
is mainly due to sample degradation induced by prolonged air exposure.*®
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Figure 3.12 (a) Stabilized J-V curves of the best-performing PSCs based on ITO/PTAA or
PEDOT:PSS/FAq.6sMA.34Pb1_xSnls/Ceo/ BCP/Ag device structure, where x =0, 0.25, 0.4, 0.5, 0.6, 0.75,
and 1. (b) Corresponding EQE spectra. The inset lists the current densities obtained by integrating the
EQE with the AM1.5G spectrum. (c) Mott-Schottky plots (C™—V) and (d) dark J-V curves of the
corresponding PSCs.

Table 3.1 Photovoltaic parameters of devices based on different FAoesMAo34Pb1xShyls perovskite
components, measured under simulated AM 1.5G illumination (100 mW cm2).
Sncontent (x)  J (MAcm™?) Vo2 (V) FF? PCE? (%) Ji°(mAcm™?) PCE® (%)

0 21.7 1.02 0.79 17.4 21.8 17.6
0.25 21.1 0.75 0.75 12.0 21.8 12.2
0.4 24.8 0.75 0.72 13.3 25.7 13.9
0.5 26.3 0.74 0.71 14.0 26.9 141
0.6 26.5 0.72 0.70 134 27.1 13.7
0.75 22.2 0.5 0.63 7.1 22.3 7.0

1 0.9 0.19 0.52 0.1 1.31 0.1
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& The data was extracted from the stabilized J-V scans under simulated AM 1.5G illumination (100 mW
cm2). P Calculated by integrating the EQE spectrum with the AM1.5G spectrum. ¢ Corrected PCE
obtained by using the Js obtained from the EQE spectrum.

3.4 Performance of Pb—Sn perovskite solar cells

To evaluate the PV performance of sequential processed Pb—Sn hybrid perovskites, we
fabricated planar p-i-n PSCs using an 1TO/hole transport layer (HTL)/FAo.66MAo.34sPb1 xShxls/
Ceo/BCP/Ag device structure. For the Pb-only device, poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine (PTAA) was used as the HTL, whereas PEDOT:PSS was used for Sn-
containing solar cells (x > 0.25). Figure 3.12a displays the stabilized current density—voltage
(J-V) curves of PSCs with different Sn-content, and the corresponding photovoltaic parameters
are summarized in Table 3.1. The external quantum efficiency (EQE) spectra were measured
with =1 sun equivalent bias illumination to provide more accurate data for the short-circuit
current density (Jsc) and PCE (Figure 3.12b). It is found that the pure Pb-based (x = 0) device
exhibits a PCE of 17.6%, with a Jsc of 21.8 mA cm™2, an open-circuit voltage (Voc) of 1.02 V,
and a fill factor (FF) of 0.79. As the Sn-content reaches 50% (x = 0.5), the Jsc gradually increases
to 26.9 mA cm2, whereas Vo and FF drop to 0.74 V and 0.71, respectively, resulting in the
highest PCE (of 14.1%) among the Pb—Sn hybrid PSCs. The changes in Jsc and Voc can be
attributed to the narrowed bandgap after incorporation of Sn, as seen in the EQE onset that
redshifts from 840 nm (x = 0) to 1040 nm (x = 0.5). The decrease in FF can result from the
uncontrolled p-doping induced by Sn?* oxidation to Sn** (Figure 3.11), which significantly
reduces the charge carrier diffusion length of Sn-based perovskite films.2#¢ While the PSC with
60% Sn still shows a PCE of 13.7%, the performance quickly deteriorates upon further
increasing Sn-content (x > 0.75). It is expected that the rough Sn-rich perovskite films (Figure

3.7) introduce shunting pathways and thereby more recombination losses in the solar cells.

To estimate the background carrier density of Pb-Sn hybrid PSCs, we performed
capacitance-voltage (C-V) measurements under dark conditions.®*®! According to Mott-
Schottky plots (Figure 3.12c), pure Pb-based (x = 0) PSC exhibits a carrier density of 1.91 x
10 cm3, which slightly increases to 3.95 % 10'° cm™ for 50% Sn-based PSC (x = 0.5), and
quickly ramps up to 1.06 = 10 cm3 for pure Sn-based PSC (x = 1). The high background
carrier density of Sn-rich PSCs is consistent with the high leakage current density extracted
from dark J-V curves (Figure 3.12d). Based on the discussion above, it is concluded that the
increased dark carrier density can be mainly attributed to shunts in Sn-rich PSCs, which

deteriorates device performance.
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Figure 3.13 (a) Stabilized J-V curves, (b) EQE spectra with current densities obtained by integrating
with the AM1.5G spectrum, (e) Mott-Schottky plots (C>-V), and (f) light-intensity dependent Vo of
PSCs based on FAossMAg 34PbosSnosls without (pristine) and with NH,SCN (1 mg mL 1) post-treatment.
(c) J-V curves for the device with NH4SCN post-treatment. (d) Steady-state power/photocurrent output
tracking for the device with NHsSCN post-treatment.

To further improve the performance of PbosSnos-based PSCs, a post-deposition

treatment was introduced by spin coating an isopropanol-based ammonium thiocyanate

(NHsSCN) solution onto the perovskite film. Through optimization of processing conditions,

the best performance is obtained when using a 1 mg mL™ of NH4SCN solution without

additional thermal annealing. Compared to the pristine PbosSnos-based PSCs, solar cells with
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NH4SCN treatment exhibits a much higher PCE of 15.9%, with a Jsc of 28.0 mA cm, a Vo of
0.78 V, and an FF of 0.73 (Figure 3.13a-b, Table 3.2). Meanwhile, almost identical J-V curves
were measured in reverse, forward, and stabilized scans, indicating negligible hysteresis (Figure
3.13c). NH4SCN-treated PSC shows a stabilized PCE of 16.1% after 300 s of steady-state power
output tracking (measured at the maximum power point Vmep = 0.62 V, Figure 3.13d), which is
the highest PCE reported for sequentially solution-processed narrow bandgap PSCs with 50%
Sn content. Device statistics (Figure 3.14) suggest that the PCE enhancement is mainly due to
an increase in Voc from 0.70 £0.02 V for the control device to 0.76 £0.02 V for the NH4SCN-
treated device. From the light-intensity dependent Voc measurements (Figure 3.13e), it is found
that the NH4SCH-treated device exhibits consistently higher Vo at various illumination
intensities. The Mott-Schottky analysis shows an increase in built-in voltage from 0.51 to 0.59
V when the perovskite layer was treated by NH4SCN solution (Figure 3.13f), which correlates

to a more efficient charge transfer process at the perovskite/ETL interface.>>°3
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Figure 3.14 The statistical distribution of (a) Jsc and (b) FF, (c) V., and (d) PCE for the PSCs without
(Pristine) and with NH4SCN treatment (1 mg mL™?). The J-V measurements were done in the fast sweep,

both in reverse (left) and forward (right) directions.

67



Chapter 3

Table 3.2 Photovoltaic parameters of the devices with and without NH4SCN post-treatment on the

FA066MA0.34PhosSnosls perovskite film, measured under simulated AM 1.5G illumination (100 mW

cm?),
J2(MAcm?) Vol (V) FF*  PCE*(%) J’ (MAcm?) PCE® (%)
Without NH,SCN 26.3 0.74 0.71 14.0 26.9 14.1
With NH4SCN 27.8 0.78 0.73 15.8 28.0 15.9

& The data was extracted from the stabilized J-V scans under simulated AM 1.5G illumination (100 mW
cm?). * Calculated by integrating the EQE spectrum with the AM1.5G spectrum. ¢ Corrected PCE
obtained by using the Js. obtained from the EQE spectrum.
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Figure 3.15 XPS spectra of the (a) N 1s, (b) I 3d, (c) S 2p, (d) Pb 4f, and (e) Sn 3d core-levels of the
pristine and NH4SCN-treated perovskite films. All the XPS spectra were calibrated using 284.8 eV of
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C 1s. (f) Steady-state PL spectra of pristine and NH4SCN-treated perovskite films deposited on a glass

substrate.

It is noted that the improved device performance is not caused by changes in
morphology and crystallinity, as both films display similar surface morphology and XRD
patterns. To study the effect of NH4SCN treatment on the surface composition of PbosSnos-
based perovskite films, we performed XPS measurements. Compared to pristine perovskite
films, the NH4SCN-treated perovskite exhibits negligible changes in the spectral shape, and no
signal from the S 2p peak can be detected (Figure 3.15). This can be attributed to the use of a
dilute NH4SCN solution and the volatile nature of NH4sSCN. On the other hand, it is noted that
the peak intensities of both | 3d and N 1s core levels are slightly increased, together with a shift
of 91 meV towards higher peak binding energies. The small, the positive shift in 1 3d and N 1s
binding energies can possibly indicate hydrogen bond formation between NH4* and [Pblg]*
/[Snlg]* moieties.>** The NH4SCN treatment also results in an increase of the 1/(Pb + Sn)
atomic ratio from 1.97:1 for the pristine perovskite to 2.30:1 for the NHsSCN-treated perovskite
films. Besides, the NH4sSCN-treated perovskite film exhibits higher photoluminescence (PL)
intensity than the pristine perovskite (Figure 3.15f), indicating a reduced non-radiative
recombination process. Although the exact reason why NHsSCN treatment improves the
performance is not entirely clear, it is expected that the number of defect sites at the perovskite
surface is reduced after NH4SCN treatment, reducing non-radiative recombination losses at the

surface and thereby providing a higher V¢ in the Pb—Sn hybrid PSCs.

We proceeded to monitor the shelf life of a laminated narrow bandgap PSC under
ambient conditions (25 <C, 20-30 RH%). As shown in Figure 3.16a, the device exhibited an
almost negligible decrease in the PCE (~14.9%) over the tracking period, suggesting good
stability of such narrow bandgap perovskite materials when air ingression is significantly
reduced. We then fabricated a 4-terminal all-perovskite tandem solar cell by mechanically
stacking a narrow bandgap back cell (1.23 eV) with a semitransparent front cell based on a 1.57
eV FAossMA034Pbl2g5Bro.15 perovskite (Figure 3.16b-c). Here, the front cell utilizes a device
structure of glass/ITO/PTAA/Perovskite/PCBM/Al-doped ZnO/ITO, where MgF, was
deposited both on the glass side and the top ITO side to minimize the optical loss in the back
cell. The semitransparent front cell shows a PCE of 16.0%, with a Jsc of 19.8 mA cm2, Vo of
1.02 V, and FF of 0.79. Meanwhile, the filtered narrow bandgap cell exhibits a PCE of 5.1%,
with a Jsc of 9.3 mA cm™2, Vo of 0.72 V, and FF of 0.76 (Table 3.3). Compared to the stand-
alone narrow bandgap cell, the EQE of the filtered cell shows a small decrease between 800
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and 1000 nm, confirming high transparency of the front cell in the near-infrared. As a result, a
high PCE of 21.1% in the 4-terminal tandem cell is achieved.
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Figure 3.16 (a) PCE of a laminated narrow bandgap solar cell based on a
glass/ITO/PEDOT:PSS/FA..6sMAg.34PbosShosls/Ceo/ BCP/Cu device structure. The device was stored
under ambient conditions (25 <C, 20-30 RH%). (b) J-V curves, and (c) the corresponding EQE spectra
of a semitransparent front cell with 1.53 eV bandgap perovskite, a 1.23 eV bandgap perovskite stand-
alone cell, and a 1.23 eV bandgap perovskite cell measured by using the 1.53 eV cell as an optical filter.

Table 3.3. Photovoltaic parameters of a 1.57 eV front cell, a 1.23 eV back cell before and after filtering
by the front cell. The J—V curves were measured under simulated AM 1.5G illumination (100 mW cm2).
Jd(MAcm?) Vod (V) FF*  PCE? (%) J«”(MAcm?) PCE® (%)

1.58 eV 19.8 1.02 0.79 16.0 19.8 16.0
1.23 eV 27.2 0.76  0.72 14.9 28.0 15.3
1.23 eV filtered 8.3 0.72 0.76 4.5 9.3 51

& The data was extracted from the stabilized J-V scans under simulated AM 1.5G illumination (100 mW
cm?). ° Calculated by integrating the EQE spectrum with the AM1.5G spectrum. ¢ Corrected PCE
obtained by using the Jsc obtained from the EQE spectrum.
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3.5 Conclusions

In summary, we have investigated the film formation and performance of Pb—Sn hybrid
perovskites (FA0.ssMA0.34Pb1xSnxls, 0 < x < 1) deposited via a simple sequential deposition
method. In-situ absorption measurements, combined with ex-situ characterizations, reveal the
dynamic transformation of different Pb—Sn precursors and the impact on perovskite films.
While the crystallization to pure-Sn perovskite phase is completed during casting the solution,
the formation of the pure-Pb based perovskite is considerably slow without thermal annealing.
It is shown that despite the different crystallization behavior of Pb- and Sn-based perovskite
precursors, the use of an amorphous Pblo/Snlz precursor film in the sequential deposition
ensures a uniform transformation to the Pb—Sn hybrid perovskite phase. Owing to the high
affinity between the Snl, and organic halides, the crystal growth at room temperature is
accelerated with increasing Sn contents, in line with the enlarged grain sizes from ~200 nm to
over 1 pm for the pure-Pb and pure-Sn based perovskites, respectively. However, the fast
crystal growth of the Sn-rich perovskite films (x > 0.6) also results in a higher surface roughness,
which introduces large shunts and is hence detrimental to the device performance. Meanwhile,
we demonstrate smooth and homogeneous narrow bandgap (1.23 eV) perovskite films with 50%
Sn content. Additional treatment with NHsSCN is found to efficiently passivate defect sites on
the perovskite surface, which reduces non-radiative recombination and improves Voc. The best
performing device based on a 460 nm thick FA0.66MAo.34Pbo.sSnoslz exhibits a PCE of 16.1%,
with good stability under the ambient condition. Using this narrow bandgap cell, a 21.1% 4-

terminal all-perovskite tandem solar cell is demonstrated.

Controlling the morphology of perovskite films is of critical importance for large-scale
fabrication. Compared to its pure-Pb counterpart, the fast-crystallizing Sn-based perovskite
imposes a greater processing challenge, for which the sequential deposition route with a broad
processing window can be beneficial. This study provides new insights into the film formation
kinetics of the Pb—Sn hybrid perovskite films and highlights the potential of exploring high-

efficiency narrow bandgap Pb—Sn PSCs using the sequential deposition method.
3.6 Experimental Section

Materials and solution preparation: Unless stated otherwise, all the materials were purchased
from commercial sources and used without purification. For the hole transport layer (HTL),
PEDOT:PSS aqueous dispersion (PVP Al 4083) was purchased from Heraeus Clevios and filtered by a
PVDF syringe filter (0.45 pm) before use. PTAA was dissolved in toluene at a concentration of 3 mg

mL* and stirred overnight at 60 <C. For the sequential solution-processed Pb-Sn hybrid perovskite
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precursor solutions, a 1.2 mmol Pbl, (Sigma-Aldrich, beads, 99.999% trace metal basis) and Snl,
(Sigma-Aldrich, beads, 99.99% trace metals basis) mixture was dissolved in N,N-dimethylformamide
(DMF, 0.876 mL) (Sigma-Aldrich, anhydrous 99.8%) and dimethyl sulfoxide (DMSO, 0.0864 mL)
(Sigma-Aldrich, anhydrous 99.9%). In the solution mixture, the molar fraction of Snl, (x) was varied
between 0, 0.25, 0.4, 0.5, 0.6, 0.75, and 1, and 10 mol% SnF (Sigma-Aldrich, 99%) with respect to Snl,
was added. The precursor solutions were stirred at 60 <C for 1 hour and filtered by a
polytetrafluoroethylene (PTFE) syringe filter (0.22 pm) before use. Formamidinium iodide (53.48 mg)
(FAI, Greatcell Solar) and methylammonium iodide (25.6 mg) (MAI, Greatcell Solar) mixture was
dissolved in 1 mL of 2-propanol (Sigma-Aldrich, anhydrous 99.5%) at 60 <C. For the perovskite surface
passivation, ammonium thiocyanate (NH4SCN) (Sigma-Aldrich, ACS reagent, > 97.5%) was dissolved
in 2-propanol at a concentration of 1 mg mL™ at room temperature. For the electron transport layers
(ETLs), both Ce (SES Research, 99.95%) and bathocuproine (BCP) (Lumtec, 99%) were used as
received.

Solar cell fabrication: Patterned glass/ITO (Naranjo Substrates) were cleaned by sonication in
acetone, sodium dodecyl sulfate (Acros, 99%) soapy water, deionized water, and 2-propanol, each step
for 15 min. The ITO substrate was then treated under UV-ozone for 30 min before use. For the Sn-
containing solar cells (x > 0.25), PEDOT:PSS solution was spin coated on the ITO substrate at 3000
rpm for 60 s and dried at 140 <C for 15 min in the ambient atmosphere. For the Pb-only (x = Q) device,
PTAA was spin coated at 5700 rpm for 30 s and annealed at 100 <C for 10 min in the N2 glovebox. In
the same glovebox, the perovskite film was deposited on the HTL using a sequential solution process,
first the (1-x)Pblz: xSnl, mixture was spin coated at 3000 rpm (with a 2000 rpm s acceleration) for 30
s, and dried at room temperature for 30 min. Afterward, the FAI/MAI solution was dynamically spin
coated on the (1-x)Pbl,: xSnl; film at 3000 rpm for 60 s. The substrate was then annealed at 100 <C for
30 min before cooling down. For the FAMA0.3:PbosSnosls perovskite film with additional surface
treatment, the NH4SCN solution was dynamically spin coated on top at 5000 rpm for 30 s. Finally, the
device was completed by evaporating Ce (20 nm), BCP (8 nm), and Ag (100 nm) layers under a high
vacuum (~3 x10~" mbar). For the ambient stability test a Cu (100 nm) electrode was used instead of Ag.
The active area of the solar cell was determined by the overlap of the Ag and ITO contacts (0.09 or 0.16
cm?).

For the 1.57 eV FA06sMA034Pbl2gsBro.15 semitransparent front cell, both the bottom and the top
ITO were deposited at room temperature by RF magnetron sputtering. The deposition was performed
under a power of 56 W and a pressure of 2 mTorr (Ar with 0.6 mPa partial pressure of Oy). After UV-
ozone cleaning for 30 min., PTAA was spin coated at 5700 rpm for 30 s and annealed at 100 <C for 10
min. in the N2 glovebox. The FAqssMA0 34Pbl285Bro 15 was prepared by a sequential deposition protocol,
where a Pbl, (1.24 mol L in 10.1:1 volume ratio of DMF and DMSO) was spin coated at 3000 rpm
(with a 2000 rpm s acceleration) for 30 s, followed by the spin coating of FAI/MAI/MABr (54.0
mg/14.3 mg/7.6 mg in 1 mL 2-propanol) solution at 3300 rpm for 30 s. The substrate was immediately
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annealed at 100 <C for 30 min. Afterward, a PCBM (Solenne BV, 99%, 20 mg mL* in 1:1 volume ratio
of CB and CF) solution was spin coated at 1000 rpm (with a 20000 rpm s acceleration) for 60 s, and
annealed at 100 <TC for 30 min. Before the top ITO layer deposition, Al:ZnO nanoparticles (Avantama,
2.5 wt% in mixture of alcohols) were spin coated on top twice at 2000 rpm for 60 s, and dried at 75 T
for 5 min. Finally, MgF; layers were thermally evaporated on the glass and ITO surfaces to enhance the
NIR transmission.

Solar cell characterization: The current density—voltage (J-V) characteristics were measured in
the N2 glovebox at room temperature. A tungsten-halogen lamp combined with a Schott GG385 UV
filter and a Hoya LB120 daylight filter was used to simulate the 100 mW cm2 solar light. To better
define the illuminated area, a black shadow mask with an aperture slightly smaller than the cell area
(0.0676 or 0.1296 cm?) was used. In the fast and reverse (forward) J-V sweep, the Keithley 2400 source
meter swept the voltage from +1.5 V (0.5 V) to -0.5 V (1.5 V) at a scan rate of 0.25 V s%. For the
stability test, the laminated narrow bandgap perovskite solar cell was kept in the dark under ambient
conditions (25 <C, 20-30 RH%), and fast J-V measurements were performed in the N> glovebox. During
the stabilized J-V scan, the solar cell was operated at V,. for 5 min under light soaking, followed by a
reverse voltage sweep from (Voc + 0.04) V to —0.04 V with a step size of 0.02 V. At each voltage step,
the current density was recorded for 5 s. From the stabilized J-V curve, the voltage at the maximum
power point was extracted, which was then applied to the solar cell during the steady-state power output
tracking. For EQE measurement, a modulated monochromatic probe-light (Philips focusline tungsten-
halogen lamp, 50 W; monochromator from Oriel, Cornerstone 130) was used to illuminate the solar cell,
which was fixed behind a circular aperture with 1 mm radius and sealed in a nitrogen-filled box with a
quartz window. The spectral response was amplified from a pre-amplifier (Stanford Research, SR 570)
and measured by a lock-in amplifier (Stanford Research, SR 830). Afterward, the result was converted
to the EQE using a reference silicon cell. To mimic the one sun illumination condition used in the J-V
measurements, the solar cell was illuminated under a high-power LED (530 nm or 940 nm, Thorlabs,
driven by a DC4104 driver) during the EQE measurement.

The light intensity-dependent measurement was performed by using the same EQE setup, where
a 730 nm LED was driven between 1-1000 mA, and the V¢ at different light intensity was measured
with a Keithley 2400 source meter.

The capacitance-voltage (C-V) measurements were performed on solar cells using an
electrochemical station (Solartron S11260 impedance/gain-phase analyzer). The measurements were
performed in the N2 atmosphere under a dark condition. For the Mott-Schottky analysis, the capacitance
was measured by sweeping the (DC) voltage from —0.5 V to 1.2 V with a step of 40 mV. The frequency
was kept at 1 kHz with an AC perturbation voltage of 10 mV. The background carrier density N is

Vpi—V

calculated from the equation =2 = 2 (q‘g ~
<0

); where C is the capacitance, Vyiis the built-in potential,

V is the applied bias, & is the relative dielectric constant of the perovskite absorber, q is the elemental
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charge, and g is the vacuum permittivity. The & can be determined from the dark C—f measurement at
a DC voltage of 0 V and AC perturbation voltage of 10 mV. In the 10 kHz to 100 kHz frequency range,

assuming that the PSC is a geometric capacitor and the geometric capacitance C, = %, where A is

the cell area, and d is the perovskite layer thickness, respectively.

Film characterization: XRD measurements were performed on a Bruker 2D phaser using Cu
Ko (4 = 1.5405 A) radiation. The increment step size was 0.05< and the measurements were performed
between 10-40< Grazing incidence wide angle X-ray scattering (GIWAXS) experiments were carried
out on a GANESHA 300 XL+ system from JJ X-ray equipped with a Pilatus 300K detector (pixel size
172 pm %172 m). The X-ray source was a Genix 3D Microfocus sealed tube X-ray Cu-source with
integrated monochromator and the wavelength used was A = 1.5408 A. SEM images were obtained by
a FEI Quanta 3D FEG microscope, using a 5 kV electron beam and a secondary electron detector. To
avoid degradation, all the non-annealed perovskite precursor films were stored in the No-filled tube
before quickly transferred to the measuring setup for analysis. AFM measurements were performed
using a Veeco MultiMode microscope with Nanosensor PPP-NCHR-50 tips.

A Thermo Scientific K-Alpha was used to measure the surface XPS with a 180 <double-focusing
hemispherical analyzer and a 128-channel detector. Monochromatic Al Ko (1486.6 €V) radiation was
used with a spot size of 400 um. The measurements were performed under a dark condition, with a base
pressure below 8 <108 mbar. A survey spectrum (15 scans) was first measured with a pass energy of
200 eV, followed by a high-resolution scan (30 scans) of each element with a pass energy of 50 eV. To
avoid oxidation, the samples were transferred directly from a N, glovebox to the XPS analysis chamber
via an air-tight XPS sample holder.

A ~100 nm thick cross-section lamella was prepared by a focused ion beam (FIB) lift-out
technique and transferred onto a molybdenum grid. Cross-sectional TEM imaging was performed by a
probe-corrected JEOL ARM 200F microscope (200 kV), equipped with a 100 mm? silicon drift detector
for EDS elemental mapping. Note that elemental maps based on raw counts (which includes both the
peak and background intensity in the energy window) might not represent the real distribution of atoms
in the region of interest. Elements with a high atomic number give large background X-ray counts (X-
ray continuum), which can contribute to other elemental maps. In order to reduce such background
artifacts, a quantification of the EDS mappings by binning 5>& pixels for each pixel to be quantified
without reducing spatial resolution.

Ex-situ UV-vis—NIR absorption spectra were measured by PerkinElmer Lambda 900 UV-vis—
NIR spectrophotometer between 400 and 1100 nm. To avoid sample degradation, all the samples were
stored in an air-tight box, with two glass windows fixed on both sides of the substrate.

In-situ UV-vis—NIR absorption measurements were performed using a previously reported
method.3® White paint was applied on the backside of the glass substrate, whereas the (1-x)Pbl,: xSnl,

precursor film was deposited on the other side and dried in the N, glovebox. The substrate was then
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placed on the spin coater, where it was illuminated by a focused light from the halogen lamp. A fiber
optical cable was placed at an off-specular angle, which collected the light that was scattered by the
white paint and transmitted through the whole layer stack. The optical fiber was connected to a
spectrometer, which analyzed the raw photon counts before and after the perovskite layer formation

(during the FAI-MAI dripping), and generated an absorption spectrum following the equation

IL,()—1 A
A(/D — —10910( m( ) :n,dark( )
Im,blank (/1) Im,dark (/1)
Here I represents the wavelength-dependent counts; the dark and blank refer to a dark reference and

blank reference on the same substrate before the spin coating was started, respectively. By monitoring
the absorption spectrum in situ during the spin coating process (t = 0 s when the FAI-MAI was dripped
onto the rotating substrate), the time-evolution of absorbance for the Pb-Sn hybrid perovskites can be
obtained.
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Chapter 4

Interconnecting layers for all-perovskite tandem solar cells*

Abstract

Perovskite semiconductors hold a unique promise in developing multijunction solar
cells with high efficiency and low cost. Besides design constraints to reduce optical and
electrical losses, the interconnecting layers (ICLs) of multijunction devices endure
compatibility issues in depositing different perovskite layers on top of each other. In this study,
we develop robust and low-resistivity ICLs based on a SnO; layer prepared by spatial atomic
layer deposition. Through optimization of the interconnecting contacts, power conversion
efficiencies (PCEs) of above 19% have been achieved for monolithic all-perovskite tandem

solar cells with limited loss of potential energy and fill factor.

* This chapter is partially reproduced from: Wang, J., Zardetto, V., Datta, K., Zhang, D., Wienk, M.M., Janssen,
R.AJ., Nat. Commun., 2020, 11, 5254.



Chapter 4

4.1 Introduction

Over the last decade, hybrid perovskites have been under the spotlight of the
photovoltaic (PV) research community for their excellent optoelectronic characteristics, cost-
effectiveness as well as solution processability. The record power conversion efficiency (PCE)
of single-junction perovskite solar cells (PSCs) has now increased to 25.2%, approaching the
state-of-the-art inorganic PV cells of 29.1% and the Shockley-Queisser (S-Q) efficiency limit
of around 33%.*" Further increase of efficiency of PSCs alongside high-throughput and low-
cost manufacturing processes provides enormous potential for commercializing perovskite PV

technologies.®

Fundamentally, the PCE of single-junction solar cells is limited by the thermalization
loss of photons with energy higher than the bandgap and the transmission loss of photons with
energy lower than the bandgap.®® By strategically stacking two or more light-absorbing layers
with complementary bandgaps, monolithic multijunction solar cells can effectively mitigate
these losses and raise the theoretical efficiency limit to 68%.%! In practice, 111-V crystalline
semiconductors have demonstrated high PCEs of 39.2% and 37.9% in a six- and triple-junction
solar cells, respectively. However, their intricate and costly deposition processes prohibit large-
scale applications.*1213 Alternative technologies such as inexpensive organic semiconductors
have also been exploited for multijunction solar cells.® Nevertheless, given the lack of
comparably high-performing organic absorber layers over a wide range of bandgaps,
suboptimal PCEs of 17.4% for tandem,'* 11.6% for a triple cell,*® and 7.6% for a quadruple-
junction cell*® have been reported in such multijunction approach. Perovskite semiconductors,
by virtue of their cost-effectiveness and widely tunable bandgaps,'” hold a unique promise for
the development of all-perovskite multijunction solar cells. The bandgap of Pb-based
perovskites can be continuously tuned from 1.5 eV to 2.3 eV by substituting 1 with Br,'819 and
bandgaps as narrow as 1.2 eV are obtained when mixing Pb- with Sn-based compounds.?°?
Device and optical modeling'®?>23 have suggested that a monolithic tandem cell with 1.8 eV
wide-bandgap and 1.2 eV narrow-bandgap perovskite materials can reach a feasible PCE of
33.4%. Moreover, the monolithic all-perovskite triple-junction solar cell comprising 2.0 eV, 1.5
eV, and 1.2 eV absorbers leads to an even higher PCE of 36.6%.%2 To date, tremendous research
efforts have been made for all-perovskite tandem devices, % with PCEs up to 24.8% achieved
by Tan and co-workers.3! In comparison, all-perovskite triple-junction solar cells remain largely

unexplored. A proof-of-concept 6.7% triple cell was first demonstrated by Snaith and co-
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workers.®? Very recently, Tan et al. demonstrated all-perovskite triple-junction solar cells with

efficiency exceeding 20%.%

It is not trivial to fabricate monolithic all-perovskite multijunction solar cells, bearing
in mind the optical and electrical losses inherent to the complex cell design and the processing
and compatibility issues encountered in depositing widely different materials on top of each
other.® Between series-connected sub-cells, the interconnecting layers (ICLs) should serve as a
physical barrier to protect the underlying layer from solvents used for the subsequent layers.?®
Also, reflective losses and parasitic absorption of the ICLs need to be minimized such that more
low-energy photons can reach the next narrower-bandgap absorbing layers.'° Besides, the ICLs
should possess a large sheet resistance while retaining sufficient mobility such that selected
holes and electrons from the adjacent perovskite layers can recombine efficiently.?5%” For all-
perovskite multijunction cells, examples of solution-processed ICLs are p-doped cross-linked
poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA)/n-doped phenyl-Csi-butyric acid
methyl ester (PCBM)3* and poly(3,4-ethylene dioxythiophene):polystyrene sulfonate
(PEDOT:PSS)/indium tin oxide (ITO) nanoparticles.® Alternatively, dry-transfer
PEDOT:PSS,® chemical vapor deposited fluoride silane-incorporated polyethylenimine
ethoxylated hybrid system,* and thermally evaporated N* N* N*" N*"-tetrakis([1,1'-biphenyl]-
4-y1)-[1,1":4',1"-terphenyl]-4,4"-diamine (TaTm)3" have been reported. In comparison, using
sputtered ITO and indium zinc oxide (1ZO) as the recombination layers has enabled higher
efficiency in tandem devices,?>28 albeit the increased lateral shunt pathways and optical losses
in the near-infrared region.?” Moreover, a thin metal oxide layer such as SnO, and Al-doped
ZnO (AZO) prepared by atomic layer deposition (ALD) was necessary to prevent sputter
damage.?*2%28 |t has been previously demonstrated that tuning the growth conditions can yield
compact and conductive ALD layers, which alone prevent solvent damage and allow for fast
charge transport after depositing a thin TCO layer.?638% Tan et al. utilized TCO-free ICLs based
on Ceo/ ALD-SNO2/Au/PEDOT:PSS for all-perovskite tandem solar cells.3* More recently,
Huang et al. demonstrated that ambipolar carrier transport could be achieved in the ALD SnO»-
x by changing the O:Sn ratio, thus preventing the use of a less-stable PEDOT:PSS layer.*
Nevertheless, the conventional ALD technique requires a vacuum process and is limited by a
low deposition rate. Atmospheric pressure spatial ALD (SALD) can be done at a higher
deposition rate and therefore has a high-throughput.®®4? Furthermore, to maximize the
performance of multijunction solar cells, stringent bandgap and thickness optimizations are

needed to balance light absorption and match current density among sub-cells. 12
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In this chapter, we introduce a SALD-grown SnO> layer as the interconnecting contact
for monolithic all-perovskite tandem solar cells. The SnO- layer is successful in protecting the
underlying perovskite film from solvent damage and thermal stressing during a multijunction
fabrication process while retaining excellent electronic properties for electron transport. A high
potential and low-resistivity ICLs combination of Ceo/SALD-SnO2/(Au)/PEDOT:PSS is
optimized. PCEs of above 19% are achieved in tandem solar cells comprising 1.73 eV and 1.23

eV perovskite absorber layers.
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Figure 4.1 (a) Device structure of p-i-n solar cells based on 1.73 eV and 1.57 eV perovskite absorber
layers. Current density—voltage (J-V) characteristics of (b) 300 nm-thick 1.73 eV cell and (c) 450 nm-
thick 1.57 eV cell with/without SALD-SnO; layer inserted between the fullerene layer and the Al contact.

(d) UV-vis-NIR absorption spectra of perovskite/PCBM/SALD-SnO; films after rising with H2O or
DMF.

4.2 SALD-SnO:; for all-perovskite tandem solar cells

Here, spatial-ALD (SALD) grown SnO was introduced as both an electron transport
layer (ETL) and a solvent-barrier layer in the ICLs. We first fabricated single-junction
perovskite devices (1.73/1.57 eV, see more discussions in Chapter 5) using a p-i-n structure

(Figure 4.1a). As can be seen, comparable PCEs are obtained when inserting SALD-SnO-
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between the fullerene and Al electrode (Figure 4.1b-c), suggesting that the SALD-SnO: layer
is suitable for electron transport. Due to its excellent barrier property,®® the SALD-SnO2
deposited on a fullerene layer can significantly reduce the permeation of H>O and N,N-
dimethylformamide (DMF) and prevent damage to the bottom perovskite film caused by a
solution processing. The UV-vis—NIR spectra confirm that the SALD-SnO- covered perovskite
film remains intact after rinsing with solvents that are used for the hole transport layer (H20)

and subsequent perovskite layer (DMF), respectively (Figure 4.1d).
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Figure 4.2 (a) Device structure of 1.73/1.57 eV-PSCs for the thermal stressing test. (b-c) The
corresponding J-V characteristics of devices annealed in air and/or N, atmosphere before finished by
depositing Al on top. The measurements were done in fast J-V sweeps in reverse (solid) and forward
(dashed) directions. (d) XRD patterns of 1.73/1.57 eV PSCs with and without thermal stressing at 100
°C.

On the other hand, a compact SALD-SnO improves the thermal stability of underlying
perovskite layers by suppressing the outgassing of volatile decomposition products*® during a
multijunction fabrication process. To study the impact of thermal stressing on the performance
of perovskite layers, we fabricated single-junction PSCs based on a device structure of
ITO/PTAA/perovskite/Ceo/ SALD-SNO/Al (Figure 4.2a). After depositing the SALD-SnOy, the
samples were subjected to the same annealing procedures used for PEDOT:PSS (in the air) and
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perovskite layers (in the N2) during a multijunction cell fabrication (will be discussed later). For
the 1.73 eV cell (Csoi(FAossMA034)09oPbI2Br) (FA is formamidinium, MA is
methylammonium), the substrates were annealed at 100 °C either for 60 min in N2 or 15 min.
in air + 30 min in the N> + 15 min in air + 30 min in N»; For the 1.57 eV cell
(FA0.66MA0.34Pbl2g5Bro.15), the substrates were annealed at 100 °C either for 30 min in N2 or 15
min in air + 30 min in N2. The devices were then finalized by evaporating Al contact on top.
From the current density—voltage (J-V) characteristics, all the thermally treated 1.73 eV- and
1.57 eV-PSCs exhibited almost identical PV performance compared to their reference cells
prepared in the same batch (Figure 4.2b-c). Furthermore, X-ray diffraction (XRD)
measurements suggest that no distinct degradation (formation of Pbl,) was found after thermal
stressing (Figure 4.2d). The result suggests that the followed (annealing) processes of multiple

layers should not affect the performance of the bottom MA-containing perovskites.
4.3 Optimization for all-perovskite tandem solar cells

To enable the current matching condition in tandem solar cells as outlined above, we
prepared semi-transparent PSCs with reduced thicknesses of 1.73 eV perovskite absorbers
(Figure 4.3a). As expected, the EQE-integrated Jsc shows a decrease from 14.7 mA cm™ for a
~400 nm-thick perovskite film, to 13.6 and 8.9 mA cm2 for 300 and 100 nm-thick absorber
layers, respectively (Figure 4.3c). Here, the drop in EQE mainly occurs in the wavelength range
of 500 to 720 nm due to reduced light absorption. In comparison, the changes in Voc and FF are
relatively small for different layer thicknesses, which results from similar film quality, as

evidenced by scanning electron microscopy (SEM) and XRD measurements (Figure 4.3d-h).

We proceeded to construct all-perovskite tandem solar cells using a 300 nm 1.73 eV
wide bandgap front cell and a 450 nm 1.23 eV narrow bandgap back cell. In a preliminary test,
a combination of PCBM (80 nm)/SALD-SnO2/PEDOT:PSS (45 nm) layers was used as the ICL.
The optimized thickness of SLAD-SnO: is 45 nm (Figure 4.4). The corresponding J-V curves
show a PCE of 15.7% under reverse scan, with a Jsc of 13.2 mA cm™2, a Vo of 1.84 V, and a FF
of 0.64. Here, the relatively low FF is caused by an s-kink near the open-circuit voltage, which

suggests the formation of electronic barriers in the ICLs.?"%
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Figure 4.3 (a) Device structure of a semi-transparent 1.73 eV PSC. J-V characteristics (b) and EQE
spectra (c) of the 1.73 eV PSCs with different perovskite layer thickness. (d) XRD patterns of 1.73 eV
perovskite films. Top-view SEM images of perovskite films with (e) 400 nm, (f) 180 nm, (g) 120 nm,

and (h) 100 nm layer thickness.
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Figure 4.4 J-V characteristics of tandem cells with PCBM/SALD-SnO,/PEDOT:PSS as the ICL,

measured in reverse (solid line) and forward (dashed line) scans.

We then replaced the solution-processed PCBM (80 nm) layer with a thermally
evaporated Ceo layer (20 nm), which shows comparable PCEs in single-junction p-i-n PSCs
(Figure 4.5a). Huang et al. have recently demonstrated that additional thermal annealing
processes for tandems drive iodine ions of the perovskite layer into the Ceo layer, which
becomes heavily n-doped and forms an ohmic contact with the ALD-SnOx.* Besides, a thin
and yet compact Ceo layer has higher electron mobility than PCBM,* which can reduce charge
accumulation in the ICLs. Compared to the tandem cell with PCBM, the device based on
Ce0o/SALD-SnO2/PEDOT:PSS produces a much higher FF of 0.77, an improved Vo of 1.91 V,
a Jsc of 13.1 mA cm2, achieving a PCE of 19.3% under reverse scan (Figure 4.5b and Table
4.1). In this case, the Js is slightly reduced due to a current-limiting 1.23 eV back sub-cell (13.1
mA cm~2), caused by the change in optical interference after replacing the PCBM by Ceo (Figure
4.5c-e). On the other hand, it has been reported that a low carrier density ALD-SnO; layer may
form a non-ohmic contact at the interface.®® In comparison, we do not observe a severe s-kink
in the J-V curve, suggesting that our ICLs are more conductive and thus provide decent FF also
without an additional layer.®® Nevertheless, we found that the device performance can be further
improved after inserting a thin Au layer (~1 nm) at the ALD-SnO>/PEDOT:PSS interface,
similar to a previous study.®! As shown in Figure 4.5b, the tandem device comprising
Ce0o/SALD-SnO2/AU/PEDQOT:PSS as ICL exhibits an improved PCE of 19.7% under reverse
scan, thanks to a higher FF of 0.82, together with a Jsc of 12.7 mA cm2, and a Vo of 1.91 V.
Nevertheless, the extra Au layer (~1 nm) reduces transmission in the near-infrared, which
further reduces the Js in the 1.23 eV back sub-cell (Figure 4.5f and Figure 4.6).
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Figure 4.5 J-V characteristics of (a) 1.73 eV wide bandgap using PCBM or Cg as the ETL, and (b)
tandem cells with different ICLs. EQE spectra of tandem devices with (¢) PCBM/SALD-
SnO,/PEDOT:PSS, (d) Ceo/ SALD-SnO,/PEDOT:PSS, and (f) Ceo/ SALD-SnO,/Au/PEDOT:PSS as the
ICLs. The Jsc was obtained by integrating with the AM1.5G spectrum. (e) Simulated EQE of tandems

based on 1.73 eV and 1.23 eV absorber layers. The solid lines and dashed lines represent the EQE spectra
of 1.73 eV and 1.23 eV sub-cells using PCBM and Ce in the interconnecting layers, respectively.
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Figure 4.6 J-V characteristics of (a) tandem devices using Ceo/ SALD-SnO; (20 nm)/PEDOT:PSS as the
ICLs, where a thin Au layer varied from 0—3 nm was inserted between the SnO, and PEDOT:PSS layers.

The corresponding EQE spectra of tandem devices with (b) 0 nm, (c) 0.5 nm, (d) 1 nm, and (e) 3 nm Au

layers, respectively. The Jsc was obtained by integrating with the AM1.5G spectrum.
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Table 4.1 Photovoltaic parameters of tandem devices with different interconnecting layers, measured
under simulated AM 1.5G illumination (100 mW cm 2).

Scan
Tandem cells o Jsc (MA cm™2) Voe (V) FF PCE (%)
direction
Rev 14.0 1.81 0.66 16.8
PCBM/SnO,/PEDOT:PSS
Fwd 14.0 1.82 0.65 16.5
Rev 13.1 1.91 0.77 19.3
Ceo/SNOL/PEDOT:PSS
Fwd 13.1 1.90 0.77 19.0
Rev 12.7 1.91 0.82 19.7
Ceo/SﬂOz/AU/PEDOTZPSS
Fwd 12.6 1.90 0.81 194

2 The aperture area was 6.76 mm?,
4.4 Photovoltaic performance of all-perovskite tandem solar cells

Figure 4.7a-b display the device configuration and cross-sectional SEM of the optimized
tandem solar cell. In the stabilized J-V measurement, the tandem shows a PCE of 19.2% (6.76
mm? aperture area), with negligible hysteresis between reverse and forward scans (Figure 4.7c-
d and Table 4.2). A stabilized PCE of 19.5% after 300 s of steady-state power output tracking
further confirms the device performance (Figure 4.7e). The device produces a stabilized Vo of
1.89 V, which is very close to the summed Vo value of the 1.73 eV front sub-cell (1.13 V) and
1.23 eV back sub-cell (0.78 V). This low potential energy loss, together with a high FF of 0.81,
implies the fast recombination of charges from adjacent sub-cells in the ICLs.?” As discussed,
our tandem cell performance is limited by the low Js.. Compared to a Jsc of 28.0 mA cm™
obtained for 1.23 eV single-junction PSC, the summed EQE spectrum of both sub-cells is
generally lower in the near-infrared range and shows a current density of 26.8 mA cm2 (Figure
4.8). Here, the loss in Jsc is mainly attributed to parasitic absorption from the ICL (PEDOT:PSS)
and ITO substrate, reflectance, optical interference, and insufficient 1.23 eV absorber layer

thickness for light absorption.

Table 4.2 Photovoltaic parameters of the single-junction and tandem PSCs. The aperture area is 6.76

mm?,
Devices Je(MACM?) Vo (V) FF  PCE®(%) Js®(MAcm?)  PCE® (%)
1.73 eV (300 nm) 16.0 1.13 0.73 13.2 15.5 12.7
1.23 eV 27.8 0.78 0.73 15.8 28.0 15.9
Tandem 12.6 1.89 0.81 19.2

& The data was extracted from stabilized J-V curves under simulated AM 1.5G illumination (100 mW
cm?). ® Calculated by integrating the EQE spectrum with the AM1.5G spectrum. ¢ Corrected PCE
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obtained by calculating the Jsc integrated from EQE spectrum and Vo and FF from the stabilized J-V
measurement.
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Figure 4.7 Device configuration and performance of optimized monolithic all-perovskite tandem solar
cells. (a) Device structure. (b) Corresponding cross-sectional SEM image of the tandem device. The
Scale bar is 2 um. (c) Stabilized J-V curves of the best-performing tandem cell and the corresponding
1.73 eV and 1.23 eV single-junction PSCs prepared in the same batch (6.76 mm?). (d) Reverse, forward,
and stabilized J-V scans. (e) PCE and V. tracking of the best-performing tandem solar cell.
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Figure 4.8 EQE of (a) single-junction PSCs with 1.73 eV and 1.23 eV absorber layers and (b) 1.73 eV
and 1.23 eV sub-cells of a monolithic tandem device using Ceo/SALD-SnO./Au/PDOT:PSS as ICL as
shown in Figure 4.7. The black dotted line represents the summed EQE of both sub-cells. (¢) Analysis
of optical losses in monolithic all-perovskite tandem solar cells. The ellipsometry measurement data of
1.23 eV perovskite absorber layer was modeled with three graded layers with slightly different refractive

indices.

4.5 Conclusions

In summary, the SALD-grown SnO> layer has shown excellent barrier properties, which
prevents the degradation of underlying perovskite absorber layers during a multijunction
fabrication process. The low-resistivity of SALD-SnO; also ensures a good electron-transport
property. Ohmic contacts are created when combining Ceo/SALD-SnO2/(Au)/PEDOT:PSS
ICLs with adjacent perovskite absorber layers. Through optimization, monolithic all-perovskite
tandem solar cells with 1.73 eV and 1.23 eV have been demonstrated with very low potential

energy drop and resistivity loss, achieving PCEs of above 19%.
4.6 Experimental section

Preparation of perovskite precursor solutions: All materials were purchased from commercial

sources and used as received unless stated otherwise. For 1.73 eV Cso.1(FAo0.6sMAo.34)0.9PbloBr, Csl
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(Sigma-Aldrich, 99.999%) (34.8 mg) and Pbl (Sigma-Aldrich, 99.999%) (553 mg) were dissolved in
DMF (876 pL) (99.8%) and dimethyl sulfoxide (DMSO) (99.9%) (86.4 uL) to make a 1.25 M iodide
(Csl-Pbl.) solution. The small portion of DMSO was added to form a 1:1 molar ratio of Pbl,:DMSO.
Formamidinium bromide (FABr, Greatcell Solar) (34.9 mg) and methylammonium bromide (MABT,
Greatcell Solar) (16.0 mg) were dissolved in isopropanol (99.5%) (1 mL) to make a 0.422 M bromide
(FABr-MABr) solution. Thinner Cso.1(FAossMAo34)0.0Pbl2Br films were prepared by reducing the
precursor concentrations. For a 300 nm-thick layer, 1.1 M Csl-Pbl; and 0.297 M FABr-MABTr solutions
were used. For a 100 nm-thick layer, 0.4 M Csl-Pbl, and 0.095 M FABr-MABTr solutions were prepared.
For the 1.57 eV FAo.ssMAo34Pbl2.g5Bro 15 precursor solutions, Pbl, (553 mg) was dissolved in DMF (876
uL) and DMSO (86.4 uL). Formamidinium iodide (FAI, Greatcell Solar) (54.0 mg), methylammonium
iodide (MAI, Greatcell Solar) (14.3 mg), and MABr (7.6 mg) were dissolved in isopropanol (1 mL) to
give a 0.471 M halide (FAI- MAI-MABY) solution. All the solutions above were kept at 60 <C overnight.
For the 1.23 eV FA06MAg34PbosShosls precursor solutions, a mixture of Pbl, (276.5 mg) and Snl;
(Sigma-Aldrich, 99.99%) (223.4 mg) was dissolved in DMF (876 pL) and DMSO (86.4 uL), and 10
mol% SnF (Sigma-Aldrich, 99%) was added with respect to Snl.. The solution was stirred at 60 <C for
1 hour and filtered by a polytetrafluoroethylene (PTFE) syringe filter (0.22 jam). A mixture of FAI (53.5
mg) and MAI (25.6 mg) was dissolved in of isopropanol (1 mL) and stirred at 60 <C for 1 hour. We note
that all materials except PEDOT:PSS and PTAA (stored in ambient) were received and stored in a dry
N, glovebox. While it was crucial to weigh Sn-containing compounds in a dry N. glovebox, other
compounds showed little influence on the device performance when weighed either in the N2 or in an
ambient atmosphere. All the solvent bottles were received and stored in an N glovebox for wet chemical
processing (spin coating). All the solutions were prepared and stirred in the same glovebox and were

cooled before use.

Device fabrication: Pre-patterned ITO glass substrates (Naranjo, 17 Q/sq) were cleaned by
sonication in acetone, sodium dodecyl sulfate (Acros, 99%), soapy water, deionized water, and
isopropanol (15 min). Before spin coating, the ITO substrates were further treated under UV-ozone for
30 min. For both the 1.73 eV wide bandgap and 1.57 eV mid bandgap PSCs, 3 mg ml™ of PTAA in
toluene (TCI, 99.5%) was spin coated onto the ITO substrate at 5700 rpm for 30 s and annealed at 100 T
for 10 min in the N, glovebox. After cooling down, the Pb-containing precursor solution was spin coated
at 3000 rpm (with a 2000 rpm s acceleration) for 30 s, followed by the dynamic spin coating of FA/MA-
based precursor solution at a speed of 3000 rpm for 30 s. The substrate was immediately annealed at
100 <C for 30 min. For the devices using PCBM as the electron transport layer (ETL), a solution (1 mL)
of PCBM (Solenne BV, 99%) (20 mg mL™1) in a mixture of chlorobenzene (CB, 99.8%) and chloroform
(CF, 99%) (1:1 volume ratio) was spin coated at 1000 rpm for 60 s, followed by thermal annealing at
100 <T for 30 min. Finally, 1 nm LiF (0.2 A s %) and 100 nm Al (2 A s!) were thermally evaporated to
complete the device fabrication. For devices with Cgo (SES Research, 99.95%) as the ETL, 20 nm Ceo
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(0.5 As™), 8 nm bathocuproine (BCP) (Lumtec, 99%) (0.5 As™) and 100 nm Al (2 As*) were thermally
evaporated in a sequence. A similar approach was used for 1.23 eV narrow bandgap PSCs. PEDOT:PSS
(Heraeus Clevios, PCP Al 4083) was filtered by a polyvinylidene fluoride (PVDF) filter (0.45 pum), spin
coated on the cleaned ITO substrate at 3000 rpm for 60 s and annealed at 140 <C for 15 min in ambient
condition. In the N glovebox, the Pbl2/Snl, precursor solution was spin coated at 3000 rpm (with a 2000
rpm acceleration) for 30 s. After drying the wet precursor film at room temperature for 30 min, FAI/MAI
precursor solution was dynamically spin coated on top at 3000 rpm for 60 s, followed by thermal
annealing at 100 <C for 30 min. Afterward, NH,SCN (Sigma-Aldrich, 97.5%) (1 mg mL™?) dissolved in
isopropanol was spin coated on top at 5000 rpm for 30 s. Finally, 20 nm Ce (0.5 As %), 8 nm BCP (0.5
A st and 100 nm Ag (2 A s1) were sequentially evaporated on top. The cell area was determined by
the overlap of the top and bottom ITO electrodes (0.09 or 0.16 cm?). For tandem devices, the same
procedure was used to fabricate different perovskite sub-cells. Between 1.73/1.23 eV sub-cells, after
evaporation of 20 nm Ceo, the samples were transferred in the air to a homemade spatial ALD reactor,*
using tetrakis(dimethylamino)tin(1V) as the tin source and H.O as co-reactant to deposit a 45 nm SnO,
layer. The substrates were then transferred back to the thermal evaporator for the deposition of a 1 nm
Au layer. For Au evaporation, a shadow mask with an aperture slightly larger than the cell area was
applied. The samples were then exposed in air to spin coat PEDOT:PSS at a speed of 3000 rpm for 60
s, and annealed at 100 <C for 15 min.

Device characterization: The J-V and EQE characteristics were performed in the N, glovebox
at room temperature. A tungsten-halogen lamp combined with a UV-filter (Schott GG385) and a
daylight filter (Hoya LB120) was used to simulate the solar spectrum, the light intensity was calibrated
by Si photodiode to be ~100 mW cm. A black shadow mask with an aperture slightly smaller than the
cell area was used (0.0676 or 0.1296 cm?). For the fast J-V measurements, a Keithley 2400 source meter
was used to sweep the voltage from +1.5 V (0.5 V) to -0.5 V (+1.5 V) at a scan rate of 0.25 V st in
reverse (forward) scan. For the stabilized J-V tests, the solar cell was first monitored at Vo for 5 min,
followed by a reverse voltage sweep from (Vo + 0.02) V to -0.02 V at a step size of 0.02 V. During the
voltage sweep, the source meter measures the current density for 5 s at each voltage point. From the
stabilized J-V curves, the voltage at the maximum power point was extracted and was applied to the cell
during steady-state power output tracking. In the EQE measurements, a modulated (Oriel, Cornerstone
130) tungsten-halogen lamp (Philips focusline, 50 W) was used as the light source. The signal of solar
cells was amplified by a current preamplifier (Stanford Research, SR 570) and measured by a lock-in
amplifier (Stanford Research, SR 830). The spectral response was then transformed into EQE using a
calibrated silicon reference cell. For single-junction PSCs, to mimic the one-sun condition for the J-V
measurements, additional LED bias light (530 nm for 1.73/1.57 eV, 940 nm for 1.23 eV, Thorlabs) was
used to generate a photocurrent close to Js in the cell during the EQE measurement. We note that for

our single-junction PSCs, the difference between non-biased and light-biased EQE spectra is negligible.
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For tandem solar cells, a 530 nm bias light was used to measure the EQE response of 1.23 eV back sub-
cell, whereas a 940 nm bias light was used for the EQE of 1.73 eV front sub-cell. In a triple-junction
solar cell, the 530 nm bias light was used for the 1.23 eV back sub-cell, the 730 nm bias light was used
for the 1.73 eV front sub-cell, and a combination of 530 + 940 nm bias light was used to measure the
1.57 eV middle sub-cell. We also studied the effect of voltage bias by applying the sum of the V. of the
optically biased sub-cells on our triple-junction solar cells during the EQE measurements and found that

the difference between voltage biased and non-voltage biased EQE spectra is insignificant.

Film characterization: SEM images were recorded by an FEI Quanta 3D FEG microscope, using
a 5-kV electron beam and a secondary electron detector. XRD patterns were obtained by a Bruker 2D
phaser (Cu Ka radiation, 2 = 1.5405 A). UV-vis—NIR absorption measurements were performed by
PerkinElmer Lambda 900 UV—vis—NIR spectrophotometer. Steady-state photoluminescence spectra
were measured by Edinburgh Instruments FLSP920 double-monochromator luminescence spectrometer,
with a near-infrared photomultiplier (Hamamatsu).

Simulations: Optical modeling was carried out with the GenPro4 program.*® To ensure the
reliability of any conclusions drawn from optical modeling, component materials of the semi-transparent
PSCs were prepared individually on glass and characterized with a J.A. Woollam ellipsometer to acquire
optical constants. Furthermore, measured reflectance (R) and transmission (T) of each material were

compared to those simulated with its optical constants for validation.

94



Interconnecting layers for all-perovskite tandem solar cells

4.7 References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Dong, Q. et al. Electron-hole diffusion lengths > 175 um in solution-grown CH3NH3Pbls single
crystals. Science 347, 967-970 (2015).

Park, N.-G., Zhu, K. Scalable fabrication and coating methods for perovskite solar cells and
solar modules. Nat. Rev. Mater. 5, 333-350 (2020).

Stranks, S. D. et al. Electron-Hole Diffusion Lengths Exceeding 1 Micrometer in an
Organometal Trihalide Perovskite Absorber. Science 342, 341 (2013).

NREL Best Research-Cell Efficiencies. https://www.nrel.gov/pv/assets/pdfs/best-research-cell-
efficiencies.20200128.pdf (2020).

Guillemoles, J.-F., Kirchartz, T., Cahen, D., Rau, U. Guide for the perplexed to the Shockley—
Queisser model for solar cells. Nat. Photonics 13, 501-505 (2019).

Shockley, W., Queisser, H. J. Detailed Balance Limit of Efficiency of p-n Junction Solar Cells.
J. Appl. Phys. 32, 510-519 (1961).

Saliba, M. et al. How to Make over 20% Efficient Perovskite Solar Cells in Regular (n—i—p) and
Inverted (p—i—n) Architectures. Chem. Mater. 30, 4193-4201 (2018).

Leijtens, T., Bush, K. A., Prasanna, R., McGehee, M. D. Opportunities and challenges for
tandem solar cells using metal halide perovskite semiconductors. Nat. Energy 3, 828-838 (2018).
Di Carlo Rasi, D., Janssen, R. A. J. Advances in Solution-Processed Multijunction Organic Solar
Cells. Adv. Mater. 31, 1806499 (2019).

Eperon, G. E., H&antner, M. T., Snaith, H. J. Metal halide perovskite tandem and multiple-
junction photovoltaics. Nat. Rev. Chem. 1, 0095 (2017).

De Vos, A. Detailed balance limit of the efficiency of tandem solar cells. J. Phys. D. Appl. Phys.
13, 839-846 (1980).

Werner, J. et al. Perovskite/Perovskite/Silicon Monolithic Triple-Junction Solar Cells with a
Fully Textured Design. ACS Energy Lett. 3, 2052-2058 (2018).

Geisz, J. F. etal. Six-junction I11-V solar cells with 47.1% conversion efficiency under 143 Suns
concentration. Nat. Energy 5, 326-335 (2020).

Meng, L. et al. Organic and solution-processed tandem solar cells with 17.3% efficiency.
Science 361, 1094-1098 (2018).

Chen, C. C. et al. An efficient triple-junction polymer solar cell having a power conversion
efficiency exceeding 11%. Adv. Mater. 26, 5670-5677 (2014).

Di Carlo Rasi, D., Hendriks, K. H., Wienk, M. M., Janssen, R. A. J. Quadruple Junction Polymer
Solar Cells with Four Complementary Absorber Layers. Adv. Mater. 30, 1803836 (2018).
Saliba, M., Correa-Baena, J. P., Grazel, M., Hagfeldt, A., Abate, A. Perovskite Solar Cells:
From the Atomic Level to Film Quality and Device Performance. Angew. Chem. Int. Ed. 57,
2554-2569 (2018).

McMeekin, D. P. et al. A mixed-cation lead mixed-halide perovskite absorber for tandem solar
cells. Science 351, 151-155 (2016).

Xu, J. et al. Triple-halide wide-band gap perovskites with suppressed phase segregation for
efficient tandems. Science 367, 1097-1104 (2020).

Hao, F., Stoumpos, C. C., Chang, R. P., Kanatzidis, M. G. Anomalous Band Gap Behavior in
Mixed Sn and Pb Perovskites Enables Broadening of Absorption Spectrum in Solar Cells. J. Am.
Chem. Soc. 136, 8094-8099 (2014).

Gu, S, Lin, R., Han, Q., Gao, Y., Tan, H., Zhu, J. Tin and Mixed Lead-Tin Halide Perovskite
Solar Cells: Progress and their Application in Tandem Solar Cells. Adv. Mater. 32, 1907392
(2020).

Hd&antner, M. T. et al. The Potential of Multijunction Perovskite Solar Cells. ACS Energy Lett.
2, 2506-2513 (2017).

Rajagopal, A. et al. Highly Efficient Perovskite-Perovskite Tandem Solar Cells Reaching 80%
of the Theoretical Limit in Photovoltage. Adv. Mater. 29, 1702140 (2017).

Eperon, G. E. et al. Perovskite-perovskite tandem photovoltaics with optimized band gaps.
Science 354, 861-865 (2016).

Tong, J. H. et al. Carrier lifetimes of > 1 ps in Sn-Pb perovskites enable efficient all-perovskite
tandem solar cells. Science 364, 475-479 (2019).

95


https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20200128.pdf
https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20200128.pdf

Chapter 4

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

96

Palmstrom, A. F. et al. Enabling Flexible All-Perovskite Tandem Solar Cells. Joule 3, 2193-
2204 (2019).

Zhao, D. et al. Efficient two-terminal all-perovskite tandem solar cells enabled by high-quality
low-bandgap absorber layers. Nat. Energy 3, 1093-1100 (2018).

Yang, Z. et al. Enhancing electron diffusion length in narrow-bandgap perovskites for efficient
monolithic perovskite tandem solar cells. Nat. Commun. 10, 4498 (2019).

Leijtens, T. et al. Tin—lead halide perovskites with improved thermal and air stability for
efficient all-perovskite tandem solar cells. Sustain. Energy Fuels 2, 2450-2459 (2018).

Yu, Z. et al. Simplified interconnection structure based on Ceo/SnO..« for all-perovskite tandem
solar cells. Nat. Energy, 10.1038/s41560-020-0657-y, (2020).

Lin, R. et al. Monolithic all-perovskite tandem solar cells with 24.8% efficiency exploiting
comproportionation to suppress Sn(Il) oxidation in precursor ink. Nat. Energy 4, 864-873 (2019).
McMeekin, D. P. et al. Solution-Processed All-Perovskite Multi-Junction Solar Cells. Joule 3,
387-401 (2019).

Xiao, K. et al. Solution-Processed Monolithic All-Perovskite Triple-Junction Solar Cells with
Efficiency Exceeding 20%. ACS Energy Lett., 10.1021/acsenergylett.0c01184, 2819-2826
(2020).

Chang, C.-Y., Tsai, B.-C., Hsiao, Y.-C., Lin, M.-Z., Meng, H.-F. Solution-processed conductive
interconnecting layer for highly-efficient and long-term stable monolithic perovskite tandem
solar cells. Nano Energy 55, 354-367 (2019).

Jiang, F. et al. A two-terminal perovskite/perovskite tandem solar cell. J. Mater. Chem. A 4,
1208-1213 (2016).

Li, C. et al. Thermionic Emission-Based Interconnecting Layer Featuring Solvent Resistance
for Monolithic Tandem Solar Cells with Solution-Processed Perovskites. Adv. Energy Mater. 8,
1801954 (2018).

Avila, J. et al. High voltage vacuum-deposited CHsNHsPbls—CHsNHsPbl; tandem solar cells.
Energy Environ. Sci. 11, 3292-3297 (2018).

Gahlmann, T. et al. Impermeable Charge Transport Layers Enable Aqueous Processing on Top
of Perovskite Solar Cells. Adv. Energy Mater. 10, 1903897 (2020).

Raiford, J. A. et al. Enhanced Nucleation of Atomic Layer Deposited Contacts Improves
Operational Stability of Perovskite Solar Cells in Air. Adv. Energy Mater. 9, 1902353 (2019).
Hoffmann, L. et al. Spatial Atmospheric Pressure Atomic Layer Deposition of Tin Oxide as an
Impermeable Electron Extraction Layer for Perovskite Solar Cells with Enhanced Thermal
Stability. ACS Appl. Mater. Interfaces 10, 6006-6013 (2018).

Najafi, M. et al. Highly Efficient and Stable Semi-Transparent p-i-n Planar Perovskite Solar
Cells by Atmospheric Pressure Spatial Atomic Layer Deposited ZnO. Solar RRL 2, 1800147
(2018).

Zardetto, V. et al. Towards Large Area Stable Perovskite Solar Cells and Modules. IEEE 46th
Photovoltaic Specialists Conference (PVSC), 10.1109/pvsc40753.2019.8981217, 0838-0840
(2019).

Shi, L. et al. Gas chromatography—mass spectrometry analyses of encapsulated stable perovskite
solar cells. Science 368, eaba2412 (2020).

Yoon, H., Kang, S. M., Lee, J.-K., Choi, M. Hysteresis-free low-temperature-processed planar
perovskite solar cells with 19.1% efficiency. Energy Environ. Sci. 9, 2262-2266 (2016).
Iliberi, A., Roozeboom, F., Poodt, P. Spatial atomic layer deposition of zinc oxide thin films.
ACS Appl. Mater. Interfaces 4, 268-272 (2012).

Santbergen, R., Meguro, T., Suezaki, T., Koizumi, G., Yamamoto, K., Zeman, M. GenPro4
Optical Model for Solar Cell Simulation and Its Application to Multijunction Solar Cells. IEEE
J. Photovolt. 7, 919-926 (2017).



Chapter 5

16.8% monolithic all-perovskite triple-junction solar cells*

Abstract

All-perovskite multijunction solar cells offer an interesting route to further improve the
power conversion efficiencies (PCEs) at a low fabrication cost. To maximize the device
performance, stringent bandgap and thickness optimizations are needed to balance light
absorption and match current density among sub-cells. In addition, integrating several very
different perovskite absorber layers in a multijunction cell imposes a great processing
challenge. Here, we report a versatile two-step solution process for high-quality 1.73 eV wide-,
1.57 eV mid-, and 1.23 eV narrow-bandgap perovskite films. By using an interconnecting layer
structure developed in Chapter 4, efficient and reproducible monolithic all-perovskite triple-
junction solar cells comprising 1.73 eV, 1.57 eV, and 1.23 eV perovskite sub-cells are
demonstrated. The best-performing triple-junction cell shows a high PCE of 16.8%, with very
low potential energy drop and resistivity loss.

* This chapter is partially reproduced from: Wang, J., Zardetto, V., Datta, K., Zhang, D., Wienk, M.M., Janssen,
R.AJ., Nat. Commun., 2020, 11, 5254.



Chapter 5

5.1 Introduction

As discussed in Chapters 1 and 4, multijunction solar cells have the potential to exceed
the detailed balance limit of single-junction devices by collecting a broader range of solar
spectrum with minimized energy losses. Theoretically, solar cells with infinite junctions could
reach power conversion efficiencies of 68% under one sun condition and up to 85% at the

maximum concentration in the detailed balance limit.!

Perovskites have great potential for developing highly efficient multijunction solar cells,
given its widely tunable bandgaps and prominent optoelectronic properties. Also, the solution
processability and low material costs make such devices more profitable than expensive I11-V
technologies. Device and optical modeling®® have suggested that a monolithic tandem with 1.8
eV wide-bandgap and 1.2 eV narrow-bandgap perovskite materials can reach a feasible power
conversion efficiency (PCE) of 33.4%. In contrast, a monolithic all-perovskite triple-junction
solar cell comprising 2.0 eV, 1.5 eV, and 1.2 eV absorbers leads to an even higher PCE of
36.6%.2 While tremendous effort has been made for all-perovskite tandem devices,*'° all-
perovskite triple-junction solar cells remain largely unexplored, with a proof-of-concept 6.7%
triple cell first demonstrated by Snaith and co-workers.! Very recently, Tan et al. demonstrated

all-perovskite triple-junction solar cells with efficiency exceeding 20%.?

Next to the design constraints of interconnecting layers (ICLs) as discussed in Chapter
4, integrating several very different perovskite layers in such a complex multijunction cell could
impose significant processing challenges, as they typically require very specific film formation
strategies to achieve high efficiencies in single-junction solar cells. To this end, using a simple
and yet effective fabrication method suitable for various perovskite compositions and bandgaps
would greatly benefit the development of all-perovskite multijunction solar cells. In this chapter,
we present a two-step solution process for high-quality perovskite thin films. With only minor
changes in the processing conditions, we fabricate efficient single-junction perovskite solar
cells (PSCs) with bandgaps of 1.73 eV, 1.57 eV, and 1.23 eV (also see in Chapter 3). Using the
ICLs of Ceo/SALD-SnO2/(Au)/PEDOT:PSS, we demonstrate efficient and reproducible all-
perovskite triple-junction solar cells combining 1.73 eV, 1.57 eV, and 1.23 eV absorber layers.
The best-performing triple-junction device shows a very promising PCE of 16.8%, with a short-
circuit current density (Jsc) of 7.4 mA cm2, an open-circuit voltage (Voc) of 2.78 V, and a fill
factor (FF) of 0.81. Furthermore, the constraints of our current cell design are analyzed by
device and optical modeling.
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5.2 Formation of wide/mid/narrow bandgap perovskite films

We focused on a mixed perovskite composition of Cs;(FA0.66MA0.34)1-2Pb1xSnxlz -y
2By (FA is formamidinium, MA is methylammonium). By changing the molar ratio of
precursor solutions, perovskites based on wide bandgap Cso.1(FA0.66MAo.34)0.9Pbl2Br, medium
(mid) bandgap FA0.66MA0.34Pbl2g5Bro.15, and narrow bandgap FAo.ssMAo.3sPbosSnosls are
obtained. In a two-step deposition route, inorganic salts (Csl, Pblz, and Snl) dissolved in N,N-
dimethylformamide (DMF) and dimethyl sulfoxide (DMSQO) are first spin coated to obtain an
intermediate precursor film, on which organic salts (FAI, FABr, MAI, and MABY) dissolved in
isopropanol are spin coated and followed by thermal annealing to accelerate the transition to
perovskite crystals (Figure 5.1a). Similar processing conditions were used for all the three
perovskite recipes, except for a room temperature drying process of Sn-containing precursor
film before the second deposition step.* UV—-vis—NIR absorption and photoluminescence (PL)
spectra indicate bandgaps of 1.73 eV for Csoi1(FAossMA034)0oPblBr, 1.57 eV for
FA0.66MA0.34Pbl2gsBro1s, and 1.23 eV for FAossMA034PbosSnosls perovskite absorbers,
respectively (Figure 5.1b). X-ray diffraction (XRD) patterns confirm the formation of single-
phase crystallites among all perovskite films (Figure 5.1c). Compared to 1.57 eV
FA066MA0.24Pbl2g5Bro.15, the shift of the (100) diffraction peak towards higher angles is
consistent with a decrease in the cubic lattice constant from 6.324 A to 6.303 A for narrow
bandgap FAossMAo034PbosSnosls (Sn incorporation), and to 6.194 A for wide bandgap
Cso.1(FA0e66MA0.34)09Pbl2Br (Cs and Br incorporation) (Figure 5.1c). It is also found that the
(100) peak intensity of the narrow bandgap layer is significantly higher than the other films, in
line with the fast-crystallizing property of Sn-based perovskites (Chapter 3). Top-view scanning
electron microscopy (SEM) images reveal a compact and pin-hole free surface morphology for
all perovskite films, with an average grain size span from ~250 nm for both wide and mid
bandgap absorbers, to ~500 nm for narrow bandgap perovskite (Figure 5.1d-f). The film
characteristics suggest the controlled formation of high-quality perovskite absorbers with

different bandgaps using a two-step solution process.

99



Chapter 5

a  CslPbl:Snl, FABr:FALMAEMABr  Cs (FA, MA,.), Pb, Snl . Br
DMF:DMSO IPA 100°C 30 min
. I
b 3.0 T T T T T 1.4 T T T T
—— C54.1(FAg 6sMA 31)0 sPbL,BI, 1.73 eV C
. — FAgsMAG 34PDl; gsBro 15, 1.57 €V 14 5 b
' — FAg66MAG 34PD; 5SNy 513, 1.23 eV FAo66MA034PDo 5SNg 55
a,, ~ )
c20t 3 ]
° e 8 L A A h
e REREY
g 1.5 é g |
5 65 Q FAG66MA 34PD1, g5BT 15
2 g = L
2 10F N
0.5 k C80.1(FA)65MAG 24)0.6PD 1B ]
A . A
0.0 1 Y Tl 1 0.0 1 1 1 1 1
500 600 80 900 1000 1100 10 15 20 25 30 35

700 0
Wavelength (nm)

Figure 5.1 (a) Schematic illustration of the two-step solution process for Cs;(FAo.6sMAo.34)1-:PD1xShyl s
v1-2)Brya) perovskite composition. (b) UV-vis—NIR absorption and steady-state photoluminescence
spectra. (c) XRD patterns of perovskite films with different bandgaps. (d-f) Top-view SEM images of
1.73 eV, 1.57 eV, and 1.23 eV perovskite films. Scale bars are 1 pm.

Table 5.1 Photovoltaic parameters of representative single-junction PSCs with different bandgaps.
Bandgap (eV) Je(MACmM?) Vo (V) FF  PCE*(%) Ji°(MAcm?)  PCE® (%)

1.73 17.0 1.13 0.74 14.2 17.3 145
1.57 21.6 1.08 0.80 18.7 211 18.3
1.23 27.8 0.78 0.73 15.8 28.0 15.9

 The data was extracted from stabilized current density—voltage (J-V) curves under simulated AM 1.5G
illumination (100 mW cm™). The aperture area was 6.76 mm?2.  Calculated by integrating the external
quantum efficiency (EQE) spectrum with the AM1.5G spectrum. ¢ Corrected PCE obtained by
calculating the Jsc integrated from EQE spectrum and Vo and FF from the stabilized J-V measurement.
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Figure 5.2 (a) Stabilized J-V curves (measured with 6.76 mm? aperture area). (b) EQE spectra. (c)
Steady-state power output tracking for opaque PSCs with 1.73 eV, 1.57 eV, and 1.23 eV bandgaps.

We fabricated planar p-i-n PSCs to evaluate the photovoltaic (PV) performance of
different perovskite absorbers. The wide and mid bandgap PSCs used a device configuration of
indium tin oxide (ITO)/poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA)/perovskite/
phenyl-Ce1-butyric acid methyl ester (PCBM)/LiF/Al, whereas a layout of ITO/poly(3,4-
ethylene dioxythiophene):polystyrene sulfonate (PEDOT:PSS)/perovskite/Cso/bathocuproine
(BCP)/Ag was used for narrow bandgap PSCs. All perovskite layers are 400-450 nm thick.
Figure 5.2a-b display the stabilized current density—voltage (J-V) curves and external quantum
efficiency (EQE) spectra of representative PSCs with various perovskite bandgaps. The
corresponding PV parameters are summarized in Table 5.1. The 1.73 eV wide bandgap PSC
shows a PCE of 14.5%, with a Jsc of 17.3 mA cm, a Vo of 1.13 V, and a FF of 0.74. In
comparison, the device based on 1.57 eV mid bandgap exhibits an increased Jsc of 21.1 mA cm~
2 a decreased Voc of 1.08 V, and a FF of 0.80, resulting in a PCE of 18.3%. The changes in Js
and Vo are attributed to the decreased perovskite bandgap, in line with the redshifted EQE onset
from 720 nm to 810 nm. As expected, further decreasing the bandgap to 1.23 eV leads to a
higher Jsc of 28.0 mA cm™, a lower Vo of 0.78 V, and a FF of 0.73, yielding a PCE of 15.9%
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for the narrow bandgap PSC. The PCEs of J-V measurements are further confirmed by steady-
state power output tracking at the maximum power point, where all the devices show a

negligible decrease in performance during the tracking period (Fig. 5.2c).
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Figure 5.3 Device structure and J-V characteristics of 1.57 eV single-junction solar cells using (a, d)
ITO/HTL, (b, e) ITO/SALD-SNO,/HTL, and (c, f) ITO/SALD-SnO,/Au/HTL bottom contacts. The HTL
is PEDOT:PSS and/or PTAA. The measurements were done in fast J-V sweep in reverse (solid lines)
and forward (dashed lines) directions.

5.3 ICLs for all-perovskite triple-junction solar cells

A SnO; layer grown by spatial atomic layer deposition (SALD) was introduced in the
ICLs for all-perovskite triple-junction solar cells. As is demonstrated in Chapter 4, such a
compact layer is fully compatible with the solution processing of multiple perovskite layers on
top of each other. While PEDOT:PSS has been reported to be the best performing hole transport
layer (HTL) for 1.2 eV perovskite devices, PTAA is more commonly used for the mid-bandgap
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(~1.5 eV) perovskite recipes.’® To study the electrical contact of a SALD-SnO/PTAA
interconnecting layer, we fabricated 1.57 eV single-junction PSCs based on a structure of
ITO/HTL/perovskite/Cso/BCP/AI (Figure 5.3 a-c). In configuration A, the HTL consists of
PEDOT:PSS and/or PTAA, whereas the HTL was deposited on SALD-SnO: in configuration
B, and the HTL was deposited on SALD-SnO2/Au (1 nm) in configuration C. As expected, in
configuration A, the device with PTAA layer alone outperforms that with PEDOT:PSS due to
much better hole selectively of PTAA towards the 1.57 eV-perovskite material. When a
PEDOT:PSS/PTAA stack is used in the device, only the Js is slightly reduced as a result of
parasitic absorption and reflection loss from PEDOT:PSS. In configuration B and C, again, the
SALD-SnO/(Au)/PEDOT:PSS layer stack displays lower performance due to the poor hole-
selectivity of PEDOT:PSS. However, suboptimal device performance is also seen when using
SALD-SnO2/(Au)/PTAA as the bottom contact. This can be attributed to the low conductivity
of our (undoped) PTAA hole transport layer, which forms an electronic barrier at the SALD-
SnO2/(Au)/PTAA interface. In the end, we found that a combination of SALD-
SnO2/(Au)/PEDOT:PSS/PTAA works the best for such 1.57 eV devices.

5.4 Photovoltaic performance of all-perovskite triple-junction solar cells

Furthermore, we integrated our two-step processed 1.73 eV, 1.57 eV, and 1.23 eV
perovskite absorbers into monolithic all-perovskite triple-junction solar cells. Similar to tandem
cells in Chapter 4, our initial test found that the triple-junction device with PCBM/SALD-
SnO2/PEDOT:PSS ICLs displays an s-kink in the J-V characteristics, which can be removed
by replacing PCBM with Ceo and inserting a thin Au layer at the SALD-SnO,/PEDOT:PSS
interface (Figure 5.4). As shown in Figure 5.5a and b, the optimized triple-junction cell utilized
a device configuration of ITO/PTAA/Cso.1(FA0.66MA0.34)0.9Pb12Br/Ceo/ SALD-
SnO2/AU/PEDOT:PSS/PTAA/FA0.66MA0.34PbI2.85Bro.15/Ce0/SALD-SnO2/Au/PEDOT:PSS/
FA0.66MA0.34PbosSnos13/Ceo/ BCP/AQ. In such a device stack, the 1.73 eV perovskite absorber
was further reduced to ~100 nm to approach a current matching condition (Figure 4.3), and
PTAA was deposited on PEDOT:PSS in the 1.57 eV middle sub-cell to achieve better device
performance (Figure 5.3). In the stabilized J-V measurement, the best-performing triple device
exhibits a PCE of 16.8% (6.76 mm? aperture area), with a Jsc of 7.4 mA cm2, a Voc 0f 2.78 V,
and a FF of 0.81. The triple cell performance is higher than that of single junction PSCs prepared
in the same batch (Figure 5.5¢ and Table 5.2). The corresponding EQE spectra generate
photocurrents of 8.2, 8.9, and 7.6 mA cm~2 for the 1.73 eV front sub-cell, 1.57 eV middle sub-
cell, and 1.23 eV back sub-cell, respectively (Figure 5.5d), indicating that the narrow bandgap
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perovskite sub-cell is limiting the Jsc of the triple device. Also, the device shows negligible
hysteresis between reverse, forward, and stabilized J-V characteristics (Figure 5.6a). The PV
performance of the triple-junction cell is further confirmed by a stabilized PCE of 16.9% after
300 s of steady-state power output tracking (Figure 5.6b). Meanwhile, the stabilized Vo (2.78
V) of the triple device is close to the summed Vo value (2.86 V) of the corresponding single-
junction PSCs, suggesting the effectiveness of such ICLs in our triple-junction design.
Furthermore, a statistical summary of 8 triple cells illustrates a narrow distribution of PCEs,
which demonstrates the good reproducibility of our approach to fabricate triple-junction cells
(Figure 5.6c).
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Figure 5.4 J-V characteristics of triple-junction solar cells with PCBM/SALD-SnO./PEDOT:PSS,
Ceo/SALD-SnO2/PEDOT:PSS and Ceo/ SALD-SnO,/AU/PEDOT:PSS ICLs. The aperture areas are
indicated in the legend.

Table 5.2 Photovoltaic parameters of the single-junction and triple-junction PSCs.

Devices Je (MACM™?) Vo (V) FF PCE (%) Ji®(MAcm?) PCE® (%)

1.73 eV (100 nm) 9.9 1.07 0.76 8.1 10.7 8.7
157 eV 21.0 1.03 0.76 16.5 20.4 16.0
1.23 eV 26.7 0.76 0.72 14.6 27.0 14.8
Triple 7.4 2.78 0.81 16.8

& Calculated by integrating the EQE spectrum with the AM1.5G spectrum. © Corrected PCE obtained by
calculating the Jsc integrated from the EQE spectrum and V.. and FF from the stabilized J-V

measurement.
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Figure 5.5 Device configuration and performance of optimized monolithic all-perovskite triple-junction
solar cells. (a) Device structure and (b) corresponding cross-sectional SEM image of the triple-junction
device. The scale bar is 2 um. (c) Stabilized J-V curves of the best-performing triple-junction cell and
the corresponding 1.73 eV, 1.57 eV, and 1.23 eV single-junction PSCs prepared in the same batch (6.76
mm?). (d) EQE spectra of 1.73 eV, 1.57 eV, and 1.23 eV sub-cells in a triple-junction device with
Ceo/SALD-SnO,/AU/PEDOT:PSS ICLs, the Jsc was obtained by integrating with the AM 1.5G spectrum.

Under the current design, the PCE of our triple-junction solar cell is limited by the Jsc
of 1.23 eV back sub-cell. In contrast to the 1.23 eV single-junction cell (27.0 mA cm2), the
summed EQE of all three sub-cells in a triple device (24.7 mA cm™) suggests a considerable
loss in the near-infrared, which accounts for a loss in photocurrent of 2.3 mA cm~ (Figure 5.7a-
b). Similar to the tandem analysis, the Jsc loss mainly originates from reflection, parasitic
absorption of ITO and PEDOT:PSS, optical interference, and also incomplete light absorption
in the near-infrared due to a relatively thin 1.23 eV absorber layer (Figure 5.7¢). Using light
management layers as well as optimizing the layer thicknesses can significantly reduce such

optical losses.
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Figure 5.6 (a) Reverse, forward, and stabilized J-V scans and (b) PCE and Vo tracking of the best-
performing triple device. (c) Statistical distributions of PV parameters of Js, Vo, FF, and PCE of triple-

junction solar cells, measured under fast J-V sweep in reverse (left) and forward (right) directions.

As previously discussed by Snaith and co-workers,*? further improving the PCE of all-
perovskite triple-junction solar cells would require an efficient ~2 eV wide bandgap perovskite,
which enables a more balanced light absorption in each absorber layer and provides a much
higher Vo in the triple-junction cell. However, such wide bandgap PSCs with low Vo deficit
has rarely been reported to date, as our survey of the literature (Figure 5.8) suggests that the Voc
deficit (Eq/q — Vo) is significantly increased (> 600 mV) for perovskites with bandgaps of above
1.8 eV. Such a high loss-in-potential likely originates from trap-assisted charge recombination
in the perovskite bulk and energy misalignment between the perovskite and charge transport
layers.'6-18 More importantly, the photo-stability of Br-rich systems is much inferior to that of
the I-rich perovskite materials.*? Nevertheless, recently, Tan and co-workers have reported a
1.99 eV wide bandgap PSC showing a PCE of 10.4%, with a Voc of 1.262 V, Jsc of 11.2 mA
cm~2, and FF of 73.5%. They further combined such cells in an all-perovskite triple-junction
device configuration and achieved an efficiency of over 20%. However, such devices displayed
massive performance decay during operation under full AM 1.5G illumination, which was

attributed to the poor photo-stability of the Br-rich, wide-bandgap perovskite material.*2
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Figure 5.7 EQE of (a) single-junction PSCs with 1.73 eV, 1.57 eV and 1.23 eV absorber layers (Figure
5.5c) and (b) 1.73 eV, 1.57 eV and 1.23 eV sub-cells of a monolithic triple-junction device using
Ceo/SALD-SnO,/AU/PDOT:PSS ICLs. The dashed line represents the summed EQE of all three sub-

cells. (c) Analysis of optical losses in the monolithic all-perovskite triple-junction solar cells.
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Figure 5.8 Survey of the literature of wide bandgap perovskite solar cells. Voc (V) as a function of

perovskite bandgap.

Using a similar two-step method, we fabricated a 2.03 eV wide-bandgap (~380 nm)

single-junction cell (Figure 5.9). This cell has a PCE of 5.6%, with a Jsc of 8.3 mA cm™

(corrected by EQE). Compared to the 1.73 eV perovskite, the 2.03 eV cell is less stable and

shows a more pronounced hysteresis effect. The Voc of 1.11 V (after 300 s stabilization) is
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comparable to the 1.73 eV sub-cell, but the FF is much lower (0.61), which makes it less
desirable in the current triple-junction cell. In a series-connected multijunction solar cell, the
voltage is added up from all the sub-cells at equal currents (Chapter 1). Therefore, using a 2.03
eV wide-bandgap perovskite with a large Voc loss and low FF will not necessarily improve the

performance of the current triple-junction solar cell.
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Figure 5.9 (a) P-i-n device structure with a 2.03 eV perovskite absorber layer. (b) J-V characteristics of
a representative 2.03 eV PSC. The measurements were done in fast J-V sweep in reverse (black) and
forward (red) directions, after which a slow sweep J-V (blue) was recorded. (¢) Voc and power output at
the maximum power point tracking under illumination. (d) EQE spectrum of the corresponding solar

cell, measured with a green LED (530 nm) bias illumination.

Furthermore, we performed optical simulations using the same device structure, as
displayed in Figure 5.5a. Here, the 1.73 eV sub-cell (110 nm) is changed to a 2.03 eV sub-cell
(380 nm). We can see that all the three sub-cells generate a Jsc of ~8 mA cm~2, with the front
2.03 eV cell being slightly current-limited (8.1 mA cm2, Figure 5.10a). To construct the J-V
curve of such a triple-junction cell, we scaled the slow-sweep J-V curves of the corresponding
single-junction devices (2.03/1.57/1.23 eV, Figure 5.9b and Figure 5.5c) to the Js of the
simulated EQE and added the voltages of the three cells for each current value.*® As can be seen,
the constructed cell displays a Jsc of 8.46 mA cm™, a Vo of 2.90 V, a FF of 0.68, and PCE of

108



16.8% monolithic all-perovskite triple-junction solar cells

16.7% (Figure 5.10b). The Vo can be overestimated, given that the actual sub-cells would be
illuminated under a lower light intensity in a triple-junction solar cell. In all, the simulation
result suggests that a slightly inferior triple-junction performance (<16.7%) is obtained when
using such a 2.03 eV front cell with sub-optimal Vo and FF.

Nevertheless, the results suggest that further developments of wide-bandgap perovskite
materials with a small Vo deficit (Eq/q — Voc) and adequate photo-stability would greatly benefit
the development of highly efficient all-perovskite triple-junction solar cells.
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Figure 5.10 (a) Simulated EQE spectra with the device configuration illustrated in Figure 5.5a, where
the front 1.73 eV perovskite absorber (110 nm) was replaced by the same 2.03 eV absorber (380 nm).
The estimated Jsc of each sub-cell is displayed in the legend. (b) Scaled J-V curves (slow sweep data) of
the corresponding 2.03/1.57/1.23 eV single-junction reference cells with respect to the simulated Js for
each sub-cell in a triple-device. The constructed J-V curve of the triple cell comprising 2.03/1.57/1.23

eV absorbers was obtained by adding the voltages of the three cells for each current value.

5.5 Conclusions

In summary, we have reported a universal two-step solution process to fabricate PSCs
with bandgaps of 1.73 eV, 1.57 eV, and 1.23 eV. Using robust and low-resistivity ICLs based
on Ceo/ SALD-SnO./(Au)/PEDOT:PSS has enabled the fabrication of efficient and reproducible
monolithic all-perovskite triple-junction solar cells. A triple device comprising a 1.73 eV, 1.57
eV, and 1.23 eV sub-cells shows a promising PCE of 16.8%, with a very low potential energy
drop of only 80 mV in comparison to the summed Vo of all three sub-cells (Voc = 2.78 V) and
low resistivity loss (FF = 0.81). Further improving the performance of ~2 eV wide bandgap
perovskite will be essential for the future development of high-efficiency all-perovskite triple-
junction solar cells.

5.6 Experimental section

See Chapter 4.
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Chapter 6

Ultrathin hole transport layers for efficient narrow-

bandgap perovskite solar cells

Abstract

Lead-tin (Pb—Sn) hybrid perovskite materials present ideal bandgaps (1.2-1.4 eV) for
efficient single-junction and tandem solar cells. Poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS) has been the most used hole transport layer (HTL) for narrow-
bandgap perovskite solar cells (PSCs), despite its poor stability with Pb—Sn hybrid perovskite
materials. In this chapter, we present the use of two novel small molecules, 1,6-pyrenedi-7-
azaindole (PyDAl), and 1,6-pyrenediindole (PyDI), as the HTL for narrow-bandgap p-i-n
PSCs. Film characterizations reveal that the ultrathin HTL has a negligible impact on the
quality of the perovskite film. Meanwhile, PyDAI is more robust against the solution-processed
perovskite film due to the hydrogen-bond-directed self-assembly. Transient photocurrent
measurements and light-intensity dependent device characteristics indicate that both HTLs
possess similar hole extraction properties as PEDOT:PSS. As a result, similar open-circuit
voltage and fill factor can be obtained in the PSCs. In addition to the improved device stability,
the elimination of PEDOT:PSS in the solar cell also changes optical interference and reduces
parasitic absorption of HTL in the near-infrared region, resulting in an improved short-circuit

current density.
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6.1 Introduction

Metal halide perovskites (AMX3) have emerged as promising light-absorbing materials
for high-efficiency and low-cost photovoltaic (PV) devices. A record power conversion
efficiency (PCE) of 25.2% has now been achieved in Pb-based perovskite solar cells (PSCs)
with an optical bandgap of ~1.5 eV.! Recent development on Sn-based PSCs provides a
pathway towards higher device performance.? The (partial) substitution of Pb by Sn narrows
the bandgap to 1.2-1.4 eV, which is ideal for single-junction devices according to Shockley-
Queisser (S-Q) models.® Such a narrow bandgap is also suitable for developing all-perovskite
tandem solar cells.* In addition, reducing the weight percentage of toxic Pb is crucial for the

large-scale deployment of perovskite solar modules.®

To date, the efficiency of Pb—Sn hybrid perovskite devices (20-21%) is much lower
than of their Pb counterparts.®® Compared to pure Pb perovskites, it is more challenging to
grow thick and uniform Sn-based perovskite films due to its fast-crystallizing nature at room
temperature.®1° The ease of oxidation of Sn-containing compounds also raises concerns about
long-term device stability.!! Moreover, the choice of hole transport layers (HTLs) with a
suitable energy band alignment with Pb—Sn perovskite is limited by its smaller ionization
potential.*>*% Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) is the
most frequently used HTL for highly efficient Pb—Sn hybrid PSCs.!® However, the poor
thermal stability of PEDOT:PSS and Pb—Sn perovskite interface leads to a charge extraction
barrier upon aging.'> The PEDOT:PSS layer also causes parasitic absorption in the near-
infrared region, which reduces the photocurrent of the narrow-bandgap sub-cell in a tandem

device.1*1°

Previously, a non-doped, fused azapolyheteroaromatic small molecule, anthradi-7-
azaindole (ADAI), was used to replace PEDOT:PSS as the HTL in conventional CH3sNH3zPbls
solar cells.'® The hydrogen-bond-directed self-assembled material effectively improved the
morphology of the perovskite layer and reduced non-radiative recombination in the perovskite
bulk. As a result, higher PCEs of 15.9% were obtained when using ADAI compared to 12.4%
for PEDOT:PSS in CHsNH3Pbls devices. In this chapter, two pyrene-based, ultrathin small
molecule layers, 1,6-pyrenedi-7-azaindole (PyDAI) and 1,6-pyrenediindole (PyDI) (Figure 6.1)
are studied as the HTLs for Pb—Sn hybrid PSCs. Compared to PEDOT:PSS, the new HTLs
exhibit comparable charge extraction properties and result in similar open-circuit voltage (Voc)
and fill factor (FF) in the solar cells. Besides improved device stability, the use of ultrathin
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HTLs also increases the short-circuit current density (Jsc) due to the changes of optical
interference and reduced parasitic absorption of PEDOT:PSS in the narrow-bandgap devices.

H
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Figure 6.1 Chemical structure of PyDAI and PyDI.
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Figure 6.2 2D GIWAX patterns of (a, ¢) PyDAI and (b, d) PyDI thin films. (a, b) As deposited films.
(c, d) Films after thermal annealing at 100 <T for 10 min.
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Figure 6.3 XPS high-resolution scan spectra of the (a, b) N 1s and (c, d) C 1s core levels for (a, c)
PyDAI and (b, d) PyDlI thin films before and after DMF washing. (e) UV-vis—NIR absorption spectra
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bars are 200 nm.
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6.2 Small molecule organic thin films

Small organic molecules PyDAI and PyDI were synthesized following a previously
reported procedure with high yield (see in Experimental section).!®* Both molecules are
centrosymmetric and can self-assemble into z-stacked molecular structures.'® Conformal
organic thin films were thermally evaporated onto indium tin oxide (ITO)/glass substrates.
Grazing-incidence wide-angle X-ray scattering (GIWAX) measurements reveal that PyDAI
has slightly higher crystallinity than PyDI (Figure 6.2a-b). This can be attributed to its ability
to form four hydrogen bonds via the nitrogen atoms of the pyridine rings and the NH- of the
pyrrole rings, leading to z—= stacked molecular ribbons.*® Additional thermal annealing on the
organic thin-films only provides a minimal improvement in the crystallinity (Figure 6.2c-d).
Surface X-ray photoelectron spectroscopy (XPS) spectra of the N 1s core level confirm the
presence of two different nitrogen atoms in the as-deposited PyDAI, where the peaks at 399
eV and 400 eV can be assigned to the pyridinic and pyrrolic C-N bonds, respectively (Figure
6.3a).} For the as-deposited PyDlI, only the pyrrolic C—N bond at 400 eV was found (Figure
6.3b). Both substrates were then washed by N,N-dimethylformamide (DMF) to mimic the
solution process used for narrow-bandgap perovskite films. It is found that both the C 1s and
N 1s signals of PyDI thin films are significantly reduced, suggesting that DMF has removed
most of the PyDI layer (Figure 6.3b and d). In comparison, more PyDAI layer (~3 nm) was
retained on the substrate after DMF washing, which can be attributed to the formation of
hydrogen bonds during the self-assembly (Figure 6.3a and c). It is also found that thermal
annealing provides no significant improvements in the DMF-resilience of such materials,
where similar C 1s and N 1s intensities are observed for the annealed and non-annealed films.
This observation is also verified in the UV—-vis—NIR absorption spectra (Figure 6.3¢), where a
substantial decrease in the absorbance is seen for the DMF-rinsed PyDI layer. In contrast, the
more robust PyDAI substrate shows less reduction in the absorbance upon DMF washing.
Atomic force microscope (AFM) images (Figure 6.3f-i) indicate that both the DMF-washed
PyDAI and PyDI films have a surface morphology that resembles the topology of the ITO
substrate. Their root-mean-square (RMS) surface roughness (Rq ~4 nm) is slightly higher than
the ITO substrate (Rq ~2 nm). The hole mobilities determined from field-effect transistors

(FETs) are 1.0 x 10 cm? V1 s* for PyDAI and 3.5 x 103 cm? V-1 s for PyDl, respectively.
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6.3 Device performance based on small molecule HTL

We evaluated the performance of ultrathin PyDAI and PyDI HTLs in planar p—i—n PSCs
based on an ITO/HTL/perovskite/Cso/BCP/Ag device structure. Both PyDAI and PyDI HTLs
were deposited on top of the ITO substrate via thermal evaporation (~10 nm, after optimization)
and compared with solution-processed PEDOT:PSS (~50 nm). The perovskite absorber
FA0.66MA0.34PbosSnosls (FA = formamidinium and MA = methylammonium) was then
prepared by a two-step solution process and had a bandgap of 1.23 eV, as demonstrated in
Chapter 3. Additionally, 130 nm LiF was thermally evaporated on the glass side of the substrate
to reduce optical losses in the solar cells.® Figure 6.4a shows the stabilized current density—
voltage (J-V) curves of the highest-performing PSCs with PEDOT:PSS, PyDAI, and PyDI as
HTLs. The external quantum efficiency (EQE) spectra and device parameters are displayed in
Figure 6.4b and Table 6.1, respectively. It is found that the control device with PEDOT:PSS
exhibits a PCE of 15.1%, with a short-circuit current density (Jsc) of 27.6 mA cm2 (corrected
by EQE), an open-circuit voltage (Voc) of 0.77 V, and a fill factor (FF) of 0.71. For PSCs with
PyDAI and PyDI, comparable Vo and FF are obtained while the Jsc was improved by 1.5 mA
cm=. The EQE spectra suggest that the change in Js is mainly attributed to an increase of
spectral response between the 300-400 nm, 500-700 nm, and 850-950 nm regions (will be
discussed later). As a result, both devices exhibit slightly higher PCEs of 16.1%. The PCEs
from J-V characteristics are also confirmed by steady-state power output tracking (Figure 6.4c),
in which the devices with PyDAI and PyDI are performing slightly better than that with
PEDOT:PSS. Notably, the dark J-V curves suggest that the device based on PyDAI has a lower
leakage current density than the PyDI (Figure 6.4d), attributed to the better coverage of PyDAI
on the ITO substrate after solution processing.

Table 6.1 Photovoltaic parameters of representative narrow-bandgap PSCs with PEDOT:PSS, PyDAlI,
or PyDI HTL.

HTL Je(MACM?) Vo (V) FF  PCE (%) Jscoe (MACm?2) PCE? (%)
PEDOT:PSS 28.1 077 071  15.3 27.6 15.1
PyDAI 29.0 077 072  16.0 29.1 16.1
PyDI 28.8 078 071  16.0 29.1 16.1

& Corrected PCE obtained by calculating the J integrated from the EQE spectrum and V. and FF from

the stabilized J-V measurement.
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To study the charge transport property of different HTLs, we performed transient
photocurrent measurements by applying a 50 us square pulse of monochromatic excitation (543
nm LED) to the device (0 V, dark condition) while monitoring its temporal photocurrent
response. As can be seen in Figure 6.5a, all three devices exhibit a fast rise and stabilization of
the photocurrent within a few microseconds after turning on the illumination, suggesting a
rapid trap filling process in the solar cells.'® After turning off the illumination (Figure 6.5b), a
comparably fast decay process is observed, and the charge transit time is found to be 0.90 s
for PyDAI, and 0.96 us for both PEDOT:PSS and PyDI. Accordingly, the vertical charge
carrier transit mobility® is determined to be 2.9, 2.6, and 2.7 %102 cm? V! s7* for PyDAI,
PEDOT:PSS, and PyDlI, respectively. The results indicate that PEDOT:PSS and both small

molecule HTLs possess a similar hole-transport property.

To estimate the degree of electronic disorder of the perovskite films, we determined the
Urbach energy by fitting the tail of the EQE spectra in the sub-bandgap region (Figure 6.5c¢).
The Urbach energies are around 16.1-16.3 meV for all three devices, suggesting a similar
semiconductor quality of FAo.esMAo34PbosSnosls films when deposited on PEDOT:PSS,
PyDAI, and PyDI.2° We further rule out the impact of different HTLs on the formation of
narrow-bandgap perovskite films. Figure 6.6a-c display the top-view scanning electron
microscope (SEM) images of FAo.6sMAo.34PbosSnosls deposited on PEDOT:PSS, PyDAI, and
PyDlI. In all three cases, the perovskite films exhibit a compact and pinhole-free surface
morphology, with grain sizes of around 500 nm. Meanwhile, similar UV-vis—NIR absorption
spectra are seen for these films, with a characteristic narrow-bandgap onset at around 1000 nm
(Figure 6.6d). Furthermore, X-ray diffraction (XRD) patterns (Figure 6.6e) indicate that in each
case the perovskite films adopted the same cubic structure (see in Chapter 3), despite the sample
on PyDAI shows slightly lower peak intensities. From the light-intensity dependent Voc
measurements (Figure 6.6f), a similar ideality factor (determined from the slope of the Voc
versus the logarithm of the light intensity over kT/qg, where k is Boltzmann constant and g is
the elementary charge) and Vo at various illumination intensities were found, which suggests
that the devices with different HTLs adopt the same recombination regime.? In addition, the
linear relationship (Jsc oc 14, where a ~ 1) between the light intensity and Jsc (Figure 6.69)
demonstrates that there are no significant energy barriers or space charges to limit the charge

extraction process in such devices.®
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Figure 6.7a-d show box plots of the statistical distribution of performance
characteristics of PSCs with PEDOT:PSS, PyDAI, and PyDI. While the control device with
PEDOT:PSS exhibits an average PCE of 14.6% and a small standard deviation of 1.32%, PSCs
with PyDI have a much broader spread in the performance (10.0 +5.49%) due to the poor
stability of the HTL against perovskite precursor solutions (Figure 6.3). In comparison, the
device with PyDAI displays reduced deviation in the PCEs (13.8 £2.05%). It is found that
additional thermal annealing (100 °C 10 min) on PyDAI and PyDI further improves the
reproducibility, albeit a slightly reduced performance among the best performing devices

(Figure 6.7d). Furthermore, as shown in Figure 6.7e, when the devices were stored in a dry N2
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atmosphere at room temperature, the PyDAI-based device exhibits no degradation during the

tracking period, suggesting improved device stability compared to that of PEDOT:PSS.

a 32 b
RT Annealed RT Annealed RT Annealed RT Annealed
2 208,
28 -w (WK -
LR 24
. 24F * . o
l\'l o
5
< 20
E
'_’3 16 }
12F Q(g: 1 02} Q@@
K N * K N
O \el N ) \gl N
8F QO Q Q Q Q Q
& Q Ly & S S
0.0
c d 20
RT Annealed RT Annealed RT Annealed RT Annealed
e
e
E’\i 03
8 ‘e
o
.
. ]_ .
*>
* N
Q
>

15

[y
o
T

PCE (%)

(4]
T

—— PEDOT:PSS
—o— PyDAI

0 . . . . . . . . .
0 20 40 60 80 100 120 140 160 180 200
Time (d)

Figure 6.7 Box plots of the statistical distribution of (a) Jsc, (b) Ve, () FF, and (d) PCE of the PSCs
using PEDOT:PSS, PyDAI, or PyDI as the HTL. (e) PCE of unencapsulated PSCs based on
PEDOT:PSS and PyDAI upon storage in the N, atmosphere at room temperature.

6.4 Ultrathin HTLs for narrow-bandgap PSCs

To understand the Jsc enhancement of narrow-bandgap PSCs when using PyDAI and
PyDI, we fabricated devices with more commonly used HTLSs, including poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), poly[N,N’-bis(4-butylphenyl)-N,N'-
bis(phenyl)-benzidine] (poly-TPD), and thin PEDOT:PSS. Here, ~1-2 nm thick PTAA and
poly-TPD films were deposited from dilute solutions (1 mg mL™) at high spinning speeds.
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Such a thin PTAA layer is necessary to reduce the series resistance of Pb/Sn-based devices.*?
The thickness of the PEDOT:PSS layer can be reduced by adding water dropwise onto the
spinning PEDOT:PSS substrate, which results in a PEDOT:PSS layer of ~5 nm.?*?® Figure
6.8a shows the stabilized J-V curves of PSCs using different HTLs, and the corresponding
device performance is summarized in Table 6.2. It is found that all the devices exhibit a
comparable V¢ between 0.77 and 0.80 V and FF between 0.70 and 0.72. In addition, ideality
factors between 1.43 and 1.61 are seen for these devices (Figure 6.8b). Our ultraviolet
photoelectron spectroscopy (UPS) measurements for the HTLs on ITO substrates show that the
work function of PTAA, PyDAI, and PyDI are 4.37, 4.43, and 4.57 eV, respectively.
Correspondingly, their highest occupied molecular orbital (HOMO) levels are 5.00, 4.88, and
5.07 eV, respectively. For PEDOT:PSS, the work function and HOMO level are 4.48 and 4.83
eV, respectively, after DMF washing.?* It is known that an increased energy level offset
between the charge transport layers and the perovskite can drastically increase the rate of
interface recombination and hence limiting the maximum attainable Voc.?® Contrast to previous
studies, the fact that all the cells with different HTLs show a similar Vo suggests that our
narrow-bandgap device is currently limited by defect-induced non-radiative recombination in

the perovskite bulk or at the interfaces.

The EQE spectra (Figure 6.8c) suggest that an increase of the Jsc of up to 2.1 mA cm™
is obtained after replacing the thick PEDOT:PSS layer (~50 nm) with ultrathin HTLs in the
narrow-bandgap devices. Similar to the devices using PyDAI and PyDI, the change in the Jsc
is mainly attributed to the improvement in the spectral regions of 300-450 nm, 500-700 nm,
and 850-950 nm. This implies that the Jsc enhancement using different HTLs is most likely
due to an optical effect. We performed an optical simulation of narrow-bandgap devices based
on pristine and water-rinsed PEDOT:PSS HTLs. A good correlation was found when
comparing the fractional difference of the EQE spectra between the simulation and measured
data (Figure 6.9a). When changing the PEDOT:PSS thickness from 50 to 5 nm, the shape (hills
and valleys) of the EQE spectrum is blue-shifted (Figure 6.9b). Between 300-450 nm, the
increase in the EQE should be attributed to the blue shift of the reflection peak of a thin
PEDOT:PSS film.?® The change in the 500-700 nm region is mainly due to the blue shift of
(both constructive and destructive) optical interference. In the meantime, a decreased parasitic
absorption of thin PEDOT:PSS also plays a role. Similarly, at around 900 nm, both constructive
interference and reduced parasitic absorption contribute to the increased EQE. Potentially, the

use of such ultrathin HTLs for the narrow-bandgap cell is beneficial for the high Jsc of single-
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junction and multijunction solar cells by reducing the parasitic absorption of PEDOT:PSS layer

and without compromising the Voc and FF.
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Table 6.2 Photovoltaic parameters of representative narrow-bandgap PSCs with different HTLs.

HTL Je(MACM?) Vo (V) FF  PCE (%) Jseqe (MACm2) PCE? (%)

PEDOT:PSS (50 nm) 28.1 077 071 15.3 27.6 15.1
PEDOT:PSS (5 nm) 29.5 078 071 16.4 29.7 16.4
PTAA 28.8 0.80  0.70 16.0 29.1 16.3
Poly-TPD 29.3 077 072 16.4 29.6 16.4
PyDAI 29.0 077  0.72 16.0 29.1 16.1

PyDI 28.8 078 0.71 16.0 29.1 16.1

& Corrected PCE obtained by calculating the Js integrated from the EQE spectrum and V. and FF from

the stabilized J-V measurement.
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Figure 6.9 (a) The ratio between the EQE of the PSCs using 5 nm and 50 nm PEDOT:PSS layers. The
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6.5 Conclusions

In summary, we have reported two z-conjugated small molecules, PyDAI and PyDI,
for use as HTLs in narrow-bandgap PSCs. It is found that such HTLs have an insignificant
impact on the quality of the FA0.66MAo.34Pbo5Sno 13 film deposited on top. Compared to PyDlI,
PyDAI is more crystalline and robust against solution-processed perovskite films by hydrogen-
bond-directed self-assembly. As a result, the devices with PyDAI show much-improved
reproducibility. Compared to PEDOT:PSS, both PyDAI and PyDI exhibit similar hole
transport properties in narrow-bandgap solar cells, resulting in a comparable Voc and FF. In
both cases, the use of ultrathin HTLs further enhances the Jsc by changing the optical
interference and reducing parasitic absorption from a thick PEDOT: PSS layer. Furthermore,
the elimination of PEDOT:PSS HTL also significantly improves the shelf life of narrow-

bandgap solar cells.
6.6 Experimental section

Synthesis of small organic molecules: The synthetic procedure started with a palladium-
catalyzed Buchwald—Hartwig cross-coupling reaction between 1,6-diaminopyrene and the
corresponding dihaloderivative, o-dibromobenzene and 2,3-dichloropyridine, to afford the N-arylated
intermediates 1 and 3, respectively. Subsequently, a double regiospecific intramolecular photoinduced
cyclization, performed under basic conditions, enabled the successful isolation of the final fused
polyheteroaromatic derivatives 2 (PyDlI) and 4 (PyDAI). The final purification of the materials was

performed by gradient sublimation under high vacuum conditions (<10 mbar).
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Solar cell fabrication: Patterned glass/ITO substrates (Naranjo) were cleaned by washing with
acetone, sodium dodecyl sulfate (Acros, 99%) soapy water, deionized water, and 2-propanol. Before
use, the substrates were dried by flow N and treated with UV-0zone for 30 min. For the control device,
acidic PEDOT:PSS (Heraeus Clevios, PVP Al 4083) solution was spin coated at 3000 rpm for 60 s and
annealed at 140 °C for 15 min in the ambient condition. For water-rinsed PEDOT:PSS device, 200 puL
H.O was dynamically cast onto the raw PEDOT:PSS at 5000 rpm for 30 s and again annealed at 140
°C for 15 min in the ambient condition. The PTAA (1.0 mg mL™?) and poly-TPD (1.0 mg mL™%) HTLs
were spin coated from chlorobenzene at 5700 rpm for 30 s and annealed at 100 °C for 10 min in the N,
glovebox. For the small molecule HTLs, cleaned ITO substrates were transferred into a thermal
evaporator, where 10 nm of HTLs were evaporated under a high vacuum (~3 <107 mbar). The narrow-
bandgap perovskite films were prepared by a two-step solution process, where 1.25 M Pbl2:Snl, (1:1)
in DMF:DMSO (10.1:1) was spin coated at 3000 rpm (2000 rpm s * acceleration) for 30 s and dried at
room temperature for 10 min. Afterward, a 0.47 M FAIL:MAI (0.66:0.34) in 2-propanol was spin coated
dynamically at 3000 rpm for 60 s and annealed at 100 °C for 30 min in the N, glovebox. After cooling
down, 1 mg mL™* NH4SCN in 2-propanol was spin coated on top of the perovskite film at 5000 rpm for
30 min. The devices were then finished by evaporating 20 nm Ceo, 8 nm BCP, and 100 nm Ag layers
under a high vacuum (~3 <10~ mbar). The active area of the solar cell was determined by the overlap
of the Ag and ITO contacts (0.09 or 0.16 cm?).

Device characterization: J-V characteristics were performed in the N2 glovebox by a Keithley
2400 source meter. A solar simulator was powered by a tungsten-halogen lamp, which is filtered by a
Schott GG385 UV filter and a hoya LB120 daylight filter to simulate the 100 mW cm2 light. A black
shadow mask with an aperture area of 0.0676 or 0.1296 cm? was used. For the stabilized J-V scans, the
device was first stabilized at Vo for 5 min, before sweeping the bias from Vo + 0.02 V to —0.02 V with

a step size of 0.02 V. The acquisition time for each bias step is 5 s. During the steady-state power output
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tracking, the voltage obtained from the maximum power point was then applied to the solar cell when
measuring the output photocurrent and hence the maximum power density. EQE spectra were measured
in an N, atmosphere. Similar to previous chapters, additional infrared LED (940 nm, driven by a DC
4104 driver) was used as a light bias to provide the device with one sun illumination light intensity
during the EQE measurement. The light intensity-dependent Jsc and Vo were measured by a Keithley
2400 source meter, under the illumination of a 730 nm LED driven between 1-1000 mA. For the
transient photocurrent measurements, the device was connected to a current amplifier and an
oscilloscope. A 543 nm LED with 50 us square pulse in width was used to illuminate the device at the

short-circuit.

Film characterization: The morphology of HTL thin films were measured by Dimension 3100
AFM with tapping mode. SEM (FEI Quanta 3D FEG) was used to analyze the surface morphology of
perovskite films using 5 kV electron beam and a secondary electron detector. UV-vis—NIR absorption
spectra were carried out by PerkinElmer Lambda 900 spectrophotometer at room temperature. All the
perovskite samples were sealed in an air-tight holder with glass windows. XRD patterns were recorded
by a Bruker 2D phaser using Cu Ka (1.5405 A) as the X-ray source. A step size of 0.05° was used.
GIWAX was measured by a GANESHA 300 XL+ system from JJX-ray (Cu Ko, 1.5408 A) equipped
with a Pilatus 300 K detector. The surface XPS was measured by a Thermo Scientific K-Alpha with
180° double-focusing hemispherical analyzer and a 128-channel detector. Monochromatic Al Ka

(1486.6 eV) radiation was used with a spot size of 400 pm.
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Interfacial, Compositional and Morphological Engineering for Single- and

Multi-junction Perovskite Solar Cells

The direct solar-to-electricity conversion enabled by photovoltaic (PV) cells plays a
central role in the future energy supply. Benefiting from the development of crystalline silicon
(c-Si), solar PV has now become the fastest-growing renewable energy technology. Other than
c-Si, new generation solar cells with high cost-effectiveness are needed to accelerate the
upcoming terawatt-scale photovoltaic industry. To date, low-cost, lightweight, and highly
efficient perovskite solar cells (PSCs) are the most promising candidates. The photo-active
perovskite materials have shown excellent optoelectronic properties such as strong optical
absorption, long charge diffusion length, and large defect tolerance. Within a decade, PSCs
have already achieved a record power conversion efficiency (PCE) of 25.2%, on par with the

state-of-the-art inorganic PV technologies.

For the PSCs based on metal-oxide charge transport layers, defect passivation at the
metal oxide layer/perovskite interface is often found critical for high performance. Fullerene
and its derivatives are the most commonly used modification layers to passivate the tin oxide
(SnOy) electron transport layer (ETL). However, the role of such passivation layers is yet not
fully understood as they are susceptible to removal
during perovskite deposition. In Chapter 2, solar cell
characteristics and XPS depth profiles are presented

to link the device performance to the distribution of Spiro-OMeTAD 4 e
fullerene passivation layers at the ETL interface. It is B 4

found that for a fullerene with an ester side chain, —’
thermal annealing is crucial to create a surface-bound Glass/ITO

monolayer that can effectively reduce the number of defects and enhance the electron mobility.
In comparison, the fullerene with a carboxylic acid side chain can easily bind to the SnO>
surface without any thermal treatment, thus providing a better device efficiency. Further
investigations of solvent-resistant fullerene layers demonstrate that the interfacial charge
transport of the SnO. ETL can be improved only when chemisorbed fullerene monolayers are

introduced.
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Metal halide perovskites have a widely

1000 Abs
tunable bandgap, which expands from over 3.1 eV = s00 (a.l;:())
when using Cl as the sole anion to 1.2 eV by 2800
mixing Pb with Sn (50-75%) as the divalent cation. gm -
Compared to pure-Pb perovskites, Sn-containing g

600

perovskites have shown a far less controlled film 20

formation process, which is crucial for their PV ¢ =5 g) ERED
performance. In Chapter 3, in-situ optical absorption spectroscopy is performed to gain insights
into the impact of precursor composition on perovskite growth. It is evidenced that the Sn-
containing precursor can accelerate the conversion to the perovskite phase. In contrast, the
crystallization of the pure-Pb compound is largely hindered before thermal annealing. Notably,
the use of a two-step solution process enables homogeneous crystallization of mixed Pb—Sn
perovskite phases. Ex-situ film characterizations further reveal the correlation between
morphology and device performance. For Sn-rich PSCs, the performance is deteriorated due to
large shunts induced by high surface roughness. Meanwhile, smooth and uniform perovskite
films with 50% Sn content is obtained, which shows a desired narrow bandgap of 1.23 eV. By
passivating defect sites on the perovskite surface, the PSC exhibits a PCE of 16.1% with good
ambient stability. A mechanically stacked 1.57/1.23 eV four-terminal tandem displays a PCE
of 21.1%.

The record PCE of PSCs is now approaching the theoretical efficiency limit of 33% in
single-junction solar cells. Perovskite-based multijunction solar
cells have the potential to surpass the efficiency limit, given their

widely tunable bandgaps and prominent optoelectronic properties.

Ceo

Developing monolithic all-perovskite multijunction solar cells is, ]
1.23 eV Perovskite

however, not a trivial task. Next to the challenges of processing
several different perovskite absorbers on top of each other, strict

electrical and optical design are to be considered to maximize light

. . . 1.57 eV Perovskite
absorption and balance the current density of each photo-active

AJ

layer. In Chapter 4, a SnO. layer grown by spatial atomic layer SEDOTRSS

deposition is introduced as the interconnecting contact for tandem Ceo
1.73 eV Perovskite

solar cells. The SnO. layer provides fast electron transport and
improves the thermal stability of the underlying perovskite film. Glass/ITO
More importantly, the compact SnO layer is compatible with the solution processes used by

the multi-layers on top. Through optimization, a combination of interconnecting layers based
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on Ceo/SnO2/AU/PEDOT:PSS allows the fabrication of high potential and low-resistivity
tandem solar cells. PCEs of above 19% are achieved in tandem solar cells comprising 1.73 eV
and 1.23 eV perovskite absorber layers. Next, in Chapter 5, two-step solution-processed 1.73
eV, 1.57 eV, and 1.23 eV perovskite absorbers are integrated into a monolithic, all-perovskite
triple-junction solar cell. The same interconnecting layers provide fast charge recombination,
which results in a promising PCE of 16.8% with a low potential energy drop and low resistivity
loss. Simulation data suggest that reducing the optical losses in the 1.23 eV sub-cell and
developing highly efficient and stable 2.0 eV wide-bandgap perovskite absorber are necessary

to enhance the performance of all-perovskite triple-junction solar cells.

The choice of charge transport materials has a significant impact on the performance
and stability of PSCs. Despite its poor stability, poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS) is the most used hole transport layers (HTLs) for highly efficient
narrow-bandgap PSCs. Potentially, the parasitic absorption of PEDOT:PSS layer in the near-
infrared also limit the maximum attainable short-circuit current density (Jsc) of a multijunction
solar cell. In Chapter 6, two pyrene-based small molecules are
introduced as the HTLs for the narrow-bandgap PSCs. The more
robust 1,6-pyrenedi-7-azaindole (PyDAI) features two nitrogen

atoms from the pyridine rings and two NH- from the pyrrole

1,6-Pyrenedi-7-azaindole

rings, leading to hydrogen-bond-directed self-assembly. The use N

of such ultrathin HTLs shows a negligible impact on the quality ‘ '80 O
of the narrow-bandgap perovskite films. It is found that the new N

HTLs improve device stability while displaying similar hole 1,6-Pyrenediindole

transport properties as PEDOT:PSS. In addition, the use of a thinner HTL can effectively reduce
optical losses caused by a thick PEDOT:PSS layer, thus leading to an improved Js in the

narrow-bandgap solar cell.

In summary, the thesis presents some new insights into the role of interfaces for
perovskite photovoltaics. It attains a deeper understanding of the film formation kinetics and is
correlated with the device efficiencies. A simple and reproducible method is developed to
fabricate all-perovskite based multijunction solar cells, and strategies to achieve higher

efficiencies are discussed.
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