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ABSTRACT OF THE DISSERTATION

Towards High-Performance Tandem Photovoltaics Based on Metal Halide Perovskite

by

Tianyi Huang
Doctor of Philosophy in Materials Science and Engineering
University of California, Los Angeles, 2021

Professor Yang Yang, Chair

Organic-inorganic metal halide perovskites (MHPs) for photovoltaic applications have
emerged rapid progress since their first successful demonstration since a decade ago. The record
power conversion efficiency (PCE) of lab-sized (typically <1 cm?) perovskite solar cells (PSCs)
have risen from 14.1% to 25.5%, and small modules have reached 17.9% PCE in early 2021. With
representative compositions including methylammonium lead triiodide (MAPDI3), formamidinium
lead triiodide (FAPDI3), cesium lead triiodide (CsPbls), or hybrids of these cations with mixed halide
compositions (e.g. FAxCs1xPbls, FAXMA1xPblz.yBry), perovskite materials generally exhibit near
infrared bandgap, ideal for single-junction solar cells. However, as the band edges formed by the
hybridization of the electronic orbitals from the B-site lead and the X-site halide, the optical bandgap
of perovskites could be precisely tuned by controlling the halide I/Br ratio, making configuring
tandem photovoltaics with halide-perovskite possible which is also the core of this dissertation.

Starting from Chapter 1, I will give a brief introduction on MHPs and tandem photovoltaics.



The critical role of defect physics plays in halide perovskite solar cell’s performance and stability
will also be discussed in this chapter, and | will introduce my early work at UCLA in delivering a
certified 22.0% efficiency monolithic perovskite-CIGS tandem which is the origin of most of my
ideas proceed to this thesis.

After that, 1 will introduce strategies we developed that achieved highly efficient 4-terminal
perovskite-Cu(In,Ga)(Se,S). and perovskite-silicon tandem solar cells in Chapter 2. Numerical
simulation and analysis unraveled the efficiency losses in the perovskite sub-cell were still the
bottlenecking factor in limiting the performance of perovskite-based tandem photovoltaics. An
electronic defects passivation strategy at perovskite surface were developed utilizing a synergetic
effect of post-treated surface fluoride and phenethylammonium iodide (PEAI) that mitigated surface
traps.

In Chapter 3, a more in-depth investigation of the surface reconstruction of perovskite during
post-treatments was carried out at the microscale level based on a series of surface-sensitive or
depth-resolved characterizations. A change of the perovskite surface could be induced by the
commonly used post-treatment solvent, isopropyl alcohol (IPA), which directly affect the surface
electronic affinity, surface termination, and surface defect feature. However, it was also found the
IPA wash in fact assisted the ligand adsorption (e.g. PEA™) to the perovskite surface and thus
enhanced their defect passivation effect.

In Chapter 4, a set of in-situ or carefully designed ex-situ experiments were developed to
distinguish the different formation dynamics and defect physics between the wide bandgap mixed-
halide perovskite for tandem applications and the low bandgap tri-iodide perovskite for single
junction solar cells, as the performance losses in the mixed-halide perovskite were significantly
larger than their tri-iodide counterpart. The results show that the inclusion of bromide introduced a

halide homogenization process during the perovskite growth stage from an initial bromide-rich phase



towards the final target stoichiometry. We further elucidated a physical model that correlates the role
of bromide with the formation dynamics, defect physics, and eventual optoelectronic properties of
the film.

After recognizing the critical role of surface properties and surface defects in halide perovskite,
Chapter 5 will introduce a theoretical investigation of the formation and energy levels of perovskite
surface defects. FAPDI3, which is the composition that delivered the record photovoltaic
performance among the perovskite family, was chosen for this study. All surface point defects were
considered under two most commonly seems terminations, namely Pbl, termination and FA-I
termination. Insights of combining theoretical results and experimental outcomes were also
discussed.

In Chapter 6, | will introduce organic small molecules named Y1 and Y2 that also showed
tremendous potential in tandem application. They are non-fullerene acceptors (NFAs) with near
infrared absorption and could serve as an ideal absorber as rear cell. The optoelectronic properties of
Y1 and Y2 were delicately tuned by the introduction of unconventional electron-deficient-core-
based fused structure, and their single junction devices exhibited a low voltage loss of 0.57 V and
high short-circuit current density of 22.0 mA cm2, resulting in record-breaking power conversion

efficiencies of over 13.4% (certified 12.6%).
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The whole problem with the world is that fools and fanatics are always so certain of themselves,
and the wiser people so full of doubts.

-Bertrand Russell
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Chapter 1 Introduction to metal halide perovskites and tandem photovoltaics

Photovoltaic (PV) technology has been considered as the most promising substitute for
energy from traditional fossil fuels. In 1966, Shockley and Quessier calculated the theoretical
power conversion efficiency (PCE) limit of a single-junction PV cell to be approximately 33%
based on the principle of detailed balance. In this scenario, most of the solar energy that cannot be
utilized is attributed to spectrum loss, because of the limited optical response of semiconductor
absorbers. Photons with an energy above the bandgap (Eg) can be absorbed by a semiconductor
material and generate carriers with the identical energy of Eg. The excess energy is lost due to
thermalization, and the photons with energy below Eg cannot be utilized. The Eg of an absorber is
crucial to the PCE of a solar cell because Eq is correlated to both short-circuit current (Jsc) and
open-circuit voltage (Voc), which are the two crucial parameters of the PCE determines the total
photocurrent and the voltage this photocurrent flows. To overcome the Shockley-Quessier limit (S-
Q limit), tremendous strategies have been proposed and developed, such as multiple exciton
generation,? hot carrier collection,® intermediate band structure,* and tandem architecture.> Among
these studies, only tandem PV cells have practically surpassed the S-Q limit. The highest PCE of
tandem devices achieved by a six-junction configuration has exceeded 47%.°
1.1 Basics of tandem photovoltaics

The basic working principle of tandem PVs is stacking different Eg junctions in optical
series to mitigate the thermal energy loss of photogenerated carriers mentioned earlier and realize
the efficient spectral splitting. The wider Eq absorber resides at the top to utilize and filter most of
the high energetic photons, while the narrower Eq material at the bottom could absorb the rest low-
energy photons, enabling maximum utilization of the solar spectrum (Figure 1.1A and B). The

simplest tandem PV cell is based on a double-junction architecture, which contains one wide-Eq
1



front cell (~1.5-1.9 eV) and one narrow-Eq rear cell (~0.9-1.3 eV). Comparing with typical single
junction solar cell, the ideal Eq is around 1.4~1.5 eV. The front and rear sub-cells can also be
referred to as top and bottom sub-cells, respectively.

Double-junction tandem devices typically have two configurations based on how the two
junctions are electrically connected: two-terminal (2-T) tandem and four-terminal (4-T) tandem. As
shown in Figure 1.1C, 4-T tandem cells consist of two separate devices with their own electrodes,
where the wide-Eg device and the narrow-Eg device are either mechanically stacked together or
coupled with a spectral-splitting dichromatic mirror. The two subcells are fabricated individually
and connected by an external circuit. Although the fabrication and operation processes of 4-T are
relatively simple, the additional two electrodes and corresponding optical loss usually result in a
high cost for this configuration.

On the other hand, the 2-T (or monolithic) tandem cell is fabricated sequentially on a single
substrate with one transparent front electrode and one opaque rear electrode, where the front cell
and rear cell are connected by an interconnection layer (ICL). As displayed in Figure 1.1D, the ICL
is where the recombination of photogenerated charge carriers from the front and rear sub-cells
occurs, to retain the charge neutrality, either in a metallic-like recombination layer or a band-to-
band tunnelling junction layer. Generally, 2-T tandem PV can avoid extra manufacturing costs and
parasitic optical loss, which makes it a little more promising than 4-T tandem cells in practical
applications. However, owing to limitations in the fabrication process and the manipulation of
electrical coupling, it is much more challenging to fabricate monolithic tandem cells than 4-T
tandem cells and achieve high yield. The selection of ICL is affected by the surface roughness of
the rear cell, compatibility of the solvent, and deposition temperature. More importantly, the bottom

cell must be stable during the processing of the top cell and ICL, and the Jsc of both cells must be



well matched. That said, persistent research efforts have been devoted to achieving high-
performance 2-T tandem PVs, where research on 4-T tandem often goes with the development of
semi-transparent PVs."8
1.2 Metal halide perovskites

In the past decade, metal halide perovskite materials have been a focus of next-generation
PV research due to their superior optoelectronic properties. With an approximate of only 11 years
of rapid development, the record PCE of single-junction perovskite PVs has surged from an initial
3.8% to 25.5%.%%° The general chemical formula of a metal halide perovskite is ABXs, where A
refers to a monovalent cation like caesium (Cs*), methylammonium (MAY), or formamidinium
(FA"); B refers to a divalent cation like Pb?* or Sn?*; and X refers to a halide anion (Figure 1.1E).
The remarkable bandgap tunability enabled by rich varieties of composition engineering is one of
the major advantages of perovskite materials, which makes them versatile candidates as the subcell
materials in a tandem device architecture. In light of this, perovskite-based tandem PVs in
combination with several more matured photovoltaic technologies such as Si, Cu(In,Ga)(S,Se):
(CIGS), GaAs, and organic solar cells (or even low-bandgap perovskite itself) have been
developed, and have the most potential to disrupt the commercial PV market dominated by
conventional inorganic semiconductors. The highest certified PCE of perovskite-based tandem PV
has reached 29.5% by stacking with Si by 2021 (NREL’s Best Research-Cell Efficiency Chart).

Perovskite is also the only polycrystalline thin-film PV absorber material that has
demonstrated >20% PCE with a wide bandgap (around 1.7 eV or larger). This makes perovskites
uniquely fitted for tandem applications as the wide bandgap fron-cell, not only for all-perovskite
tandem devices, but also for pairing with mature PV technologies (such as Si and CIGS) to further

boost their performance. Since it is the valence band maximum and conduction band minimum are
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composed by the orbitals of the lead and halide atoms, which allowed the tunability of the materials
bandgap by easily controlling the composition especially the halide ratio. For example, MAPbXz3-
based perovskites have been both theoretically and experimentally investigated to show a shift in
the bandgap from ~2.25 eV for MAPbBr; to ~1.55 eV for MAPDI3.2517 In fact, as the front cell,
MAPDBTr3 successfully split MAPDI3’s absorption spectrum in the visible light region, which allows
effective current matching.

However, when the rear cell has an even lower bandgap, such as Pb-Sn perovskites (Eg ~
1.25 eV), Si (Eq = 1.1 eV), or copper indium selenide (Eq ~ 0.98 eV), the optimal bandgap region
for the front cell will be in the range from 1.8 eV to 1.65 eV to maximize current matching.
McMeekin et al. systematically studied the halide composition tunability in the more thermally
stable FAPb(l1xBrx)s and FACsPb(l1-xBrx)s perovskites, in which case, caesium (Cs), is required to
achieve continuous and stable perovskite bandgap evolution in the entire Br-to-1 range, from ~2.25
eV when x=1 to ~1.53 eV when x=0.1° Otherwise, a “yellowing” (highly degradable) of the
FAPDb(I1-xBrx)z films would occur for compositions of x between 0.3 and 0.6, associated with the
transition from a trigonal (x < 0.3) to cubic (x>0.5) structure. With the optimal perovskite
composition, FA0.83Cs0.17Pb(lo6Bro4)s, they achieved over 22%-efficiency perovskite/Si
heterojunction tandem solar cells.

Although the goal in tuning the perovskite composition for front cells is to achieve suitable
bandgaps, issues could arise, including phase instability and halide segregation in Br-rich systems.
In fact, incorporating alkali elements such as Cs and Rb not only stabilizes the perovskite structure
in the entire Br-to-1 range, but also creates a more homogeneous halide distribution and suppresses
halide segregation of these wide-bandgap perovskites driven by excited charge carriers upon further

illumination or current injection.? When halide ions of different types segregate, such
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inhomogeneity could lead to domains of higher (Br-rich) and lower (I-rich) bandgaps within one

perovskite film,%

resulting in photo-unstable optoelectrical properties including excess energy
losses within the lower bandgap domain. This issue was observed to be more severe in MA-based
perovskites, which could be barely resolved, even with A-site Cs incorporation.?® As a result, most
reported highly efficient wide-bandgap perovskite cells with high Br-to-1 ratios have mixed FA-Cs
double cation or FA-MA-Cs triple cation compositions.

Besides the challenges lying under successful bandgap engineering, interface properties and
electronic defects are also critical in the case of tandem devices. Regardless of theoretically
predicted defect tolerance, proper management of defects in halide perovskites is still necessary to
achieve high mobility, long carrier lifetimes, minimized nonradiative losses, and thus high-
performance solar cells. Defects are also reported to easily capture moisture and oxygen and
become where device degradation initiates. In fact, like most crystalline semiconductors, defect
management in perovskite materials starts from the first step in their processing, which includes
composition engineering and crystal growth, and eventually it was my attempt to link the dots
between these aspects for highly efficient perovskite-based tandem photovoltaics.

1.3 Defect physics in metal halide perovskites

Taking APbls lead tri-iodide perovskites (A: methylammonium (MA) or formamidinium
(FA)) as an example (while the anion site can also be Br or a mixture of Br/l), it can form twelve
types of intrinsic point defects, namely the three interstitial defects (Ai, Pbi, I;), three vacancy
defects (Va, Vro, V1) and six antisite defects (App, Ai, Pba, Pby, la, Ipp). Theoretical studies have
shown that the dominant defects with low formation energies have transition levels within 0.05 eV
of the conduction or valence band edges, making them shallow in nature and thus do not act as

Shockley-Read-Hall non-radiative recombination centers (Table 1.1).222
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However, it is also known that the photoluminescence quantum yields and open-circuit
voltages (Voc) of perovskite thin films and devices are still not at their theoretical limits, suggesting
that deep traps still detrimentally contribute to recombination energy losses limiting the
performance of perovskite solar cells (PSCs).?#?°> Moreover, due to the characteristic ionic nature of
perovskites, defects are mobile under an electric field, and this phenomenon is known to be
responsible for photocurrent hysteresis, photoinduced phase segregation, and long-term operational
instability of PSCs.?6-2° Shallow defects are particularly mobile due to their low activation energies
for migration, typically <0.5 eV.% Moreover, defects can also accelerate the phase degradation of
metastable cubic FAPbI; into its photoinactive hexagonal delta phase,® especially relevant since
the vast majority of high-performance PSCs are based on a majority FAPblz composition. Given
the detrimental consequences on efficiency and stability, it is thus necessary to apply defect
mitigation and passivation strategies to realize high performance PSCs.

Even though significant progress achieved in understanding the role of defects in
perovskite, it remains challenging to identify specific defect species, pinpoint their location and
distribution, or elucidate their energetics and formation. Despite advanced computational studies on
these subjects, direct experimental evidence may still be lacking. These are crucially necessary in
order to rationally explain the fundamental mechanisms of how and why certain strategies work.
Moreover, such knowledge would facilitate the design of more effective targeted mitigation
strategies, for example, by screening for more ideal chemical structures to maximize the beneficial
effects.

Relatedly, there is a lack of experimental characterization tools that can directly and
unambiguously detect and visualize defects. This is due in large part to the soft nature and

sensitivity of perovskite materials, which makes them incompatible with various characterizations



such as conventional high-resolution electron microscopy. Some of the most common
complementary tools used for defect studies include PL spectroscopy, admittance spectroscopy, and
SCLC, but these are unable to directly detect and resolve defects. Some recent developments have
aimed at tackling this issue. Positron Annihilation Spectroscopy (PAS) is a spatially-resolved, non-
destructive technique that can distinguish defects based on their charge, recently utilized to identify
iodine interstitials and formamidinium vacancies at the surface.>>®* Aberration-corrected HRTEM
equipped with low dose sensitivity has also been used to directly visualize individual point defects
at the atomic scale.®?

1.4 Monolithic perovskite-CIGS tandem solar cells

As it is discussed in Chapter 1.1, Cu(In,Ga)(S,Se). (CIGS) with a bandgap ~1.0 eV is an
ideal rear cell candidate to couple with wide bandgap perovskite materials for tandem applications.
Compared with silicon, CIGS has a lower bandgap that can cover an even larger solar spectrum. As
a polycrystalline thin film solar cell, its deposition can be carried out on a large variety of substrates
from soda-lime glass to stainless steel foils to deliver flexible PVs. Calculated by researchers from
Swiss Federal Laboratories for Materials Science and Technology (EMPA), CIGS-perovskite
tandem with the state-of-the-art bandgap ranges can theoretically achieve 43.6% PCE for the 2-T
design and 44.5% for the 4-T design.

My pioneering work on perovskite-based tandem PVs initiated from delivering this proof-
of-concept on monolithic perovskite-CIGS tandem. CIGS adopts a front-illumination configuration
where the surface TCO layer (usually AZO or BZO) functions as both a window layer for light to
penetrate through and a transparent electrode for electrical contact. For a monolithic tandem device,
the thin film perovskite cell needs to be directly deposited on the CIGS cell in order to be optically

coupled together. Such a device design led to three major challenges for the perovskite cell

7



fabrication: 1. transparent electrode for the perovskite front cell is required so photons with energy
lower than the bandgap could go pass the entire perovskite front cell and captured by the CIGS rear
cell; 2. bandgap of the perovskite absorber must be carefully tuned to tailor the total absorption of
the tandem to achieve photocurrent matching of the sub-cells; 3. making the surface morphology of
polycrystalline CIGS cell compatible for the upcoming perovskite cell deposition.

The device structure of the perovskite sub-cell was redesigned to be substrate (either glass
or the CIGS cell as the substrate)/ITO/poly[bis(4-phenyl)(2,5,6-trimethylphenyl)amine (PTAA, 20
nm)/perovskite (800 nm)/phenyl-C61-butyric acid methyl ester (PCe1BM, 30 nm)/ZnO
nanoparticles (~15nm)/ITO, where the ZnO nanoparticles layer was intentionally inserted before
the final sputter ITO deposition to form a compact buffer layer to protect the fragile organics from
the mechanical damage during sputtering. The bandgap of the perovskite absorber was delicately
tuned by controlling the halide ration and the cation composition to be in the range of 1.64-1.68 eV
with 17-20% of 1% substituted by Br% to pair with the CIGS cell, while suppressing the potential
(but unfavourable) halide segregation at the same time. More details about the near-infrared (NIR)
transparency of these perovskite front-cells and physics in mixed-halide perovskite are discussed in
Chapter 2 and Chapter 4.

The most challenging part is to integrate the efficient wide bandgap NIR transparent
perovskite front cell with the CIGS rear cell. The surface profile of the CIGS rear cell usually
exhibits a roughness up to several hundreds of nanometres (inherited from the CIGS absorber
layer), shown in Figure 1.2A. This roughness was extremely unfavoured for the deposition of the
perovskite cell, since the all charge transporting layers and the perovskite absorber layers must be
prepared by solution process (spin-coating) which is not a conformal deposition. As a result,

discontinuity during solution deposition can occur, especially for the transporting layers whose
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thickness are only tens of nanometres, leading to the collapse of the perovskite cell junction. To
flatten the CIGS rear cell surface without damaging the junction in it, a sacrificial ITO layer was
sputtered to the CIGS surface. This ITO layer that inherits the surface roughness was then polished
by chemical mechanical polishing (CMP) to reduce the surface roughness to approximately 20 nm
(Figure 1.2B and C). With this strategy, the CIGS cell was flattened, and the deposition of the
planer perovskite cell was made possible. Figure 1.1D showed the device structure of the
monolithic perovskite-CIGS tandem cell, a clear transition from the rough CIGS cell to the planer
perovskite cell interconnected by the polished ITO layer could be visualized. The device was sent
to National Renewable Energy Laboratory (NREL) for a third-party certification measurement, and

a power conversion efficiency as high as 22.0% was achieved (Figure 1.3).
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Thermal

Figure 1.1 Introduction of Tandem Photovoltaics and Metal Halide Perovskites. Schematic
illustration showing light absorption in A. single and B. multijunction photovoltaics. C. Four-
terminal and D. two-terminal tandem photovoltaics. E. Crystal structure of metal halide
perovskites.
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Table 1.1 Formation energies (in eV) of the twelve neutral defects in MAPbI3 and FAPDbI3 under
moderate conditions.??

Interstitial defects

Vacancy defects

Antisite defects

Ai

Pbi

Va

Vpb

Vi

Aprb

Al

Pba

Pbi

Ia

I

MAPDI3

0.93

291

0.83

1.28

1.62

1.27

1.15

2.25

2.51

3.62

3.01

3.45

FAPDI3

1.86

2.29

1.13

0.54

1.95

1.16

1.61

1.27

1.69

3.01

1.37

2.34
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Chapter 2 Wide-gap perovskite via synergetic surface passivation and its
application towards efficient stacked tandem PVs

Multi-junction solar cells mitigate the unavoidable thermalization losses in traditional
single-diode-based photovoltaics (PVs) that limit their maximum performance. By tailoring the
solar spectrum harvesting by proper choice of absorbers with cascading band gaps ™, multi-
junction solar cells have the potential to overcome the single-junction Shockley-Queisser efficiency
limit of 33.7%. Commercial multi-junction solar cells are limited to the costly I11-V semiconductor-
based technologies, however the emergence of solution-processable organic metal halide
perovskites at the bandgap between 1.65-1.70 eV has enabled the development and initiated the
recent surge in multi-junction solar cells based on rear cells such as Sn-Pb perovskite>3l or
commercialized PVs such as silicon and Cu(In,Ga)(S,Se)2 (CIGS) -,

As of writing, the record power conversion efficiency (PCE) for perovskite-based tandem
solar cells is 29.5%, achieved in late 2020 by Oxford PV with a 2-terminal design.[*®) However, the
mismatch of long-term stability between halide perovskite and silicon (or CIGS) still limits the
useful lifetime of perovskite-silicon tandem solar cells (commercial silicon solar cells generally
have ~30 years lifetime warranty). Stacked tandem structure, adopting a 4-terminal configuration
based on a semitransparent transparent perovskite cell and a commercially available silicon or
CIGS cell, could be a potential solution to this lifetime challenge. Compared with monolithic
tandem, this device configuration includes several advantages including the unnecessity of current
matching, “replacement” of the stacked perovskite cell after it expires, and the possibility of
maintaining the optimum process for both cells.

In this chapter, a highly efficient wide bandgap (WBG) semitransparent perovskite cell was
developed by introducing a thin fluoride layer in between the organic ammonium ligand and the

perovskite surface that a synergistically amplified trap passivation effect. The PCE of the WBG
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semitransparent cell was improved from 15.4% to 17.7% as the modulated trap passivation
interaction exhibited preferred alignment of the interface energy band and effective suppression of
the non-radiative energy losses. With the champion semitransparent perovskite cell, the stacked
tandem structure boosted c-Si and CIGS with original efficiencies of 18.0% and 20.2% (both
provided by commercial PV companies) to over 25%, and a theoretical 28.1% PCE could be
achieved given the availability of the record silicon cell. These improvements achieved by the
amplified trap passivation and the stacked configuration provides a crucial step towards integrating
perovskite PVs into the current PV market and lowering the levelized cost of energy (LCEO)
without either sacrificing their long-term operation or having to modify the current product line of
commercial PV industries [,
2.1 Post-treatment by ammonium salts for wide-gap perovskite

The genesis of this approach originates from the seek for surface trap passivation strategies
that most effectively mitigate voltage deficits in WBG perovskite cells for tandem PVs. These
perovskite devices usually adopt a p-i-n configuration (to be compatible with the process of
sputtered TCO window layer), where post-deposition of an ultra-thin electrically inert alkali
fluoride layer on top of perovskite is the most used strategy for suppression of surface defects.
However, many of the recent highly efficient single junction perovskite solar cells utilize organic
cations with ammonium (-NHs") functionalities for surface passivation such as
phenylethylammonium iodide (PEAI), octylammonium iodide (OAIl), oleyammonium iodide
(OLAI) etc.12131

The compatibility of these two distinct approaches and the potential synergetics when both
species simultaneously exist on the perovskite surface, however has rarely been studied. In fact,

from Fourier-transform infrared (FTIR) spectroscopy for a PEAI and alkali fluoride mixture
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(potassium fluoride was used in this work) shown in Figure 2.1A, we identified a downshift of ~50
cm™ from 2910 cm™ to 2860 cm™ vibrational frequency for the N-H bond stretching vibration in
PEAI when the fluoride was introduced. Considering that the C-H and O-H vibrational frequencies
also populate this IR region, we also referred to the N-H bond bending mode of PEAI samples
found at 1564 cm™, which also downshifted to 1535 cm™ in the fluoride mixture. Clearly, there
exists a strong interaction between the fluoride and the ammonium group of PEAI that leads to
shifting in the vibration modes, as a result of which their dynamics when co-existing at defective
perovskite surface could be more complicated.

To investigate these interactions and understand whether the synergetic effects benefit the
surface charge carrier properties, the target samples were prepared by thermally evaporating the
fluoride to the surface of a triple cation mixed halide perovskite (approx. Eg = 1.64 eV), followed
by spin-coating of 10 mM PEAI solution dissolved in isopropyl alcohol (IPA), also denoted as
PVSK-F-PEAI. The PEAI-only and fluoride-only perovskite samples were also prepared (denoted
as PVSK-PEAI, PVSK-F, and control sample without any treatments as PVSK). From high-
resolution X-ray photoelectron spectroscopy (XPS) measurements shown in Figure 2.1B, the
characteristic Pb 4f orbital peaks were located at 138.66 eV and 143.55 eV for Pb 4f 7/2 and Pb 4f
5/2, respectively, for the control sample. Both surface treatments individually showed strong
interaction with the electronic orbitals of Pb 4f. Treatment with only PEAI shifted the peaks to
higher binding energies of 138.92 eV and 143.79 eV, and treatment with fluoride alone also shifted
them to 138.80 eV and 143.69 eV. The target samples sequentially post-treated with fluoride then
PEAI demonstrated the strongest interaction with the surface Pb orbitals, with the corresponding
binding energy shifting to 139.13 eV for the Pb 4f 7/2 peak and 144.00 eV for the Pb 4f 5/2 peak,

respectively. Similar shifting was also observed for the | 3d characteristic peaks, where the target
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treatment with both F and PEAI showed the largest shifts to higher binding energies, similar to the
Pb 4f orbitals. Instead of countering the surface passivation effect, these results suggested that the
insertion of the fluoride emerges to enhance the interaction.

Ultraviolet photoelectron spectroscopy (UPS) unraveled additional surface electronic
properties affected by the treatments (Figure 2.1C). The extracted valence band maximum (VBM)
and the work function (WF) energy levels of the films were summarized in Supplementary Figure
C2.2. The Kinetic energy cutoff and fermi level remained mostly unchanged with the fluoride
treatment and remained at 16.10 eV and 0.58 eV, respectively. However, PEAI treatment
tremendously decreased the surface WF of the film as the energy cutoff shifted to 16.39 eV. With
the fermi level determined to be at 0.70 eV, the PEAI treatment turned the perovskite surface into
slightly n-type. Interestingly, the target treatment led to a smallest work function among all
treatments, where largest shifting in the energy cutoff was observed. While the fluoride treatment
alone did not markedly affect the surface energy levels, it does synergistically amplify the effect of
PEAI and lead to an even more n-type perovskite surface, which is rather preferential in the
inverted device configuration adopted by most semitransparent perovskite cells or in perovskite-
based tandem cells.[*4!

To rationalize the experimentally observed synergies between the defective perovskite
surface and the post-treating materials at an atomic scale, density functional theory (DFT)
calculations were carried out (see Supplementary Text A2.1). The perovskite surface models
specifically with the iodine vacancy (Vi) and Pb-1 antisite (Pbi) defects were used for computations,
due to their lowest formation energies on formamidinium-based perovskite surface as per our
previous study!*®. As shown in Supplementary Figure C2.1 and C2.5, DFT calculations show a

strong interaction of PEA with both charged defects at the perovskite surface at the conduction
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band minimum (CBM) with interaction energy of -1.7 eV with V, and Pb,. All interaction energy
calculations on neutral defects near valence band maximum (VBM) show a similar trend (see
details in the Appendix). We observed favorable electrostatic stabilization and hydrogen-bonding
between the ammonium group of PEA and the iodine on the perovskite surface with an average N-
Hee<I bond length of as short as 2.5 A. In the case of Ph; defect, the phenyl group of PEA slightly
tilts towards the interstitial Pb, engaging in a cation-n interaction further stabilizing the complex.

Given the strong proton-donating character of ammonium, the fluoride would more likely
participate in the interaction between the ammonium salt and the surface defects rather than the
alkali cation introduced simultaneously during the fluoride treatment. It was found that the fluoride
preferred to occupy a thermodynamically stable site near both defects (as shown in Supplementary
Figure C2.4 and C2.5). The interaction energy between PEA and both V, and Pb, defects at CBM
increased to -3.8 eV and -3.6 eV, respectively, when the fluoride was present. Interestingly, two
different modes of synergy between PEA was observed, the fluoride and the surface defects. Due to
its smaller size compared to iodine, the fluoride, in the case of V|, acts as an anchor that forms
stronger electrostatic bonds with the ammonium group of PEA, which as a result strengthens the
interaction of PEA with the defects on the surface of the perovskite. In the case of Ph;, while the
fluoride lodges itself between the antisite and native lead atoms, the phenyl group coordinates to
the interstitial lead. This synergistic dynamic of fluoride and PEA in both Pb; and V, surface defects
are hypothesized to play a significant role in increased interaction energies that could potentially
lead to an even stronger passivating effect.
2.2 Synergetic defect passivation effect of the post-treatment

Photoluminescence (PL) spectroscopy analysis of the perovskite films prepared on glass

substrates without transporting layers was performed to evaluate the defect passivation effect and
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surface charge carrier dynamics. As shown in Figure 2A, both PEAI and the fluoride treatment
enhanced the PL intensity as nonradiative recombination was suppressed via defect passivation.
The sample treated with both fluoride and PEAI exhibited the strongest signal. Similar trend was
observed when treating with another commonly used organic ammonium salt, OAI (Figure A2.3).
Time-resolved photoluminescence (TRPL) spectroscopy results shown in Figure 2B also point to
the existence of the synergy on the surface. The fitted parameters (bi-exponential decay model, see
Supplementary Text A2.2) suggest that the PEAI treatment alone significantly increases the carrier
lifetime from zaverage = 291.6 ns (71 = 2.5 ns, 72 = 336.6 NS) t0 Taverage = 371.4 ns (11 = 34.4 ns, 1o =
482 ns), while treatment with just F enhanced the zaverage t0 532.3 ns (71 = 34.3 ns, 72 = 708.5 ns).
Both surface treatments separately improved the carrier decay profile. With both treatments
present, the perovskite film showed the longest carrier lifetime of zaverage = 677.1 ns (z1 = 39.4 ns, 12
= 1336.6 ns), indicating the most improved and superior charge recombination dynamics when the
interaction between the perovskite surface defects and PEAI was enhanced with the fluoride bridge.
Together with our DFT studies pinpointing the most favorable occupancy location for F, it is highly
possible that the synergistic effect was established by facilitating a stronger hydrogen bonding
between the surface Pb, defects and the ammonium group of PEAL.

Figure 2.2C and 2.2D show the positron annihilation spectroscopy (PAS) results of the as
prepared films. PAS utilizes positively charged positrons to annihilate negatively charged/neutral
defects in semiconductor films (that emit gamma-ray), and by controlling the kinetic energy of the
incident positron beam, a depth-dependent gamma-ray annihilation spectrum (where a stronger
gamma-ray signal from positron annihilation could derive a larger shape parameter, indicating a
higher density of negatively charged/neutral defects) could be extracted. Interestingly, the fluoride

treatment did not affect the annihilation spectrum, indicating the F~ did not form traps, and its
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passivation effect was mostly achieved by suppressing the positively charged defects, such as V..
However, PEAI treatment effectively lowered the shape parameter, especially in the low Kinetic
energy region, indicating its successful passivation of negative/neutral defects, especially in the
surface region. Again, when the fluoride was incoporated together with PEAI, the PAS results did
not experience further changes, which suggests that the improved defect passivation effect from
PEAI was not because the fluoride increased the density of defect passivated, but because of the
enhanced interaction between the existing PEAI and the defects it was passivating.
2.3 Solar cell device characterizations

Semitransparent perovskite solar cells were fabricated with an inverted device configuration
shown in Supplementary Figure C2.6. The J-V curves (illuminated from the home-deposited
ITO/MgF. side), as well as the solar cell parameters of the control and the target devices, are
provided in Figure 2.3A. The champion target device demonstrated a PCE of 17.7% with a Voc of
1.17 V and fill factor (FF) of 81%. This is an improvement from the 1.13 V and 75% of the control
device as a result of the effective surface passivation of perovskite and improved energy level
alignment between the perovskite and the electron transport layer. Jsc was slightly increased,
potentially due to the suppressed non-radiative recombination at the surface as well. We note that,
to the best of our knowledge, this is one of the highest Voc reported for state-of-the-art
semitransparent perovskite PVs, which are usually under inadequate light absorption near band
edge, compared with opaque devices. The Steady-state Power Output (SPO, Figure 2.3B)
efficiency was also obtained by measuring the photocurrent under constant biases, in which both
showed stable SPO performances. Power conversion efficiencies of 20 devices for each of the
target and control groups (Supplementary Figure C2.7) was measured. The average efficiency of

the target devices was enhanced by 1.5% over the control devices. The photovoltaic parameters for
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devices with only F or PEAI treatment are provided in Supplementary Table B2.2. It is notable that
PEAI alone effectively increased only the Voc, while both Voc and FF were improved with the
target F-PEAI treatment. The external quantum efficiency (EQE) and transmittance spectra of the
semitransparent perovskite cells were also measured (Figure 2.3C), which showed approximately
92% peak transmission at the infrared region, which is ideal for tandem applications. Opaque
perovskite cells with the target treatment were fabricated by replacing the 1TO layer with silver but
retaining the ZnO layer to minimize the modified variables. The inverted opaque device, shown in
Figure 2.3D (and B2.8), exhibited a Voc of 1.20 V with a PCE of over 21%.

To demonstrate that our semitransparent perovskite cells can be appropriately integrated
with commercial PVs for multi-junction tandem applications, we first measured the ambient
stability (room temperature, in dark) of the semitransparent perovskite cells. Compared with
opaque perovskite solar cells with silver contacts, our semitransparent devices demonstrated far
superior ambient stability presented in Figure 2.3e owing to the following intrinsic advantages: (1)
silver was replaced with ITO, and the risk of its migration and the consequent degradation of the
perovskitel*6] js mitigated; (2) the sputtered ITO layer was rather compact and rigid compared
with conventional metal electrodes*®: (3) the MgF, anti-reflection coating served as a self-
encapsulation layert*® making future commercial lamination and encapsulation processes easier.
Since the surface defects, which would have otherwise acted as degradation initiation points, have
been effectively passivated, the semitransparent solar cells showed negligible efficiency loss after
~1000 h without further encapsulation. After the first 1128 h of ambient stability test, we carried
out an operational stability test for the same batch of devices. With continuous illumination of one-

sun, the devices still retained ~87% of the original performance after 500 h.
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In addition, we performed further characterizations to verify the conclusions drawn from
our device performance results. Admittance spectroscopy (AS) was used to measure the trap
density of states (tDOS) of the devices, with details provided in Supplementary Text A2.3.
Supplementary Figure C2.9 shows that the control device had an overall higher tDOS, while the
target device exhibited lower density of traps, especially in the deeper trap region (0.3-0.4 eV).
Transient photocurrent (TPC) and transient photovoltage (TPV) measurements were carried out to
study the charge carrier dynamics in the complete solar cells. Under short circuit condition (TPC,
Supplementary Figure C2.10A), the carrier lifetime was shortened from 10.45 ps for the control
device to 6.50 us for the target device, indicating that carriers can be more effectively transported
to the external circuit, correlating with the higher fill factor of the target device. Under open circuit
condition (TPV, Supplementary Figure C2.10B), where charge carriers are confined within the
device, the lifetime was increased from 1.04 ms for the control device to 2.33 ms for the target
device, which suggests that charges are less likely to recombine in the target device due to a
reduced defect density, consistent with the TRPL and tDOS results.

2.4 4-terminal tandem devices based on the passivated perovskite

Lastly, I coupled our high-performance semitransparent target devices with silicon solar
cells and CIGS solar cells provided by commercial PV companies Solargiga (China, original
efficiency 18.0% c-Si) and Solar Frontier (Japan, original efficiency 20.2%). A four-terminal
configuration was adopted to simplify the coupling process and to verify the concept as previously
reported for perovskite in tandem applications. The J-V curves are shown in Figure 2.4A with
silicon and Figure 2.4B with CIGS. The PCEs of the coupled devices were obtained by numerically
adding up the efficiency of the target semitransparent perovskite front cell and the efficiencies of

the rear cells (with the front cell as an optical filter). The photovoltaic parameters are summarized

25



in Table 2.1. Due to the absorption and additional reflection of the front cell, the Jsc of the rear
cells dropped from 38.6 mA/cm? to 15.5 mA/cm? for silicon, and from 40.3 mA/cm? to 16.8
mA/cm? for CIGS, respectively. The Voc of the rear cells dropped likewise due to the lower light
intensity reaching the rear cells. The FF of the silicon rear cell was improved since the initial
shunting due to poor device boundary conditions that were mitigated in the tandem configuration,
while the FF for the CIGS rear cell remained similar as the shunting was already adequate from the
beginning. The EQE of the separate cells are provided in Figure 2.4C and 2.4D for silicon and
CIGS, respectively. The detailed method for determining the EQE of the rear cells established by
Brabec’s group % can be found in Supplementary Text A2.4. Consequently, in the rear cell
configuration, the silicon and CIGS cells had efficiencies of 7.4% and 8.1%, respectively. Thus, the
overall efficiencies of the four-terminal perovskite-silicon tandem cells reached 25.1% and the
perovskite-CIGS tandem cells reached 25.8%, even when both silicon and CIGS cells were
commercial products with much lower original efficiencies compared with other reportst’?%22, We
also demonstrate that if the semitransparent perovskite cells in this work were stacked with the
record-performing rear cells reported?324l, the four-terminal solar cells could yield PCEs of 28.1%
and 27.5% for perovskite-silicon and perovskite-CIGS, respectively (Supplementary Table B2.3).
There is an intuitive, but always a neglected fact, that with the same Voc deficiency, solar
cells with larger bandgaps theoretically undergo more efficiency losses (in converted power
density). We elucidated the correlation between the absorber’s bandgap and the voltage loss of a
cell (compared with its SQ-limit Voc, see method in Supplementary Text A2.5) to its maximum
efficiency loss in Figure 2.4E that quantitatively confirmed it. In other words, higher energy
electrons, converted from higher energy photons, are to be output at higher voltages, such that the

same Voc gain in the higher bandgap front cell (perovskite) relative to the lower bandgap rear cell
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(silicon or CIGS) will gain more PCE. We also noted in Figure 2.4F that the Voc of state-of-the-art
semitransparent perovskite front cells (1.17 V in this work, one of the highest values reported) is
still far from the 1.38 V SQ-limit Voc (for a 1.66 eV bandgap). Whereas for commercial PVs such
as CIGS, the Voc deficiency has been highly suppressed to a value within 0.04 V 21, It would, thus,
be a promising and economic approach to advancing the overall power conversion efficiency by
improving the fast-developing perovskite front cell and incorporate it with the haltingly perfecting
commercialized PV technologies.
2.5 Conclusion

Overall, the synergistic interaction of the alkali fluoride and PEAI with the perovskite
surface was elucidated in this study. The synergy between the fluoride and PEAI was investigated
at an atomic scale with a combination of theoretical and experimental approach. The existence of
the fluoride effectively enhanced the interaction between the ammonium group of the PEA ligand
and the surface defects of the perovskite, leading to more effective passivation effect thus
suppressed non-radiative recombination of the film. The energy band alignment at the perovskite
surface was also modulated for more efficient charge extraction with the synergistic interaction.
Based on this synergetic surface passivation strategy, we delivered a high-performance WBG
semitransparent perovskite with a record Voc of 1.17 V, readily suitable for use in stacked tandem
PVs. The target cell was coupled with commercial silicon and CIGS solar cells with original
efficiencies of 18.0% and 20.2%, respectively, to demonstrate that even with commercial products,
the tandem solar cells can still reach efficiencies of over 25% using our strategy (28.1% if the

record silicon cell was available).
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Figure 2.1 Characterizations and calculations of the perovskite surface passivation synergy. (A)
FTIR spectra of PEAI and fluoride-PEAI mixture in the range of bending (left) and stretching
(right) mode of N-H group. XPS data for Pb 4f 7/2 and Pb 4f 5/2 core level spectra (B), and | 3d 5/2
and 1 3d 3/2 core level spectra (C) from perovskite films with various treatments. (D) UPS spectra
of perovskite films with the treatments. Top view of the optimized configuration of the PEAI-F
incorporated surface with | vacancy defect (E) and with Pb-I anti-site defect (F). The Pb, I, FA,
PEA and F atoms are as depicted in the figure.
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Figure 2.2 Charge carrier dynamics and defect physics characterizations. (A) Photoluminescence
and (B) time-resolved photoluminescence of the perovskite films passivated with various
treatments. Kinetic energy dependent shape parameters extracted from PAS test for (C) the control
and fluoride-treated perovskite films, as well as (D) the PEAI-treated and the target film with both
treatments.
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Figure 2.3 Measurements and characterizations of the wide-band-gap perovskite cells. (A) J-V
curves and (B) SPO profiles of the semitransparent perovskite cells with the targeted synergistic
passivation treatment (target) and without any treatment (control). (C) EQE and transmittance
spectra of the target cell. (E) J-V curves of the opaque perovskite cell with the target treatment. (E)
PCE evolution of the target semitransparent cells without any encapsulation. First 1128 h was
measured as ambient stability stored in dark, and the following 500 h was measured as operational
stability kept under continuous illumination (90 + 10 mW cm), both under open-circuit condition.
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Figure 2.4 Measurement and estimation results for the tandem solar cells. (A and B) J-V curves, (C
and D) EQE spectra by combining the target semitransparent perovskite with commercially
available silicon (blue) and CIGS (green) solar cells. The semitransparent perovskite cells without
splitting into mini cells were used as an optical filter to measure the filtered characteristics of the
rear cells. (E) An estimation for the efficiency loss for different bandgap materials with different
Voc losses. (F) The estimated PCE for tandem cells when the subcells’ Voc varies. The bandgaps
of the front and the rear cells were assumed to be 1.64 eV and 1.03 eV, respectively.
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Table 2.1 PV parameters of single- and multi-junction solar cells

Voc (V) Jsc (MAJem?) Jsc. ege (MA/CM?) FF (%) E;Of)
ST-Perovskite 1.17 18.6 18.5 81.1 17.7
Silicon 0.66 38.6 38.0 70.3 18.0
Silicon (filtered) 0.65 155 15.2 73.7 74
CIGS 0.69 40.3 39.8 74.8 20.2
CIGS (filtered) 0.64 16.8 16.7 75.4 8.1
Perovskite-Silicon 251
Perovskite-CIGS 25.8
Perovskite-Silicon? 28.1
Perovskite-CIGS?® 275

3 Data calculated by coupling our semitransparent perovskite cells with the record-performing
silicon and CIGS as rear cells.
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Chapter 3 Surface Reconstruction of Halide Perovskites during Post-treatment

The record performance of single-junction halide perovskite solar cells (PSCs) has
exceeded 25 %.! Important breakthroughs on defect passivation strategies have contributed to the
rapid performance improvements in recent years.>® However, achievable voltage losses are still
short of the theoretical limit. More importantly, it has become apparent that the migration and
redistribution of charged point defects by a potential gradient is known to underly the operational
instability of PSCs,*® and this remains one of the major challenges of perovskite photovoltaics.

It has been reported that defect states causing non-radiative losses are dominantly located
towards the top surface of halide perovskites.”® This has motivated the development of surface
passivation strategies by post-treatment of the perovskite surface.’® However, understanding of the
complex reconstruction processes that can occur during the surface treatment procedures and any
resulting changes to the interfacial charge dynamics are still lacking. This is urgently needed for
targeted surface treatment strategies to minimize trial-and-error approaches. For this purpose, in
situ spectroscopy is suited to monitor occurring changes on relevant time and length scales.'%*2

In this study, we investigate the mechanistic reconstruction processes occurring at the
perovskite surface during post-fabrication treatments. We combined complementary surface-
sensitive techniques to observe the generation of defects and a reconstruction towards a more Pbl»-
rich surface as isopropyl alcohol (IPA) is spun onto the perovskite. We show that this
reconstruction has important implications on the thermodynamics and energetics of the perovskite
surface. Importantly, our observations suggest that IPA assists in the anchoring process of organic
ammonium salts to the perovskite surface.

3.1 In-situ monitoring the surface evolution
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IPA is ubiquitously used as the solvent to dissolve organic ammoniums for surface
treatments, but formamidinium iodide (FAI), itself with the amidinium functional group, is also
soluble in IPA. It is unclear what effects (if any) IPA has on the perovskite surface, given the short
exposure timescales (~ms) at high rotation speeds (>4000 rpm). Conflicting results on the
macroscopic bulk device/film properties have been reported. Beneficial improvements to film
crystallinity, charge carrier dynamics, morphology, and device performance have been
observed,** while detrimental effects to device stability were also reported.'® To rationalize these
contradictory results, we first attempted to explore the microscale phenomena occurring at the
surface. Significantly, IPA remains perhaps a crucial solvent for post-treatment, since the most
common surface passivating agents, such as phenylethylammonium iodide (PEAI) and
octylammonium iodide (OAl), are essentially insoluble in low polarity solvents such as chloroform
(CF) (Supplementary Figure C3.1).

The control perovskite is based on a FAPbls composition with 5 mol% of added MAPbBTs.
We monitored the photoluminescence (PL) of an as-fabricated perovskite film in situ with a 405 nm
excitation wavelength (Figure 3.1a) in a nitrogen glovebox (<0.5 ppm O2/H20). The laser
penetration depth was estimated to be ~50 nm (Supplementary Figure C3.2), and therefore sensitive
to any potential changes in the surface charge carrier recombination behavior. The PL intensity
abruptly decreased with a broadening and redshifting of the PL peak upon dropping IPA (Figure
1b, 1c, Supplementary Figure C3.3a). In general, this is indicative of increased nonradiative carrier
recombination, which implies the generation of charge-trapping defect states. Time-resolved PL
(Supplementary Figure C3.3b) of the perovskite films further support this, where the carrier

lifetime decreased from 1,021 to 793 ns for the control and treated films, respectively. The PL
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intensity is observed to gradually recover with time, possibly due to trap-filling by photo-generated
carriers,'” as also seen in the control film without treatment (Supplementary Figure C3.3c, d).
3.2 Defect physics model in post-treated films

We further investigated the distribution and nature of the generated defects using Positron
Annihilation Spectroscopy (PAS). Positrons are implanted from the film surface and annihilate with
electrons after trapping at negatively charged (or neutral) defects to emit two gamma photons. The
incident Kinetic energy is controlled to vary the positron implantation depth (Figure 3.1d,
Supplementary Figure C3.4), from which the depth-resolved defect density of the film can be
investigated. The treated film had a higher Shape parameter within ~40 nm from the film surface,
implying the generation of negatively charged (or neutral) defects at the top surface region. We
speculate that the formed defect is possibly FA vacancy (Vz,), given the solubility of FAI in IPA.

The implied existence of Vi, suggests that iodine vacancy (V;") was likely generated
concurrently, but PAS is unable to ascertain this due to its insensitivity to positively charged
defects (i.e. V;").181% We therefore further probed the films with high-resolution X-ray
Photoelectron Spectroscopy (XPS), with an estimated penetration depth 5-10 nm. The I:Pb ratio,
calculated from the integrated areas of the Pb 4f doublet and | 3ds/; peak (Figure 2a), was 2.45 for
the control film, and decreased to 2.04 for the treated film to approach that of stoichiometric Pblo.
We note that the ultra-high vacuum environment of the XPS instrument (~107-10® torr) may have
accelerated the outgassing of the volatile halide,?®?! and therefore only relative comparisons would
be reliable. Closer inspection of the XPS spectra further showed that the Pb 4fs> (143.19 eV to
143.13 eV), Pb 4f7,2(138.32 eV to 138.25 eV), and | 3ds2 (619.15 eV to 619.08 eV) characteristic
peaks shifted to lower binding energies for the treated film when compared to the control,

suggesting a change in the surface chemical environment. Together with the observed change in the
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I:Pb ratios, the shift direction and final peak positions are consistent with the formation of Pbl, for
the treated film.?> The existence of Pbl, was directly detected by Grazing Incidence X-ray
Diffraction (XRD) at an incident angle of ® = 0.2° (penetration depth ~60 nm, see Methods)
(Figure 3.2c, 3.2d). Moreover, the Pbl.:FAPDI3 peak intensity ratio was observed to decrease at an
incident angle of ® = 1.0° (penetration depth ~310 nm), suggesting that the Pbl. is located more
towards the top perovskite region. Combining the experimental observations together, we thus
propose the following reconstruction of the perovskite film surface during post-treatment, by a

dissolution reaction process induced by IPA:

FAPbI; (s) P Far (in IPA) 4 Pbl, (s) + Vi, + V;

We now discuss some possible implications of this inferred surface reconstruction.
Ultraviolet Photoelectron Spectroscopy (UPS), with a penetration depth 2-5 nm, was used to
investigate any band structure changes at the surface. The fermi level was observed to downshift
from -4.68 eV for the control film to -4.77 eV for the film treated with IPA (Figure 3.2b),
indicating a more p-doped surface for the latter relative to the bare perovskite surface. The overall
band structure of the treated surface further downshifted relative to the vacuum level due to the
deeper valence band maximum (inset of Figure 3.2b), consistent with a relatively more FAI
deficient surface.?® This possibly creates a beneficial band bending going from the perovskite bulk
to the surface contacting a hole-transporting material (Supplementary Figure C3.5a). The surface
Pbl, for the treated film might also contribute to interfacial passivation.?* In reality, however, we
observed that the treated device performance was inferior to the control with a more pronounced
current-voltage hysteresis (Supplementary Figure C3.5b, c), likely due to the generated vacancy
defects, given that defect migration (due to the bias potential) is known to underly the hysteric

behavior.*
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3.3 DFT calculation for the reconstructed surface
First-principles density functional theory (DFT) calculations were performed on slabs based

on the deduced reconstruction to compare their thermodynamics and energetics. We note that
realistically, the perovskite surface is expected to be a complex amalgamation of exposed atoms,
local atomic pairing/reorientation, and defected.?®> However, simplified slab models are necessarily
required to reduce computational complexity. Nevertheless, relative comparisons can be made
based on the predicted results. Experimental investigations have observed that the pristine
perovskite surface (without treatment) is terminated mostly by organic halides,?®?” which is also
supported by computational results.?® Our results imply that IPA reconstructs the surface towards a
relatively more Pblz-rich surface. Therefore, we chose the two extreme cases of complete FAI
termination (Figure 3.3a) and Pbl, termination (Figure 3.3b) to model the pristine (control) and
reconstructed (treated) surfaces, respectively, again noting that the slabs are used to predict relative

trends.

The predicted bandgap decreased while the ionization energy increased for the Pbl>
termination surface (Figure 3.3c), matching the in situ PL and UPS observations. The surface
energy more than doubled for the Pbl, termination surface, indicating that the surface became more
thermodynamically unstable with treatment. This likely contributed to the observed aggravated
instability of the treated films (Supplementary Figure C3.6). The generated defects might
additionally lower the FAPDI3 cubic-to-hexagonal phase transformation activation energy barrier to
also accelerate the degradation.?® Given the increased surface energy, we postulated that
ammonium salts may preferentially adsorb onto the treated surface. We further calculated the
formation enthalpy to attach either OAI or PEAI to the surfaces (Figure 3.3d). The adsorption

enthalpies for both were significantly more negative on the Pbl, termination surface — for OAl, -
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0.78 versus -1.88 eV (141% increase), and -0.9 versus -3.75 eV for PEAI (317% increase),

suggesting that the surface reconstruction plays a vital role in the passivation process.

3.4 Perovskite film and devices with modified post-treatment strategy

The theoretical calculations imply that ammonium salts are thermodynamically more
favored to adsorb onto the treated surface. We investigated this with a modified 2-step surface post-
treatment process (Supplementary Figure C3.7). Initially treating a perovskite film with pure IPA
before subsequently depositing octylammonium bromide (OABr) in CF (at the same concentration)
further improved the device performance (Figure 3.3e). The champion device surface treated with
the modified 2-step approach reached a power conversion efficiency of 22.9 % in reverse bias
(Figure 3.3e) with negligible current-voltage hysteresis, relative to the 22.4 % of the conventionally
treated device. The improved performance was attributed to increases in the device open-circuit
voltage (1.129 V to 1.146 V) and fill factor (79.1 % to 79.6 %), which is indicative of an enhanced
defect passivation effect with the modified 2-step treatment. Therefore, the observations support the
theoretical predictions that IPA assists in the adsorption process of ammonium salts to the surface
and thus the passivation of defects. The surface is first reconstructed by removing FAI to expose
the undercoordinated Pb?* (i.e. V;°) for the ammonium groups to bond with by electrostatic
coulomb interactions and/or hydrogen bonding.

We speculated that the PL evolution as OAI or PEAI (in IPA) is deposited on the surface
may be related to their adsorption enthalpies. Further measurements show that although both
treatments led to instantaneous PL enhancements immediately upon deposition (Figure 3f, 3g,
Supplementary Figure C3.8), the PL intensity subsequently decayed ~10 s after deposition for the
OAI treated film. With the Pbl. termination surface, the computed adsorption enthalpies imply a

significantly weaker interaction of OAI (relative to PEAI) with the perovskite surface, which may
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possibly be correlated with the differing PL dynamics. On the other hand, the adsorption enthalpies
are negligibly different when calculated using the FAI termination surface, which may be
challenging to reconcile with the experimental observations. We also monitored the recombination
dynamics with further in situ PL measurements during annealing (Supplementary Figure C3.9a, b).
A rapid initial exponential decay in PL intensity was observed for both films due to increased
phonon scattering at elevated temperatures.'®*2 However, only the OAI treated film counteracted
the initial drop to eventually increase its PL intensity due to the activated defect passivation effect.
The evolution and emission characteristics of the wide bandgap phases notably differ between the
OAI and PEAI treated films, and will be the subject of future investigations (Supplementary Figure
C3.9¢, d, e).

3.5 Conclusion

In summary, a reconstruction of the perovskite top surface induced by IPA was observed,
which is ubiquitously used as the solvent for surface treatment with organic ammonium salts. We
discussed several implications of this reconstruction on the perovskite surface energetics and
thermodynamics. Importantly, given the profound differences between the reconstructed surface
and the perovskite bulk/pristine surface, these results will guide further experimental and

theoretical investigations of the perovskite surface and surface passivation strategies.
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Figure 3.1 Defect generation by IPA treatment. (a) Schematic of the in situ PL measurement
during IPA post-treatment. (b) In situ PL contour plot of a perovskite film undergoing surface
treatment with IPA dropped at around 53 s. (c) Evolution of the PL parameters extracted from
fitting (b). (d) PAS depth-profiling of the perovskite films.

46



—
[+Y]
—

e

Intensity (a.u.)

Control
Treated

w

:

I:Pb ratio
Intensity (a.u.)

a-FAPDL(001)

o =0.2°

Treated

PbI FAPbl,= 0.12

a-FAPBI(001)

6

24 820

145 140 10 12 14 16 10 12
Binding energy (eV) 20 (degrees)
(b) v (d)
' u-FAPBI,(001)
Control a-FAPbI(001) :
, d
Treated K
3 3|o=10° o=10°
R 2 R SR S & Control Treated
= ; 2
‘« ‘»
c c Pbl,FAPbI,= 0.09
i) L
£ £
J Pbl,(001)
| | PRI BT VI TR il dehe 1 L 1 T 1
16.8 16.4 16.0 1.0 0.5 00 -05 10 12 14 16 10 12 14 16
Binding energy (eV) 26 (degrees)

Figure 3.2 Characterizations of the perovskite films. (a) High-resolution XPS spectra of the Pb
4f and | 3ds/2 peaks of the perovskite films. Inset includes the calculated I:Pb ratios of the films.
Solid lines are fitted plots. Dashed vertical lines demarcate the peak positions for the control film.
Intensities are normalized to Pb 4f peak. (b) UPS spectra of the perovskite films. Inset includes a
schematic band diagram of the energy levels based on the UPS measurements. GIXRD diffraction
patterns of the perovskite films measured with an incident angle of (¢) @ = 0.2° or (d) ® = 1.0°.
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Figure 3.3 Surface reconstruction and its implications. (a), (b) Theoretical slab models for first-
principles DFT calculations. Atoms are colored black (lead), red (iodine), gray (nitrogen), and blue
(hydrogen). (c) Calculated surface physiochemical properties. The asterisk indicates that surface
energy is in units of eV nm2. (d) Enthalpy of adsorption of either PEAI or OAI on the surfaces. (e)
Current density-voltage curves of devices treated with 10 mM OABr in CF. Inset includes the
measured photovoltaic parameters. Brackets indicate parameters measured in forward bias. In situ
PL contour plots of perovskite films undergoing surface treatment with (f) 10 mM OAI or (g) 10
mM PEAI in IPA.
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Chapter 4. Performance-Limiting Formation Dynamics in Mixed-Halide
Perovskites

Metal halide perovskites with their X-sites of iodine partially substituted with bromine have
demonstrated great potential for commercialization of halide perovskite technology for use in
tandem photovoltaics (PVs) integrated with conventional PV products such as Si and CulnGaSe>
(C1GS).(1) By controlling the I/Br ratio, the optical bandgaps of mixed-halide perovskites can be
tuned to be between 1.64-1.70 eV: usually referred to as wide-bandgap (WBG) perovskites in the
field, ideal for front-cell applications in two-junction tandem PVs.(2) With such WBG mixed-
halide perovskites, perovskite-Si and perovskite-CIGS tandem cells have reached remarkable
power conversion efficiencies (PCEs) of 29.5% and 24.2%, respectively.(3)

Conversely, single-junction PVs based on majority FAPbIs tri-iodide perovskite
compositions (Eg = 1.48 eV, Voc,so = 1.21 V, Voc, reported = 1.18 V) have recently exceeded 25%
PCE, with voltage deficits, defined as the difference between the optical bandgap and open-circuit
voltage (Voc), as low as 0.30 V.(4) For WBG mixed-halide perovskites, however, currently even
the best reported sub-cell with novel hole transporting materials with negligible energy offsets with
the perovskite layer exhibited a voltage deficit up to 0.46 V (Eg = 1.68 eV, Voc,sq = 1.40 V, Voc,
reported = 1.22 V/)(5). Therefore, the voltage deficits in WBG perovskites continue to significantly lag
their corresponding single-junction counterparts. Active debate is ongoing regarding the
mechanistic reasons underlying the large voltage deficits in WBG perovskites, which remains an
unsolved challenge in the field. Arguably, the voltage deficits remain the largest bottleneck towards
further improving the performance of perovskite-based tandem PVs.

Voltage deficits are directly correlated with non-radiative energy losses. Even though halide
perovskites are reported to have high defect tolerance,(6, 7) deep traps still do exist, especially

towards the top surface region(8), that may induce trap-mediated recombination losses(9). Intrinsic
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defects form during the nucleation and growth stages of the perovskite crystals from solution, and
their formation is highly dependent on several processing conditions, and especially the precursor
stoichiometry and composition. On this note, since the cation itself minimally affects the optical
bandgap, cation engineering has been intensively studied and explored. For example, Lu et al.
reported that formulations with Cs* dramatically affected the perovskite formation dynamics and
processing window,(10) which was subsequently found by Fenning et al. to be also essential to
achieve homogeneous halide distribution and is critical for highly efficient mixed-halide perovskite
PVs.(11) These pioneering works have provided many insights of the cations’ role in preparing
mixed-halide perovskites, and particularly their effects on achieving halide homogeneity and
preventing halide-segregation during operation.(12-15) However, given that the halide ratio in
WBG compositions is mostly preserved to achieve the necessary optical bandgap, the role of the
anion on the perovskite formation dynamics has been largely unexplored. Importantly, the I/Br
ratio may potentially alter the nucleation and growth behaviors of WBG perovskites, which may
further be related to the defect physics and optoelectronic properties of the films.

In this work, we investigated the role of Br mixing on the formation dynamics of WBG
perovskites. Combining systematic experimental studies with first-principle calculations, our
observations suggest that the representative FAMACsPb(lo.gBro.2)3 perovskite undergoes a complex
crystallization pathway by first nucleating a Br-rich phase from solution during supersaturation,
before experiencing a retarded growth stage during perovskite growth. The slow growth stage is
associated with a halide homogenization process that brings the lattice composition to the eventual
target stoichiometry. This homogenization process inadvertently altered the formation dynamics of
mixed-halide perovskites and promoted defect formation, which consequently led to increased non-

radiative recombination losses in the final perovskite film. In other words, Br affected the
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perovskite formation dynamics, which may have contributed to the large voltage deficits in high
Br%-containing compositions.
4.1 Formation dynamics monitoring

We specifically focused on the triple cation mixed-halidle WBG perovskite
FAMACSsPb(lo.gBro.2)s3, as it is one of the most widely reported compositions with a good resistance
against light-induced halide segregation and also high PV performance. The tri-iodide reference
with the same triple cations, FAMACSsPbls, will serve as the reference to investigate the effects of
Br inclusion on the perovskite formation dynamics. As shown in both the digital photographs
(Figure 4.1A) and absorption spectra (Figure 4.1B) of the two perovskites, the as-cast
FAMACSsPbIs film already exhibited strong band edge absorption, indicating that the a-phase
perovskite has partially formed. In contrast, the as-cast FAMACsPb(losBro2)s film was more
transparent, and showed negligible absorption associated with its perovskite phase near its target
bandgap of approximately 1.67 eV (745 nm). After annealing, the band edge absorptions and
absorption coefficients for both compositions were similar (but displaced in wavelength), hinting
that the formation dynamics during crystallization have been altered by the inclusion of Br. We
further investigated the films using X-ray diffraction (XRD). Both as-cast films exhibited the a-
perovskite (001) peak. Upon annealing, the (001) peak position for FAMACsPb(losBro2)s
underwent a significantly larger shift towards lower 20 (Figure 4.1C and S1), whereas the peak
position for FAMACSsPblz changed negligibly in comparison. Decreasing Br content in the
perovskite lattice would increase the lattice constant (smaller 26), and therefore the XRD results
perhaps suggest that a Br-rich phase nucleated initially, and the lattice Br ratio is decreasing during
the growth stage due to gradual iodide incorporation into the perovskite nuclei during

crystallization (the FACs (MA-free) system was also explored in detail, see Supplementary Figure
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C4.2-4.3). Furthermore, although the cation composition is fixed as a constant for the above
discussed perovskite films, we further analyzed the XRD patterns of MAPb(IxBri-x)3, FAPb(IxBri-
x)3 (with or without MACI additive), FAMACsPb(IxBri-x)s, and FACsPb(IxBri-x)s films to rule
out any possible contribution by the cations and the MACI additive (Supplementary Figure C4.5-
4.9, detailed discussion in Supplementary Text A4.2), and the observations from these “single
cation” as well as the “MACI-free” films were consistent with the triple-cation system with MACI
that delivered the champion performance. Therefore, we hypothesized that the initial nucleation
was most likely dominated by a Br-rich phase, which is followed by slower iodide incorporation
during the growth stage. We also observed that Pbl, formed more readily in FAMACsPb(lo.sBro.2)3,
and the film crystallinity was poorer than FAMACsPbIs (Supplementary Figure C4.1, detailed
discussion in Supplementary Text).

To investigate such a hypothesis, we utilized in-situ PL to monitor the perovskite
crystallization process in real-time. In contrast to diffraction methods, in-situ PL provides direct
proof of the bandgap evolution during growth, which is dominated mainly by the halide ratio in
halide perovskites, and thus, is valuable to probe the formation dynamics related to the halide
elements in real time. A 532 nm laser diode, coupled with a visible-range spectrometer, were
mounted in a N2 glove box to track the film photoemission during nucleation and growth. As
shown in Figure 4.2A, the experiment was designed to collect the PL signal during the
approximately 1 min spin-coating step, followed by annealing at 65 °C for 5 mins. Figure 4.2B and
4.2C depict the PL spectra evolution during the formation of the mixed-halide
FAMACSsPb(losBro2)s and tri-iodide FAMACsPDbIs; data displayed on the left initiates from
antisolvent dripping during spin coating. Supplementary Figure C4.10 exemplifies the Gaussian

fitting of the in-situ PL spectra to extract the PL peak position, intensity, and FWHM, as plotted in

52



Figure 4.2D-F. It was observed that for both formulations, their respective PL signals initiated at
much higher energy levels (1.88 eV for FAMACSsPb(lo.sBro2)s and 1.67 eV for FAMACSPbI3)
compared with the final bandgap of the bulk perovskite films (approximately 1.67 eV and 1.57 eV,
respectively, from their PL maxima). For FAMACsPb(lo.sBro2)s, the energy shifted by 0.115 eV
during the spin-coating stage (AE1) and 0.051 eV upon annealing (AE2). The corresponding values
were 0.072 eV and 0.011 eV for FAMACsPbls, much less than the mixed-halide composition. We
speculated that the emission peak shifting during the perovskite formation, especially during the
early growth period, could be attributed to a combination of two effects: 1. the quantum
confinement of the nano-grains, in which case a larger initial crystal size would show smaller
energy shifting; 2. a compositional evolution during perovskite formation dominated by an initial
higher bandgap species.(16-18) Therefore, the larger AE in FAMACsPb(Io.8Bro2)s is most likely
due to the formation of an initial Br-rich nuclei, complementing the XRD analysis discussed.

On the other hand, the FAMACSsPbIz film took only ~54 s to reach its stable emission peak
position during annealing, while for FAMACsPb(lo.gBro.2)s, the emission peak shifting lasted for
over 150 s. Therefore, the growth stage has been retarded in FAMACSsPb(losBro2)s, likely
associated with an increased activation energy barrier for perovskite growth.(19) The emission peak
transition during annealing for FAMACSsPDb(lo.8Bro.2)3 underwent two separate stages (denoted as t:
beginning at 42.3 s, and t, beginning at 109.8 s) before its stabilization. We further compared the
growth evolution with different amounts of Br incorporation of 20%, 10%, 5%, and 0%
(Supplementary Figure C4.11), observing that the growth stage successively retarded further with
increasing Br%. The PL intensity (Figure 4.2E) observed during the growth process was a
combination of several effects, including the formation of increasing amounts of highly

illuminating perovskite-phase crystals, countered by self-absorption as the perovskite amount
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increases, especially close to the band edge. As the size and specific area of crystalline perovskite
change during growth, trap assisted non-radiative recombination could also play a significant role.
Overall, we found that the PL intensity increases during the spin-coating stage, while it continued
to increase to a maximum in tens of seconds, then decreases before the signal stabilizes during the
annealing stage. We speculate that the formation of illuminating perovskite crystals dominated the
PL intensity during spin-coating, while during annealing, the time required to reach the intensity
maximum serves as an indicator of the crystal growth rate (i.e. the earlier it reaches the intensity
maximum, the faster is the growth rate). For FAMACsPbls, we observed that the signal quickly
“saturated” after 28.1 s upon casting the anti-solvent, while the intensity of FAMACsPb(lo.sBro.2)3
continued to increase during spin-coating (Figure 2E left slab). During the annealing stage, these
two compositions reached their maximum intensities at 33.5 s and 19.9 s, respectively. Analyzing
the full width at half maximum (FWHM, Figure 4.2F), the signal from FAMACsPb(losBro.2)
achieved a much sharper peak during spin-coating and stabilized significantly slower than that of
the FAMACsPbIs. For the fully annealed films shown in Supplementary Figure C4.12, both
compositions exhibited clear and mono-peak photoluminescence, indicating that both films
eventually reached their target stoichiometry with good phase homogeneity, and matched well with
their absorption cutoffs. The bandgaps were determined to be approximately 1.56 eV and 1.67 eV
for the as prepared FAMACsPbls and FAMACsPb(lo.sBro.2)s films, respectively. This indicates that
a halide homogenization process must have occurred during the growth stage to achieve the target
stoichiometry from the initial Br-rich phase. Such a homogenization process occurs by diffusion of
iodide to incorporate into the initial Br-rich phase, which introduces an activation energy barrier
and is consistent with a retardation of the perovskite growth.(20) We further explored the FACs

(MA-free) composition, which has also been reported to be highly resistant to halide segregation
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and delivers high PCE. The trends were consistent with the triple-cation system (Supplementary
Figure B4.13 and B4.14, detailed discussion see Supplementary Text A4.3), supporting our
hypothesis and demonstrating the universal role of Br.
4.2 Origin of the bromide-altered growth pathway

In addition to changing the perovskite lattice constant and bandgap, our above analyses
suggest that bromide affected the perovskite formation dynamics. Bromide and iodide have
different solubility with the coordinating solvents used for perovskite deposition, such as DMF,
DMSO and GBL. We further utilized Density Functional Theory (DFT) to calculate the interaction
energies of PbXX’ (X and X’ denote either I or Br) species with DMSO. DMSO is partially
removed by the anti-solvent during spin-coating, but the remaining residuals would form an adduct
phase with PbXX’ and FAX to assist with the formation of the a-phase perovskite.(21, 22) From
the optimized molecular configurations and bond distances shown in Figure 4.3A, and the
interaction energies summarized in Figure 4.3B, DMSO bonds most strongly with Pbl, (0.84 eV),
followed by PbIBr (0.79 eV), and has the weakest bond with PbBr; (0.77 eV), indicating that Br-
rich species have lower solubility and therefore potentially nucleate first during supersaturation.
Moreover, the formation energies for the PbXX’:DMSO adduct crystals were also calculated
(Supplementary Figure B16 includes the optimized crystal structures). The formation energies
decreased as | was gradually replaced by Br (-0.18 eV for Pbl2:DMSO, -1.10 eV for PbIBr.DMSO
and -1.32 eV for PbBr.:DMSO), suggesting that bromide-containing intermediate adduct phases are
more thermodynamically favored to form. The surface energies between the tri-iodide perovskites
with various A-site cations were also calculated to be much higher than that of the tri-bromide
perovskites, regardless of the A-site cation (either PbX. or X-site termination, Supplementary

Figure B4.17), indicating that Br species preferentially nucleate first, given that surface free energy
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increases the total free energy of nucleation. Taking the theoretical results altogether, bromide-
containing species are therefore thermodynamically more favored to form compared to iodide-
containing species, and therefore complements the experimental observations that bromide-rich
species formed first during the initial nucleation stage.

Both the experimental and theoretical results are complementary in showing that bromide
drastically altered the perovskite formation dynamics by 1. promoting the initial nucleation of a
bromide-rich species, and 2. introducing an anion-exchange-like halide homogenization process,
which is necessary to attain the final stoichiometry from the initial bromide-rich phase. The
homogenization process is associated with a reconstruction of the PbXs polyhedrons, with iodide
diffusing towards the nuclei interior while bromide diffusing outwards, or even halide migration
across the interfaces. Unlike cation-exchange or “molecular”-exchange processes reported to assist
the growth of high quality thin film perovskites,(23, 24) homogenization and self-diffusion of the
anions during the nucleation and growth stages have rarely been studied for thin film perovskites.
Importantly, such processes have been shown to assist defect formation in other material systems,
especially when interstitial diffusion and vacancy-assisted diffusion are the dominant pathways to
homogenize the halides.(25, 26) We thus speculated that during the growth stage of
FAMACsPb(lo.gBro.2)3, these exchange and diffusion processes during homogenization promoted
the formation of intrinsic defects associated with the halides, including vacancies, interstitials, and
anti-sites. Our previous reports have shown the detrimental effects of point defects in perovskite
materials, including V), Pby, and 1i.(9, 27, 28) Complementarily, the strong Pbl, peak intensity
observed by XRD for the fully annealed FAMACSsPb(lo.sBro.2)s films suggests that the organic A-
site cations were less stable and decompose more readily with higher Br% incorporation, which is

supported by further theoretical calculations that show Vea and FAi were thermodynamically more
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favored to form when the Br% increases from 0% to 20% (Supplementary Figure C4.18).
4.3 Thin film and device characterizations

To investigate the defect density and nature of the films, we first compared the
optoelectronic  properties of the films using time-resolved photoluminescence (TRPL)
measurements shown in Figure 4.3C. A much shorter carrier lifetime of t = 382.8 ns is observed for
the FAMACSsPb(logBro2)s film, compared to the t = 842.6 ns of FAMACsPblz. Additionally, we
measured the quantified PL of the films and extracted the quasi-Fermi level splitting (qFLs) (Figure
4.3D) based on a method we previously reported(29). The results show that the increasing quasi-
fermi level splitting did not track the bandgap increase with higher Br% incorporation. In fact, 20%
Br incorporation resulted in the largest Voc losses (Voc,so — gFLS at 1 sun, Figure 4.3E), and the
voltage loss was reduced as Br% decreased. The large Voc loss for the 0% Br sample is potentially
due to a-phase degradation by exposure to high ambient humidity of ~40% RH during sample
measurement. Importantly, halide segregation during illumination was negligible for the
FAMACsPb(lo.gBro.2)3 film due to its highly optimized composition, as seen by its stable emission
peak positions retained during continuous PL measurements (Figure 4.3F).

Positron Annihilation Spectroscopy (PAS) utilizes positively-charged positrons that
annihilate with negatively charged/neutral defects, capable of non-destructively probing the density
and spatial distribution of defects in semiconductor thin films, and has been reported to be
compatible with halide perovskite materials.(30, 31) Compared with admittance spectroscopy that
also provides information about trap density, PAS could be carried out directly on bare perovskite
films and is therefore independent from experimental variables that affect admittance spectroscopy
results, such as the bandgap of the materials (which affects the device built-in potential) and the

properties of the contacting transport materials.(32) By controlling the kinetic energy of the
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incident positron beam and extracting the shape parameter from the gamma-ray annihilation spectra
(where a stronger gamma-ray signal from positron annihilation could derive a larger shape
parameter, indicating a higher density of negatively charged/neutral defects), a depth-resolved
spectrum was obtained in Figure 4.3G for the FAMACSsPb(lo.sBro2)z and FAMACsPbI; films. We
observed that the shape parameter for FAMACsPb(logBro2)s was clearly higher throughout the
entire perovskite film, indicating a higher overall trap density. The surface region (shaded in green,
0-50 nm) contained a much higher density of surface defects, which will be detrimental to both the
device performance and stability. FAMACsPb(lo.sBro2)s had a higher shape parameter in the entire
perovskite bulk region (shaded in orange, 150-500 nm), indicating a higher trap density throughout
the entire film. Crucially, this indicates that the defects formed through intrinsic processes (i.e.
during perovskite formation and growth). In contrast, extrinsic processes (e.g. degradation) would
have initiated from the film surface, preserving the bulk trap density of the film.(33, 34) Statistical
analysis of the shape parameters comparing the surface and bulk regions are displayed in Figure
4.3H. The eventual performance of the solar cell devices is a reflective consequence of the distinct
defect physics and carrier dynamics of the films. As shown in Figure 4.4A, devices based on both
compositions exhibited >79% FF, while the Jsc of FAMACSsPb(losBro2)s (23.1 mA/cm?) was
distinctly lower than that of FAMACSsPbIs (25.1 mA/cm?) due to the larger bandgap of the former.
The EQE cutoffs (Figure 4.4B) of the devices also matched well with the bandgaps estimated by
the UV-Vis absorption and PL measurements. The Voc gain of FAMACsPb(losBro2)s over
FAMACSsPbIs, however, was insufficient to compensate for the bandgap increase, with Voc values
of 1.16 V and 1.19 V, (Vocsq - Voc of 0.13 V and 0.20 V, gEg -Voc of 0.40 V and 0.48V)
respectively. The solar cell performance results coincided with the film characterization results,

where non-radiative recombination losses were more severe for the FAMACsPb(losBroz2)s
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perovskite. A stability test was also carried out, from which the FAMACsPDbI3 devices exhibited a
much better long-term stability under illumination than FAMACSsPb(losBro2)s devices after
encapsulation (Supplementary Figure C4.20). However, we found that the non-encapsulated
devices of FAMACsPbls decayed at a much faster rate, which is consistent with our observation
during the PLQY tests regarding the fatal extrinsic instability (most likely due to moisture-induced
phase transformation) of the FAMACsPbIs perovskite. Detailed discussion on stability test
available in Supplementary Text.
4.4 Conclusion

Based on all our experimental and theoretical observations and results, we summarize the
physical model of the formation dynamics of WBG mixed-halide perovskites in Figure 4.4C. The
inclusion of bromide in the composition altered the perovskite crystallization pathway. A bromide-
rich phase was more thermodynamically stable and thus nucleates first from solution during
supersaturation. In order to attain the final target stoichiometry, during the growth stage, a halide
homogenization process by diffusion gradually incorporates iodine into the expanding perovskite
lattice. However, intrinsic defects formed readily during the homogenization process, and
consequently, the final film had a higher defect density across the entire film depth, compared to
the corresponding tri-iodide composition. Consequently, the WBG composition suffered from more
severe non-radiative recombination losses, and thus inferior optoelectronic properties and device
performance. In this work, we correlated the complex perovskite formation dynamics with the
defect physics and charge carrier dynamics of the resulting film. This study will guide the
community to rethink the significance of precursor engineering and crystallization control for WBG

mixed-halide perovskites towards more efficient and stable PVs based on these materials.
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Figure 4.1 Abnormal formation dynamics in wide bandgap mixed-halide perovskites. (A)
Photographs of the as-cast (top) and fully annealed (bottom) perovskite films with the
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FAMACsPbX3 films before(as-cast)/after fully annealed. (C) XRD spectra of (001) peak of
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Figure 4.2 In-situ photoluminescence measurements monitoring the formation kinetics of
perovskite films. (A) llustration of the in-situ PL measurement during spin-coating and annealing
stage of perovskite formation. The contour plot of the captured PL spectra during the growth of (B)
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Figure 4.3 First-principle calculations and characterizations of the fully annealed perovskite
films. (A) Molecular configuration and interaction distance of coordinating solvent DMSO and
PbXX’ molecules. (B) Interaction energy between DMSO and PbXX’ molecule and formation
energy of DMSO:PbXX’ adduct phase. (C) Time-resolved PL spectra of the as-prepared
CsFAMAPD(lo.8Bro.2)s and CSFAMAPDI3 films. (D) Quasi-Fermi level splitting results quantified
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PL tracking. (G) PAS depth-profiling of CSFAMAPb(lo.8Bro2)3 and CSFAMAPDI3 films. Solid lines

are fitted plots. Green/orange shaded areas indicate the top surface/bulk region of the films. (H)
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Figure 4.4 Solar cell devices and the proposed physical model. J-V characteristics (A) and
EQE spectrum (B) of perovskite solar cell devices based on CSFAMAPD(lo.sBro2)3 and
CsFAMAPDIs. (C) A hypothetic physical model of formation Kinetics in mixed-halide perovskite
with high Br% (left) and their potential role with defect physics (right). Violet dots stand for
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Chapter 5. First-principles study of surface defects in FAPbIz perovskite

Halide perovskite materials have emerged for their potential optoelectronic applications,
including as solar cells, light emitting diodes, and piezoelectronics. One of the featured halide
perovskite materials, namely formamidinium (NH2CH=NH"
or FA") lead triiodide (FAPbI3), has stood out for photovoltaic applications as it has a close-to-
optimum bandgap of 1.48 eV, strong absorption coefficient, long charge carrier lifetime and
exceptional defect tolerance.? With less than 10 years of development since solid-state halide
perovskites were firstly adopted for thin film electronics, FAPbIz has recently achieved exceptional
power conversion efficiencies as high as 25.52%, which already exceeds several inorganic
counterparts such as polycrystalline silicon and Cu(In,Ga)Sez solar cells.®

Looking back at the history of PCE improvement of halide perovskite solar cells, their
development has always been paired with the suppression of non-radiative charge recombination
losses.*® Compared with the charge carrier lifetimes in halide perovskite single crystals,
photovoltaic perovskite polycrystalline thin films exhibited less ideal charge carrier dynamics,
indicating that these materials show distinct defect physics at the interfaces such as the film surface
and the grain boundaries.®” Although successful passivation of the surface defects has enabled the
recent performance surge, it remains unclear what defects are dominant and in which way they are
now passivated that has led to the over 25% halide perovskite solar cells. In addition, defects, even
shallow defects that are considered benign for photovoltaic performance, serve as degradation
centers that are more sensitive to moisture and oxygen, and limit the long-term stability of
perovskite solar cells.®® To unravel the success in over 25% efficiency perovskite solar cells and
further push their long-term stability for potential commercialization, in-depth study that identifies

the defects existing in halide perovskite is thus essential to assist further developing optimum
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fabrication processes, targeted passivating strategies, and understanding their specific role in
perovskite degradation.

To investigate the defect physics of halide perovskites, Density Functional Theory (DFT)
calculations are exceptionally useful to systematically study the type, nature, and position of
intrinsic defects. Over the past years, the intrinsic defect landscape of methylammonium (CH3NHs*
or MA") lead triiodide (MAPbI3) has been variously investigated and utilized to improve the
optoelectronic properties and stability of its PV devices.'®*? However, these calculations are not
yet completely done for FAPDIa.

Substituting the A-site cation MA™ with FA* has demonstrated several advantages for
photovoltaic perovskites. For example, the relatively larger size of FA* can form a more symmetric
perovskite crystal structure, converting the perovskite phase from MAPDI3’s tetragonal phase to
FAPDI3’s cubic phase. Secondly, compared with MAPbI3’s bandgap of 1.55 eV, FAPbIs perovskite
has a much smaller bandgap of 1.48 eV, which is closer to the ideal value defined by the single
junction solar cell’s Shockley-Queisser efficiency limit.®> Meanwhile, it has been reported that the
organic FA decomposes at a higher temperature than MA, while the latter is known to dissociate
into ammonia, CHsl, and iodine at less than 100 ‘C or under strong illumination.®'4 Recent
breakthroughs in perovskite photovoltaics that have achieved over 25% power conversion
efficiency, all mostly based on pure FAPbIs or FAPbls-based compositions rather than MAPbI3.1718
However, these different structural and optoelectronic properties in FAPbIs perovskite could also
lead to distinct defect physics. Certain defects could potentially form more readily and introduce
deep-level trap states in the bandgap. The deviation from the original lattice (with the presence of
defects) may also decrease the steric impedance of the phase transformation from the meta-stable a-

phase FAPDI3 to its photo inactive 6-phase.
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Back in 2018, Yam et. al. calculated the formation energies and transition levels of intrinsic
bulk defects in FAPbI3, which has been a guideline for the community to understand the intrinsic
defects in FAPbI3 since.! A comprehensive and systematic picture of surface defects in FAPDIs,
however, has not yet been fully elucidated. In fact, due to the solution processed nature of thin film
halide perovskites, the surface region is known to be the most abundant with defects, as revealed by
a series of defect characterization techniques for semiconductors, including drive level capacitance
transient profiling (DLCP) and positron annihilation spectroscopy (PAS).”1%20 Our previous reports
have also studied the interaction of several featured surface defects of FAPbIs (including Vi, Pby,
lint, FA, etc.).2%21-23 With rational passivation of these surface defects, both the device performance
and stability were improved.

5.1 Computational details

In order to investigate the intrinsic defects at the FAPbIs surface, a 4-layer 3*3 FAPDI3 y-
phase perovskite slab model is established as shown in Fig 5.1. All geometry optimizations and
electronic calculations are performed using VASP code with gamma-point-only projector
augmented-wave (PAW) method. Previous work has shown that the Heyd-Scuseria-Ernzerhof
hybrid functional (HSE), in combination with spin-orbit-coupling (SOC) is more reliable in defect
calculations of lead-containing perovskites.?* However, considering the computation cost, we chose
to use the Perdew-Burke-Ernzerhof (PBE) functional instead with extra precautions.?® The cutoff
energy is 400 eV. The criteria for ionic relaxation steps are: total energy difference < 1073 eV,
forces on atoms < 0.05 eV/A. The lattice is fixed. Here we discard the a-phase perovskite for defect
calculations, since the a-phase is unstable in static DFT calculations?® (however, it is dynamically

stable), the defected a-phase supercell will turn to a y-phase-like supercell after relaxation.
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The formation energy of a neutral defect D is calculated according to the formula:

AE(D) = E(D) — E(surface) + u(D)

where E (D) is the total energy of the defected surface, E (surface) is the total energy of a perfect
surface model. u(D) is the chemical potential of the defect atom that has been removed or added,
and Eg.,-m; IS the fermi level, which was set to be the valence band maximum in this study. The
chemical potential of atom D can have difference choice in calculations of compounds,
corresponding to different synthesis conditions. To simplify, we will use two conditions: | rich and
Pb rich. For I rich, u(I) is equal to the chemical potential of iodine solid, u(Pb)= u(Pbl,) — 2u(l)
, and u(FA) = u(FAPbI;) — u(Pb) — 3u(I). For Pb rich condition, u(Pb) is equal to the chemical

potential of lead solid, and 2u(I) = u(Pbl,) — u(Pb), u(FA)= u(FAPbI3) — 3u(I) — u(Pb).

Due to the charge spreading problem in surface models,?* we will not calculate charged
surface defects as well as transition levels in this work, but the Kohn-Sham levels of neutral defects
instead. For those Kohn-Sham levels in the bandgap, we can easily identify them as “defect levels”,
which are apparently caused by defects. We predict defects with defect levels deep in the bandgap
as deep acceptors/donors. However, it is noteworthy to mention that defect levels are still an
approximation, as accepting/donating electrons may change the geometries of defects, which
cannot be captured by the defect levels of neutral defects. Besides, previous works dees have
shown that the Generalized Gradient Approximation (GGA) may underestimate the transition levels
for some defects?*. However, performing HSE+SOC calculations for defect models are very costly.
Our GGA calculations have correctly predicted that FA, and Pb, were deep donors, as corroborated
by experiments.?®?’ We believe that our calculations of the “defect levels” of neutral defects can be

indicative of whether a defect is detrimental or not.
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5.2 Defect formation energy and DOS

Based on the as constructed FAPbIs perovskite slab models, we calculated the density of
states and the formation energy of the point defects at the surface. When the crystalline continuity
is interrupted at the crystal surface, there are two representative surface terminations in halide
perovskites, namely the FA-I termination and Pbl. termination (also known as the flat termination).
While the former terminates with a complete [Pbls]> octahedra layer with FA* occupying the
central void, the latter cuts the octahedra layer in half and leaving a flat surface where only Pb and |
atoms could be found at the top atomic layer (in the case of a defect-free scenario). The chemical
environment of surface atoms changes completely when the surface configuration changes from the
FA-1 termination to the Pbl, termination, and so we studied the surface defects individually for both
terminations. The optimized geometries of surface defects were shown in Supplementary Figure

C5.1and B5.2.

For the FA-I termination, we considered the three vacancy defects (Vra, Veb, Vi), three
interstitial defects (FAint, Pbint, linY), and five antisite defects (Pbra, FAI, Phbi, Ira). Antistite
substitution of Pb was not considered, because Pb cannot reside on the surface layer in the ideal
FA-1 termination surface, but lie in the PbXs cages, similar to the bulk scenario. The density of
states of the perovskite slab with individual point defects present at the surface were calculated.
Interestingly, our calculations suggest that under the FA-I termination, most defects did not induce
localized states in the bandgap (Supplementary Figure C5.3). As is shown in Figure 5.2, there are
three exceptions, which are Pby, FA, and Ira. It is perhaps because of the fact that in lead halide
perovskites, mainly the Pb p orbital contributes to the CBM, and the coupling of the Pb s orbital
and | p orbital that consists of the valence band maximum (VBM), such that surface Pb; introduced

deep level states similar to bulk Pb,, with the highest density of trap states among all surface defects
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we studied.! The defect level was approximately 0.59 eV above the valence band edge and could be
donated as an acceptor defect. The two antisites of FA| and Ira also facilitated trap states, but closer
to the conduction band. The approximate defect levels extracted were 0.42 eV and 0.34 eV,

respectively.

To calculate the formation energies of the surface defects for the FA-I termination, we
considered two growth conditions for the electrochemical potential of the reservoirs, namely the I-
rich and Pb-rich conditions. The formation energies of the surface defects are summarized in Table
5.1. Our results suggest that most point defects form more readily on the surface compared with
their reported values in the bulk. For example, in the realistically more commonly encountered Pb-
rich condition, the formation energy of the iodide related defects such as lint and Ira dropped from
1.66 eV and 2.45 eV in the bulk, to 1.00 eV and 1.74 eV at the surface, respectively. Under the I-
rich condition, Vra, Ira, and lint even showed negative or near zero formation energies, indicating

that point defects may even spontaneously form at room temperature.

Similarly, for the Pbl, termination, we also considered the three vacancy defects (Vea, Ve,
V), three interstitial defects (FAint, Pbint, lint), but six antisite defects (Pbra, FAps, FAI, Pby, Ira, Ipb).
In this case, since Pb can exist at the surface layer of the Pbl> termination, we have also included its
related antisite. Interestingly, surface defects in the Pbl> termination contributed more complex
electronic physics than the FA-I termination case. From the density of states results shown in
Figure 5.3, we found that four surface defects contributed deep level states, namely Pbin, FAI, Pb,
and Ira, among which FA, introduced a deep acceptor state of an approximate defect level of 0.51
eV (the rest of the defects shown in Supplementary Figure C5.4). Pbin: and Ira both exhibited to be

deep donors with defect levels near 0.30 and 0.25 eV, respectively. The presence of Pb
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simultaneously generated two states in the bandgap, located at 0.68 eV and 0.19 eV. These results

are found to be closer to the results calculated for bulk defects in FAPDIs.

The defect formation energy for the surface defects in Pbl, termination were also calculated
based on the Pb-rich and I-rich conditions. As is summarized in Table 5.2, surface defects are much
more likely to form compared with the FA-I termination situation. V, and FAin showed negative
formation energy in the Pb-rich condition of -0.084 eV and -0.130 eV, respectively, indicating their
formation could be thermally favorable. In the I-rich condition, the thermally favorable surface

defects became FApy, and Ipb, whose formation energies were as low as -0.757 eV and -0.073 eV.

These first-principles calculation results provide a comprehensive picture of the intrinsic
surface defect physics of FAPDbIz perovskites. We summarized the type and their corresponding
formation energy of six featured point defects at the surface of FAPbIs in Table 3. First, none of the
surface vacancy defects become detrimental defects that create deep levels in the bandgap.
However, the defect physics are very different when these surface vacancy defects are occupied
with guest atoms. For example, the Pb antisite is one of the featured surface defects whose energy
level is located inside the perovskite bandgap. In the FA-I terminated FAPDI3 surface, Pb; serves as
a deep acceptor trap with a defect level of 0.59 eV, but its formation energy (2.09 eV) is yet
considerably high to limit its formation. Under Pbl-termination, Pb; exhibited two distinct states in
the bandgap with defect levels of 0.68 eV and 0.19 eV, respectively, and thus serve as a donor trap.
What is worth noticing is that, assisted by the Pb-rich environment, the donor defect Pb, at the Pbl-
terminated surface showed a much lower formation energy compared to the acceptor defect in FA-I
termination, potentially due to the steric impedance of extracting Pb from the (Pbls)* octahedral in

the FA-I terminated scenario. Pbint Serves as a donor defect in Pbl, termination only, whose defect
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level is 0.30 eV below the CBM. As the formation of Pbin does not require the displacement of
either | or FA, this donor defect has an even lower formation energy than Pb,; (0.339 eV, in Pbl;
termination). Other than Pb, antisites of surface FA and | also generated deep-level trap states.
Among the four featured defects associated with FA and | summarized in Table 3, we found only
FA in the Pbl, termination serves as an acceptor defect while the other three all show donor defect
features. Ira showed the smallest formation energy for all defects that create deep levels in the
bandgap, even becoming negative for the FA-I termination (I-rich, -0.23 eV), indicating its
spontaneous formation without any external stress such as heat or illumination. However, there are
rarely reports associate with the possible detrimental effects to either device performance or
perovskite stability induced by Ira. We speculate that this may be due to the volatile nature of
iodine, that allows Ira to easily escape from the perovskite surface during annealing, which
converts Ia into Vra.
5.3 Gap between theoretical and experimental results

The ultimate goal of investigating the surface defect landscape using DFT calculations is to
link them to experimental results to develop possible defect mitigation or passivation strategies. So
far, conventional characterizations are still unable to fully unravel the complete defect physics of a
material. Capacitance/admittance-based methods such as deep-level capacitance profiling (DLCP),
deep-level transient spectroscopy (DLTS), and thermal admittance spectroscopy (TAS) have been
employed to perform quantitative analysis of trap density, activation energy, spatial distribution,
etc. in perovskite-based devices, while photoluminescence spectroscopy methods may be able to
decouple the effects of deep and shallow traps. However, none of these methods are capable of
unravelling the specific type of defect present at the FAPbIz halide perovskite surface, including

their preferred location, formation energy, and defect level of the corresponding traps.
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Besides, the complex surface structure and mechanically vulnerable nature of halide perovskites
make experimentally studying its surface even more challenging. For example, quantitative XPS
peak analysis provides firsthand information of the material surface, especially the elemental ratio.
With its surface sensitivity, XPS has been used to indirectly determine which termination or
chemical condition is more reflective of the actual material surface. Ideally, the FAPbI3 surface has
an Pb/I atomic ratio of 1/3. However, as shown in Supplementary Figure C5.5, we noticed that even
when the precursor solution was prepared by a stoichiometric ratio (i.e. FAI:Pbl; = 1:1),
quantitative XPS suggested that the freshly prepared FAPbIs thin films are Pb rich (29.87 At% for
Pb and 70.13 At% for I). When excess Pbl, was added to the precursor, the atomic ratio became as
close to 1/2 (33.46 At% for Pb and 66.54 At% for 1), indicating that there could even be Pbl; at the
perovskite surface. We found that in order to let the surface Pb/l atomic ratio reach approximately
1/3, excess FAI (10 mol% in our case) will be required. These results indicate that the Pb rich
surface condition is generally more dominant. However, affected by the measurement itself, such as
the high vacuum and strong beam damage to the perovskite by XPS, experimentally characterized
surface features can still deviate from the actual surface termination.

Over the course of developing stable a-phase FAPbIs perovskites, additives whose sizes fit into
the original crystal lattice matrix are generally incorporated, such as doping with MAPDBr3,
occupying the interstitial site, forming 2D/quasi-2D structures, or even modifying the surface
termination.”?-%0 The perovskite defects physics, such as the type and formation energy, could be
easily changed. During post-deposition treatments to passivate surface defects, surface

reconstruction could also occur to alter the surface from the pristine condition.

5.4 Conclusion
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In conclusion, the defect nature, including the formation energy, density of states, estimated
trap activation energy, and the corresponding defect type, have been systematically studied for the
intrinsic surface defects of the FAPbIs perovskite via DFT calculations. The calculated results
suggested that the intrinsic point defects exhibit very different characteristics when located at the
surface compared with when they are in the material bulk. We also discussed the feasibility of
directly utilizing these theoretical results to combine with experimental characterizations and

correlating with the material properties.
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Figure 5.1 Supercell structures of FAPDbI3 after geometry optimizations. (a) FAI-terminated
surface, and (b) Pbl.-terminated surface for defect calculations.
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Figure 5.2 Calculated density of states (DOS) of FA-I terminated FAPbI3 perovskite with surface
point defects that form deep-level traps.
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Figure 5.3 Calculated density of states (DOS) of Pbl, terminated FAPbIs perovskite with surface
point defects that form deep-level traps.
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Table 5.1 Formation energies of surface defects in FA-1 terminated FAPDbIs perovskite using the
PBE method (in eV).

Er(])ég?/tlon VEa Vpp Vi FAint  Pbint  lint FA Pb Pora  Ira

Pb rich 0.82 2.26 1.53 1.77 2.77 1.00 2.22 2.09 0.65 1.74
I rich -0.17  0.29 2.25 2.75 4.74 0.017 4.19 5.05 1.64 -0.23

Table 5.2 Formation energies of surface defects in Pbl, terminated FAPbI3 perovskite using the
PBE method (in eV).

Formation

energy Vea Ve Vi FAint ~ Pbint it FA Pby Pora  lra FAp,  Ipp

Pb rich 1.158 2.080 -0.084 -0.130 0.339 1976 0.260 1.233 0.312 2.028 0.228 2.880
I rich 0.174 0.111 0900 0.854 2308 0.992 2229 418 129 0.060 -0.757 -0.073

Table 5.3 Type, estimated defect level, and formation energy (at preferred chemical conditions) of
the featured surface defects in FAPDI3

Defect type Defect Level (eV) Formation Energy (eV)

Pb Acceptor 0.59 2.09 (Pb rich)
FA-I termination  FA Donor 0.42 2.22 (Pbrich)

[N Donor 0.34 -0.23 (I rich)

PDint Donor 0.30 0.339 (Pb rich)

FA Acceptor 0.51 0.26 (Pb rich)
Pbl termination

Pb Donor 0.68/0.19 1.233 (Pb rich)

[N Donor 0.25 0.06 (I rich)
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Chapter 6. Enabling low voltage losses and high photocurrent in fullerene-free
organic photovoltaics

Organic photovoltaics (OPVs) have several advantages such as potential low cost,
absorption tunability, mechanical flexibility and roll-to-roll manufacture capability'!'. However,
the power conversion efficiencies (PCEs) of OPVs are still inferior to their inorganic counterparts.
One of the most significant factors, which hinders their device performance, is the relatively large
loss in the open-circuit voltage (Voc) with respect to the optical gap?. While the Voc loss can be as
low as 0.30 eV in GaAs and slightly higher in c-Si and organic-inorganic hybrid perovskite solar
cells (from 0.40 to 0.55 eV), the Voc loss for strongly absorbed photons in state-of-the-art OPVs is
around 0.6 V or higher'*'®, In an ideal OPV, maximum Voc can be achieved only when sources of
voltage losses are limited to an unavoidable radiative recombination of absorption species above
the optical gap!®. However, for the state-of-the-art OPVs, there are strong non-radiative
recombination present leading to significant voltage losses, evidenced by electroluminescence
quantum efficiency (EQEgL) measurements'’2°, Recombination of radiative charge-transfer (CT)
states can also be present due to energetic offsets between the donor (D) and the acceptor (A)
components?®?2, In a very recent work?, two design rules are formulated aiming at reducing the
voltage loss and increasing the efficiency of OPVs: 1) Small energy offset between the donor and
acceptor materials, and 2) High luminescence yield of the lower-gap single component (and hence
the blend). Among the materials candidates meeting these design rules, A-D-A structured non-
fullerene acceptors (NFAS) are extremely promising since they exhibit strong intramolecular charge
transfer (ICT) effect, superior energy level tunability and good molecular crystallinity?*?7. These
features allow NFAs to become potential candidates for achieving an efficient charge separation
and low voltage losses simultaneously as per the design rules.

From the aspect of molecular design, synthesis of donor and acceptor materials with
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complementary absorption profiles intended to maximize the coverage of the solar spectrum, has
been one of the prerequisites for achieving a high photocurrent. Thus, a variety of narrow optical
gap NFAs based on a stronger electron-donating at the central core were carefully designed and
synthesized for OPVs?8. Undoubtedly, it is a successful strategy to elevate the HOMO level
reducing the optical gap. Benzotriazole-based conjugated molecules with unique luminescence
properties are common building blocks for increasing the photoluminescence quantum vyield
(PLQY) of the single component?®32, The high PLQY indicates efficient radiative recombination
pathways, which may result in high electroluminescence yield of the resulting devices. Hence, it is
attempting to introduce benzotriazole into the central core to form an electron-deficient-core-based
fused structure (DAD) for adjusting the optoelectronic properties of the resulting molecules, aiming
for a small voltage loss and high performance in devices. By using DAD fused core one could also
adopt a relatively planar structure rather than a twisted one and hence, facilitate the electron
transfer from the donor to acceptor since the planarized DAD enhances the delocalization of n-
electrons. More importantly, a low perturbation of electrons may occur in DAD fused core, which
will result in efficient charge transfer®. In other words, n-orbital electrons are less likely to be
trapped while passing through the fused m-bridge upon introduction of the triazole in this fused
system34,

In this chapter, a certified high efficiency of single-junction OPVs based on two fused-ring
NFA molecules (Y1 and Y2) consisting of dithienothiophen[3,2-b]pyrrolobenzotriazole (BZPT)
group with non-halogenated dicyanomethylene derivatives (INIC or INTC) will be introduced. A
simple design strategy of covalent nitrogen bridge with adjacent thieno[3,2-b]thiophene and
benzotriazole makes it possible to delicately tune the optoelectronic properties of target molecules,

resulting in an improvement of optical coverage of near-infrared region (NIR) spectrum. A
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commercial donor polymer PBDB-T® is selected because of its negligible band offsets with Y1 and
Y2. In spite of this small energetic offset, which results in relatively high electroluminescence
quantum efficiency (EQEg.) (approximately 0.5 x10*) and small voltage losses, charge separation
is still efficient and offers decent short-circuit current density (over 22 mA cm), resulting in PCEs
of over 13.4% (13.42 % for Y1 and 13.40 % for Y2). These devices have been certified at the
photovoltaic Lab of Newport Corporation, showing a 12.6 % efficiency, which is the high
efficiency of current single-junction organic cells meeting the 1ISO 17025 Standards reported so far.
This remarkable feature of the presented fused benzotrizole-based system serves as an inspiration to
design next-generation NFAs for high performance organic photovoltaics.
6.1 Characterization of non-fullerene acceptors

To meet the rules mentioned above, our molecule design rational consists of tuning the
HOMO levels relatively close to that of the donor and, meanwhile, lowering the LUMO levels to
make the absorption spectra of donor material and acceptor materials complementary:

(1) Introducing the nitrogen atoms in the center core unit serve as heteroatomic bridges for
covalent planarization®®: this provides stronger electron-donating character and allow for charge
carrier mobility in contrast to cyclopentadiene (the center structural unit of the IDTT)" %, thus
increasing the HOMO energy levels;

(2) Adding a weak electron-withdrawing moiety of 2-ethylhexyl-benzo[d]-[1,2,3]-triazoles
segment®® in the middle of the central core to form a fused DAD structure: this helps to improve the
efficient radiative recombination pathway and enhance the electroluminescence yield of the single
components. Based on such a rationale, we are expecting a minimized voltage loss, which enables a
high open-circuit voltage and high short-circuit current at the same time.

From the materials design point of view, in contrast to previous works®, we increase the
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central fused rings from pentacyclic to heptacyclic, and successfully tune the HOMO energy level
to match a small band offset with the PBDB-T, meeting the requirement of the first design rule. In
addition, we introduce benzotriazole unit in central core to increase the electroluminescence yield
of both the single component, meeting the requirement of the second design rule. From the
materials synthesis point of view, the central core that must be sterically hindered to prevent over
aggregation®® while maintaining an intramolecular charge transport channel is assumed by the alkyl
side chains onto the nitrogen atoms*. In contrast to previous designs, it does not need to synthesize
spiro-like structures, and this is a good example of non-spiro like molecule that show excellent
performance as a non-fullerene acceptor. The chemical structures of Y1 and Y2 are depicted in
Figure 6.1(a). Both, Y1 and Y2, can be easily solubilized in common organic solvents, such as
chloroform and chlorobenzene at room temperature. Thermogravimetric analysis indicated that Y1
and Y2 exhibit excellent thermal stability with decomposition temperatures at 350 °C.

Figure 6.1(b) shows the normalized absorption spectra of Y1 and Y2 in solution (chloroform)
and in thin films. For the thin films, the absorption peak red-shifts from 738 to 802 nm for Y1 and
758 to 827 nm for Y2. The optical gap of pure the Y2 film estimated from the intersection between

absorption and emission is about 1.40 eV, which is lower than that of the pure Y1 (1.44 eV).

Cyclic voltammetry (CV) measurements were employed to evaluate the electrochemical properties,
showing similar HOMO levels of -5.45 eV for Y1 and -5.43 eV for Y2 due to the identical core
center, and a lower LUMO level for Y2 (-4.04 eV compared with -3.95 eV for Y1) due to the
stronger electron-withdrawing character of INTC compared with that of INIC. As shown in Figure
6.1 (c), although the AHOMO offset between the PBDB-T donor and Y1 or Y2 appears to be small
(0.07 eV for PBDB-T:Y1 and 0.05 eV for PBDB-T:Y?2), efficient charge separation can still be
achieved at the bulk heterojunction (BHJ) interface, meanwhile, with suppressed voltage losses.
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This will be discussed in detail in voltage losses section (Chapter 6.3).
6.2 Device performance of OPVs

OPVs were fabricated with an inverted device structure of ITO/ZnO/active layer/MoO3/Ag,
where PBDB-T was chosen as the donor material. The donor/acceptor ratios in the active layer
were carefully optimized. Figure 6.2(a) shows the current density versus voltage (J-V)
characteristics under the illumination of AM 15 G, 100 mW cm™. Table 6.1 collects the
photovoltaic parameters of these OPV devices based on Y1 and Y2, respectively. Meanwhile,
statistical diagram of efficiency of PBDB-T:Y1 and :Y2 in Figure 6.2(c). Both BZPT-based non-
fullerene acceptors, Y1 and Y2, exhibited Jsc over 22.0 mA cm and resulted in PCEs of over 13
% (13.42 % for Y1 and 13.40 % for Y2, respectively). In Figure 6.2(b), the external quantum
efficiency (EQE) spectra for Y1-based and Y2-based devices demonstrated similar shapes, while
the Y2-based device displayed a 25 nm red-shift photocurrent response compared with that of Y1,
which was in agreement with the trend of their absorption spectra. For devices with best I-V
performance, the integrated Jsc values from EQE spectra with AM 1.5 G reference spectrum of
PBDB-T:Y1 and PBDB-T:Y2 were calculated to be 22.14 mA cm? and 23.18 mA cm?
respectively, consistent with the Jsc values obtained from the J-V curves. Although some previous
reports achieved similarly low voltage losses, none of them could keep 60-70% EQE from almost
400 nm to 860 nm*: %2 which result in the high Js and high PCE of Y1-based and Y2-based
devices.

In order to carefully evaluate the PCE, OPVs based on the PBDB-T:Y1 blend were sent to
the PV calibration Lab of Newport Corporation, accredited by A2LA to ISO 17025 Standards, for
certification measurements. With the current-voltage parameters shown in Figure 6.2(d) and Table

6.1, detailed measurements can be found in the section of Methods (Fabrication and measurement
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of devices). An efficiency of 12.6% was certified with Jsc of 21.55 mAcm2, a Voc of 0.88 V and an
FF of 66.3%. The certification confirmed that OPV devices can indeed endure the standard
measurement and achieve results relatively close to our regular testing, indicating a reliable and
reproducible high performance of our systems (National Renewable Energy Laboratory “Best
Research-Cell Efficiencies” chart, July 2018).
6.3 Voltage losses and charge separation

In order to evaluate the voltage loss in our system and unravel the nature of its high
photovoltaic performance, we investigated voltage losses in both solar cells. The calculated results
are presented in Table 6.2. The total energy loss (AE) was defined as the difference between the
optical gap of blend solar cell and the Voc. As shown in Table 6.2, AE is 0.57 eV for both systems.
Specification of the three sources of Voc loss follows the equations below:

AE =Eg — qVoc = (Eg - quScQ) + (CIVOSCQ - CIch?:d) + (chgzéd - quc)
= (Eg = qVoc)) + a5 + qavgenrad
= AE; + AE, + AE;

The AE 1 is the difference between optical gap and maximum voltage based on the Shockley-
Queisser limit (SQ limit), caused by radiative recombination originating from the absorption above
the optical gap, typically 0.25 eV or above, unavoidable for any kind of solar cells. Here, qVOSCQ is
the maximum voltage based on the SQ limit, where the EQE is assumed to be 1 above the gap and
0 below the optical gap*® and the only loss is from the mismatch between radiation received in a
narrow solid angle from the sun and omnidirectoinal radiative recombination. Radiative-
recombination loss (AE,) is due to absorption below the optical gap. Here, V529 is the open-circuit
voltage when there is only radiative recombination, including both the radiative loss mentioned in

AE, and the additional radiative recombination from the absorption below the optical gap due to the
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non-step function absorption. For solar cells with steep absorption edges, like inorganic or
perovskite solar cells, this term is negligible. However, this part can be very high for OPVs,

especially for those with obvious charge-transfer-state absorption. While in our case, the absorption
onset of BHJ devices is sharp (Figure 6.3(a)), leading to AV a™*'" 8P estimated as low as 0.04

eV and 0.05 eV, significantly smaller than that observed in typical OPVs and even most small-

offset OPVs (Supplementary Table B3). The final part of energy loss stem from the non-radiative

1
EQEgL

).

recombination (AE;) and could be directly obtained from the equation: AVZn—Tad = kq—Tln (

EQEEL results are shown in Figure 6.3(b). It is notable that both systems shown low non-radiative
losses of 0.25 eV and 0.26 eV respectively, which is very low among OPVs reported with such
high efficiency.

We also investigated the PLQY and PL quenching for the blend films. Following our
previous publication, we blend the insulating polymer polystyrene (PS) with the acceptor materials,
to mimic the dispersed morphology in the active layer of the devices?®. The PLQY values of PS:Y1
and PS:Y2 blends are 5.8% and 3.4% respectively; while those of the PBDB-T:Y1 and PBDB-
T:Y2 are 0.1% and 0.3%, indicating efficient PL quenching. The corresponding PLQY data are
summarized in Supplementary Table B4. Although efficient PL quenching indicates efficient
charge separation, it also implies additional non-radiative recombination losses, which are to be
further decreased. In an ideal case, the PL quenching is expected to happen at the short-circuit
conditions, rather than the open-circuit conditions. Efficient PL quenching is further confirmed by
the PL decay measurements (Figure 6.3(c, d)), which show shortening of the PL lifetime in the
active layers for both Y1 and Y2 blends. Consistent with our and other’s previous reports®® 44, the
timescale on which the PL quenching occurs is very slow compared with traditional fullerene-based

devices (those with large energetic offset between the donor and acceptor materials).
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6.4 Film morphologies
The molecular packing characteristics of Y1 and Y2 in thin film blend with polymer PBDB-

T were investigated using grazing incidence wide-angle X-ray scattering (GIWAXS) . PBDB-
T:Y1 and PBDB-T:Y2 blends show similar molecular packing shown in Figure 6.4(a, b). In both
blends, a broad peak corresponding to the m-m stacking was observed along the out-of-plane
direction at g=1.7 A%, which benefit efficient photon absorption and charge transport.

The morphologies were further investigated by atomic force microscopy (AFM, Figure 6.4
(c, d)) and transmission electron microscopy (TEM, Figure 6.4 (e, f)). The formation of obvious
ordered nano-fibrillar structures of active layer films were observed using AFM, accompanied with
a smooth root-mean-square roughness (Rq) of 1.22 nm and 1.60 nm on a scan area of 1 gum X 1 um
for Y1- and Y2-based blends, respectively. The phase separation was further visualized using TEM
with suitable domain sizes in both blends, indicating an ideal phase separation for the optimized
balance between charge transportation pathway and interface recombination. As a consequence of
the orientation, both polymer and non-fullerene molecules in the active layer are observed to
closely stack. The lateral charge transportation was also proven to be efficient with space charge
limited current (SCLC) method*®, with the average hole and electron mobilities calculated. Hole
mobilities of the PBDB-T:Y1 and PBDB-T:Y2 blend films were measured to be 1.56x10° cm?-V-
L.s1and 2.59%x10°% cm?- V151, respectively, and electron mobilities were measured to be 3.04x10*
cm?-V1.stand 2.08x10* cm?-V1-st, respectively. These results reflect that the morphology of this
system is efficient for charge transport.
6.5 Conclusion

In summary, two NIR-absorbing multifused benzotrizole-based NFAs, Y1 and Y2 were

introduced. By blending with a commercialized donor PBDB-T, they can achieve a high PCE of
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13.42 % and 13.40 %, respectively. The high performance was enabled by the relatively high

EQEe. of approximately 0.5 x 10, which indicates low non-radiative recombination loss of the

blend. In addition, despite small donor-acceptor energy offsets, highly efficient charge generation
efficiencies have been shown for both PBDB-T:Y1 and PBDB-T:Y2 blend films. Moreover, a
homogeneous and nanophase-segregated structure with an optimized size and preferred orientation
are also observed in blend films, which contributed to the efficient charge separation and transport.
These results are achieved using a simple design strategy by incorporation of nitrogen acting as a
bridging atom between adjacent electron-donor (thieno[3,2-b]thiophene) segment and weak
electron-deficient segment (benzotriazole) (DAD fused core), leading to strong absorption in
vis—NIR region. A certified high efficiency of single-junction OPVs meeting the 1ISO 17025
Standards was achieved at 12.6% based on PBDB-T:Y1 devices. This work provides a rational
route to a delicate design with relatively tight spacing using the benzotrizole-based DAD structure

as central core towards high performance NFAs.
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Figure 6.1 Molecular structure and properties. (a) Chemical structure of the acceptor
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Table 6.1 Photovoltaic performances of PBDB-T:Y1 and PBDB-T:Y2 based OPV devices

Devices? Voc (V) Jsc (MA cm™) FF (%)

PCE (%)

PBDB-T:Y1 0.87(0.87+0.01) 22.44(21.68+1.07) 69.1(70.12 +0.82)
PBDB-T:Y2 0.82(0.81+0.01) 23.56(23.12+0.78)  69.4 (70.80 + 0.70)

13.42 (13.22 % 0.35)
13.40 (13.25 + 0.39)

PBDB-T:Y1® 0.88+0.01 21.55 +0.46 66.3+£0.80 12.56 +0.33
a, Certification measurement results are marked with <*”.
Table 6.2 Voc loss profile of PBDB-T:Y1- and PBDB-T:Y2-based OPV devices
Devices® Es qvi% qvge AE AE: AE> AE3
@) v) @) (V) Ey—qUie  qavitteovsw  qavgrTed ev)
(eV) (eV)

PBDB-T:Y1 1.44 1.17 1.12 0.57 0.27 0.05 0.25
PBDB-T:Y?2 1.40 1.13 1.09 0.57 0.27 0.04 0.26
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Appendix A. Supplementary Texts
Supplementary Text A2.1 Density functional theory (DFT) Calculations

Density functional theory calculations were performed using Vienna ab-initio simulation package
(VASP) codel. The revised Perdew-Burke-Ernzerhof generalized gradient approximation
(PBEsol)>®l method was used for exchange-correlation functional including the dispersion
corrections to the total energies using Grimme’s DFT-D3 schemel*%]. The core-valence interactions
were treated by the projected augmented wave (PAW) pseudopotentialst®. Plane-wave energy cut-
off was set to 400 eV and 4x4x1 I'-centered k-point mesh was used for Brillouin-zone sampling.
During the optimization, the positions of the atoms and the volume of the unit cell were allowed to
relax using a conjugate gradient algorithm until all Hellman-Feynman forces on all atoms were less
than 0.08 eV/A with an energy convergence of 1x10™* eV. The surfaces were modeled by a slab
consisting of 2x2 periodicity in the a-b plane and four atomic layers along the c axis, separated by
11-18 A of vacuum in the surface normal direction. The interaction energies are calculated using
the following equation:

AEglt = Ecomp. - [Eg + Y + AQ(EF + Evbm)] (1)

which includes possible “charged” defect and anion (cation) interactions. Here, E.,pn,. is the energy
of the slab complex, EJ is the energy of the defective “d” surface with charge-state “q”. n; is the
number of the ith anion (cation) added to the surface and y; is the corresponding chemical
potential. A4q is the number of charges exchanged (with fermi energy e measured from E,;,,)
exchanged between system and reservoir in order to form the charged defect. Here, the chemical
potential can be explicitly written as u; = uo; + 4u;, where Ay; is the shift in the chemical
potential depending on the growth conditions and uy; = E (i) is the intrinsic chemical potential
(i.e., free of the growth conditions). We define fluoride (F) or PEA attachment to a neutral defect
as:

AEL'Ont = Ecomp. — [E((i) + U] (2)

where, x = {F, PEA}, and attachment of both F and PEA as:
AEiOnt = Ecomp. - [Ec(l) + tppa + Ur] - (3)

For the calculation of chemical potential of F and PEA, we used conditions that are more
relevant to the systems we studied. First, to calculate the intrinsic chemical potential u,r, we used
the reported orthorhombic crystal structure (see Supplementary Table B2.1) and then relaxed it
using DFT and for ugpga, We manually constructed a unit-cell and similarly relaxed using DFT. To
calculate Auyp and Aupgy, as to be consistent with our experimental conditions, we considered that
the former is the source of potassium fluoride (KF) and the latter is that of PEAI (I: iodide).
Therefore, the following two relations should be satisfied:

Aug + App = AH(KF) (4)

Apppa + Apy = AH(PEAI) )

We also tested the formation energy of the reported KF, phase and found that KF is more
stable by roughly 0.5 eV. Here, the formation enthalpy of cubic KF and PEAI crystals are
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calculated with respect to units of potassium (K), fluoride (F), PEA and iodide (I) in their crystal
phases, as shown in Supplementary Table B2.1. In our study, we manually constructed and tested
different possible crystal structure cases for PEA and PEAI. The resulting optimized crystal
structures were either unstable, less-stable or the ammonium groups got deprotonated, except for
the structures reported in Supplementary Table B2.1. Hence, we used those structure for further
calculations, while other crystal structure arrangements did not significantly differ energetically
(~0.2 eV).

Our computational results showed that AH(KF) = —5.49 eV and AH(PEAI) = —3.32 eV.
Here, AH(KF) value we found computationally is reasonably close to the solid-state value (-5.89
eV) of KF reported in NIST Webbook.[l Next, in order to be consistent with experimental
conditions in our study, we assumed an equipartition in the chemical potentials for both cases.
Therefore, using Eq. (4)-(5) Aur and Aupg, wWere calculated to be -2.75 eV and -1.66 eV,
respectively.

We found that the interaction energy of PEA attachment to neutral iodine-vacancy (Vi) is -
1.07 eV and to neutral iodine-lead replacement (Pby) is -1.32 eV. Both F and PEA attachments to
neutral V, is -3.23 eV and to neutral Pby is -2.83 eV. We then calculated the AE, in the case of
charged defect cases (V" and Ph/*) and obtained the following plots for PEA, F and F/PEA
attachments.

For each case, the stronger interaction energy between defects d°, d* as a function of Fermi
energy is shown. Thus, we found that for both V, and Pb, defects the fluoride binds relatively
strongly, and attachment of PEA further increases interaction energy roughly by 2 eV. For low
Fermi energy values (p-type region) F and PEA binds strongly to neutral defects, whereas they bind
to positively charge defect more strongly in the high Fermi energy values (n-type region).
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Supplementary Text A2.2 Bi-exponential model fitting of the TRPL results

The carrier lifetimes were obtained by fitting the TRPL data with a bi-exponential decay model:

1(t) = A exp(—f) LA, exp(—}) (S1)

z-averalge = Aiz-l + AZTZ (82)

Supplementary Text A2.3 Measurements and analysis of the trap density of
states

The trap density of states (tDOS) could be calculated based on the angular frequency
dependent capacitance with the equation:
Ny (E,) = - 90 @ (3)

where C is the capacitance, w is the angular frequency, q is the elementary charge, K is the
Boltzmann constant, Vi is the built-in potential, W is the depletion width, and T is the temperature.

The angular frequency needs to be further defined by:

E, =kTIn-Z (S4)
)

where o is the attempt-to-escape frequency. The tDOS level could be calculated when combining
both equations.
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Supplementary Text A2.4 Determination of rear cells EQE and estimation of
tandem efficiencies pared with record silicon/CIGS cells

We used an experimentally numerical estimation reported by Brabec et. al.!®! to assess the
EQE responses of the rear cells. The method was to use the rear cell’s own EQE spectrum and the
transmission spectrum of the filtering front cell based on the equation:

EQE filtered (E) _ Tfront (E) EQErear (E) (85)

rear

Thus, the Jsc of the filtered rear cell could be obtained by solving:
I = q EQEL™ (E)daso (E)E (S6)
0

In addition, due to the reduced light intensity exposed to the rear cell, which led to a
reduced photocurrent, the splitting of quasi-fermi level of the rear cell would also be suppressed. As

a result, its Voc could be written as:

filtered
; nkT J
filtered __ d SC,rear
VOC,rear _VOC,rear +— In(J ) (87)
q SC,rear

where Voc, rear 1S the original Voc of the rear cell (either silicon or CIGS), niq is the ideality factor of
the photodiode, assumed to be unit in our calculation. The fill factor of the filtered cell was
assumed to remain unaffected for these record PV cells. With the calculated parameters, one could
easily obtain the estimated power conversion efficiency when any cell wanted to be used as a rear
cell for four-terminal tandem devices. The overall tandem efficiency could thus be obtained by
numerically adding up the measured semitransparent front cell efficiency and the calculated rear

cell efficiency with filtration.
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Supplementary Text A2.5 Calculation of efficiency loss and tandem efficiency
with subcells with various Voc

The efficiency loss was denoted by subtracting the SQ efficiency with the calculated
efficiency when Voc loss (Voc, so - Voc) varies. The parasitic loss in fill factor was neglected in this
calculation, which would always worsen the device performance in our calculation and not
necessarily affect the concept we are delivering this in figure. Similarly, the FF was assumed to be
identical as it’s ideal value and the Voc of subcells were assumed to be the only variables for both

subcells.
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Supplementary Text A3.1 Grazing Incidence X-ray Diffraction penetration
depth estimation

The penetration depths were estimated based on the equation:*

e oo lowe{ )
=2 =1—-exp]—ux|—+—
f;:o dlp PIH siny  sinf

where X is the penetration depth, y is the incident beam angle, £ is the exit beam angle, u is the

G

mass absorption coefficient (207 cm? g* for FAPbI3) and G is a constant with value 0.95. The above

equation is solved to give the penetration depth x.

Supplementary Text A3.2 Supplementary References
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materials. J. Appl. Phys. 121, 115501.
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Supplementary Text A4.1 Discussion on XRD results for FAMACs and FACs-
based perovskites

High-resolution XRD measurements were carried out for both the FAMACs and FACs-
based perovskites. The as-cast and fully annealed films with both tri-iodide and mixed-halide
compositions were measured and shown in Figure C4.1 and C4.2. The diffraction intensity was
also extracted for the (001) perovskite peak and the Pbl, peak. In both the FAMACs and FACs
systems, the mixed-halide films exhibited larger 20 peak positions compared with the tri-iodide
ones, which correspond to smaller lattice constants. Meanwhile, the film crystallinity of the mixed-
halide films was apparently weaker, potentially due to the homogenization process, because the
pure tri-bromide films exhibited superior crystallinity by itself (see discussions below). The Pbl;
characteristic peak (or more accurately, the PbX> peak in the mixed-halide case) was only detected
in the fully annealed films and was much stronger in the mixed-halide case. From the SEM images
of the fully annealed films in Figure C4.4, we also observed large amounts of plate-like crystalline
Pbl> at the surface of FAMACsPb(lo.sBro.2)s. Considering that all films were prepared by the exact
same deposition process, we speculate that the organic A-site cations were less stable and
decomposed to form the residual lead halide binaries during thermal annealing for the mixed-halide

films.

Supplementary Text A4.2 Discussion on XRD results for MAPb(I1xBr1.x)s,
FAPDb(IxBrix)s, FAPb(IxBri-x)s with MACI, FAMACsPb(IxBri.x)s, and
FACsPb(IxBri-x)s.

High-resolution XRD measurements were carried out for MAPD(IxBri-x)3 perovskites
(where X=1, 0, 0.9, 0.8 or 0.5 for MAPbI3, MAPbBr3, MAPb(lo.9Bro.1)3, MAPb(lo.sBro.2)3, and
MAPD(los5Bros)s, respectively) in order to completely exclude any effects by the cations and MACI,

even though MA-based perovskites are not the optimum composition to achieve high performance
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WBG mixed-perovskite PVs. The MA-based films are deposited following the same solvent
combination (DMF/DMSO = 80/20) and antisolvent deposition methods as the FAMACSs
perovskites. It should also be noted that the cation could tremendously affect the growth pathway
also, for example, MAPDI3 will form a robust MAI-DMSO-Pbl; intermediate phase before
annealing, but the perovskite phase remains dominant in the as-cast films of the FAMACs and
FACs systems (especially for tri-iodide perovskites). The diffraction peaks at the 20 range of 13.5°
to 15.5° was extracted and shown in Figure C4.8 for the as-cast films, pre-annealed films (65°C for
1 min), and fully annealed films (100°C for 10 min).

The (110) peak for MAPbIs and the (100) peak for MAPbBr3 are easily identified in Figure
C4.5A and C4.5B at 14.2° and 14.9°, respectively. The peak intensity is extremely low for the as-
cast MAPDI; film because of the dominant MAI-DMSO-Pbl; intermediate phase at this stage. The
diffraction peaks for MAPDI3 shifted negligibly during their perovskite growth when comparing the
as-cast film, pre-annealed film, and the fully annealed film. In contrast, MAPbBr; showed very
strong crystallinity even without any heat treatment, consistent with our DFT results that their
formation is thermodynamically favored. In all mixed-halide cases, we observed dramatic shifting
of their 26 peak positions towards lower values, indicating that there is a clear Br% change during
perovskite growth.

Similar to MAPb(IxBri-x)3, we have also characterized FAPb(IxBri-x)s (in the case with or
without MACI additive, Figure C4.6 and C4.7) to show these observations were not limited to MA
systems. However, we found except for FAPbBr3, MACI is essential for FAPbX3-based
compositions to form their a-phase at lower temperature as no diffraction signals from the (100)
perovskite peak of FAPbX3 could be observed before annealing at 150 °C. Interestingly, adding

MACI directly assisted the formation of the a-phase perovskite, but a segregated growth feature
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was still observed and more severe than the MA system such as FAPb(lo.gBro.2)3, in which
homogeneous halide merely formed after full annealing.

MACI is another factor that need to be excluded to confirm the existence of homogenization
process. We further characterized FAMACSPb(IxBri-x)s and FACsPb(I1xBri-x)s (without MACI,
additive, Figure C4.8 and C4.9) films, where only two halides were involved. Similarly, the
shifting of perovskite (100) peak from a higher 26 to a lower 26 was again observed, which
suggested the existence of the halide homogenization process without MACI. Segregated phases
were observed for fully annealed FAMACSsPb(losBro.s)z and FAMACSsPb(losBros)s films here,

indicating MACI could be helpful assist the formation of homogeneous films during annealing.

Supplementary Text A4.3 Discussion on in-situ PL results for FACs-based
perovskites

The in-situ PL measurements were carried out for the FACs-based perovskites. The
complete contour plots during both the spin-coating and annealing periods are shown in Figure
C4.13, and the extracted parameters (peak position, intensity, FWHM) in Figure C4.14.

Both the peak position shifts and the time elapsed before the peak intensity and FWHM
stabilize showed consistent trends with the FAMACsPbX3 perovskites. For
FA0.8Cs0.2Pb(lo.83Bro.17)3, the peak shift was observed to be AE1= 0.246 eV during spin-coating and
AE>=0.095 eV during annealing. For FA08Cso.2Pbls, these values were as low as AE1= 0.176 eV
and AE>= 0.054 eV. Similar to the results for the FAMACsPbX3 perovskites, the energy shift is
larger with Br inclusion. The excess growth stage is still observed and can be quantified by a
biexponential decay model (t1= 11.81s, t2=35.70s for FA0.8Cs0.2Pb(lo.83Bro.17)3, and t1=t=20.20 s for
FA0.8Cso.2Pbls). That it is less apparent than the FAMACsPbX3 perovskites might be attributed the

incorporation of MA to further assist the process originated from Br% addition.
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Supplementary Text A4.4 Discussion on the stability test of the perovskite
devices

Considering the extrinsic instability (mainly from moisture induced o-t0-6 phase
transformation, especially for FAMACSsPbIz) and the intrinsic instability (mainly from the defects
and ion migration, for both compositions), a set of stability test of non-encapsulated and
encapsulated devices were carried out (shown in Figure C4.20). We found without encapsulation,
FAMACsPbls went through a rapid decay after the first 24h, and quickly lost all PV performance as
the photo-active a-phase easily degraded to & phase. In comparison, the FAMACsPb(Io.gBro.2)3 still
retained ~30% of its original PCE after 300h aging even without encapsulation, indicating
relatively good phase stability due to the lowered tolerance factor from the excess MAPbBr3
incorporated.

Encapsulating the device prevent the penetration of oxygen and moisture that induces the
degradation of perovskite devices via many pathways. In contrasting with the devices without
encapsulation, FAMACSPbIz devices showed a much better stability improvement. After ~300h, it
retained approximately 77% of their original performance, while encapsulated
FAMACsPb(lo.gBro.2)3 devices went through a much faster decay rate where ~50% of their initial
performance were lost at the end of the stability test. These results again indicated the better
intrinsic stability of tri-iodide perovskite than the mixed-halide WBG perovskite potentially due to

their distinct formation dynamics and defect physics.
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Appendix B. Supplementary Tables

Supplementary Table B2.1 The DFT relaxed crystal structures of the solid-state
phases considered in chemical potential calculations

PEA KF F2 K PEAI I2

cubic orthorombic cubic orthorombic

Supplementary Table B2.2 PV performance of semitransparent perovskite solar
cells

Voo (V) Jse (MAJCT?) FF (%) Eff. (%)
Control 113 18.2 75.0 15.4
w/ PEAI 1.16 18.3 76.1 16.2
w/ F-PEAI 113 18.2 79.6 16.4
Target 1.17 18.6 81.1 17.7
Target 1.20 221 773 20.4

(Opague, Ag electrode)
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Supplementary Table B2.3 PV performance of record efficiency silicon and
CIGS solar cells used for numerical efficiency estimation

Voc (V) Jsc (MA/cm?) FF (%) Eff. (%)
Silicon® 0.74 42.3 83.8 26.3
ilicon(®
Silicon™ as rear cell 0.72 173 838 10.4
(calculated)
CIGSia 0.73 39.6 80.4 23.4

[10]

CIGS®™ as rear cell 0.71 17.2 80.4 9.9
(calculated)
Perovskite-Silicon 28.1
Perovskite-CIGS 27.5
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Supplementary Table B6.1 Optical and electrochemical properties of Y1 and Y2

Absorption spectra Cyclic voltammetry

Sol? Film® p-doping n-doping

Amax Amax  Aonset Egpt c Eg: /HOMO¢d Eorsd /LUMO? EEC
(nm)  (nm) (nm)

V)  (V)(eV) (V)I(eV) (eV)
Y1 738 802 905 1.37 1.05/-5.45 -0.45/-3.95 1.50
Y2 758 827 925 1.34  1.03/-5.43 -0.36/-4.04 1.39

Measured in chloroform solution.
Cast from chloroform solution.

Bandgap estimated from the onset wavelength of the optical absorption.
d.HOMO= -e (E> +4.4) (eV); LUMO= -e ( E'™ +4.4) (eV) using (eV) using Ag/AgCl as the reference

on

2 o o

electrode.

Supplementary Table B6.2 PLQY of Y1 or Y2 blend and pure films

PBDB-T:Y1 Polystyrene:Y1 PureYl PBDB-T:Y2 Polystyrene:Y2 Pure Y2
3.6 % 41% 0.3% 24 % 1.7% 0.5%
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Supplementary Table B6.3 Photovoltaic performances of different
donor/acceptor ratio of PBDB-T:Y1 and PBDB-T:Y2 based PSCs devices with
18 mg mL-1 under 0.8% CN.

] D/A ratio Voc Je FF PCE
pevices (W/w) (V) (mA cm?) (%) (%)
1.2:1 0.90 19.62 67.6 12.1

PBDB-T:Y1 11 0.87 21.69 70.5 13.3
1:1.2 0.86 19.38 68.6 115

1:1.5 0.81 19.97 64.4 10.1

1.2:1 0.85 18.92 66.5 10.7

11 0.81 22.89 71.1 13.2

PBDB-T:Y2 1:1.2 0.79 21.78 69.7 12.0
1:1.5 0.76 20.46 65.5 10.2

Supplementary Table B6.4 The mobilities data and EQEmax of PSCs based on
Y1 and Y2 blended with PBDB-T.

) Hh He EQEmax
Active layer?
y 10 cm2-vt.st 104 cm?-vt.st (%)
PBDB-T:Y1 1.56 3.04 12
PBDB-T:Y2 2.59 2.08 73
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Appendix C. Supplementary Figures

Supplementary Figure C2.1 Fermi level dependence of interaction energies.
Neutral and charge defect cases are both considered.
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Supplementary Figure C2.2 Energy levels of the WBG perovskite surface with
the various treatments. Bandgap of the perovskite was assumed to remain
unchanged to obtain the CBM.
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Supplementary Figure C2.3 PL spectrum for the fluoride and OAI treated
WBG perovskite films.
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Supplementary Figure C2.4 Side and top views of theoretical models used for V|
(two upper rows) and Pb; (two lower rows) defects complexation with fluoride
present nearby. Refer to Figure C2.1 for their corresponding interaction
energies. The Pb, I, C, N, H and F atoms are depicted as dark gray, purple, light
gray, blue, white and cyan spheres, respectively.

A Fluoride present near V, B Fluoride present near Pb,

Top view Top view
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Supplementary Figure C2.5 Top and side views of theoretical models used for V|
and Pb; charged defects interacting with bare PEA (a and b), PEA with fluoride
presents nearby (c and d), and their corresponding interaction energies at the
CBM. The Pb, I, C, N, H and F atoms are depicted as dark gray, purple, light
gray, blue, white and cyan spheres, respectively.

A Fluoride present near V, B Fluoride present near Pb,

Top view Top view

126



Supplementary Figure C2.6 The device geometry of the semitransparent
perovskite cells.
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Supplementary Figure C2.7 PCE distribution of the semitransparent perovskite
cells with the targeted synergistic passivation treatment (target) and without
any treatment (control).
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Supplementary Figure C2.8 EQE and the integrated JSC of the opaque
perovskite cells with target treatment.
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Supplementary Figure C2.9 tDOS extracted from the admitance spectroscopy
measurement for perovskite cells with or without treatment.
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Supplementary Figure C2.10 Transient photocurent current (A) and transient
photovoltage (B) measured for perovskite cells with or without treatment.
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Supplementary Figure C3.1 Photographs of ammonium salts in CF. Photographs
of (a) 30 mmol OALl in CF, (b) pure CF, and (c) 30 mmol PEAI in CF. OAI formed a
suspension in CF while PEAI remained undissolved at the bottom of the vial in (c).

132



Supplementary Figure C3.2 PL penetration depth estimation. Intensity decay
calculated using the Beer-Lambert law. The absorption coefficient is assumed to be 2
x 10° cmas was reported for a-FAPbI; thin films.? The penetration depth is defined

as the depth by which the intensity decays to % of its initial value.
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Supplementary Figure C3.3 In situ and time-resolved PL spectra of the
perovskite films. (a) Evolution of the raw PL spectra of the perovskite film
undergoing treatment with IPA. (b) Normalized time-resolved PL spectra of the
perovskite films on glass. Solid white lines are the fitted profiles using a mono-
exponential decay function. (c) Contour plot and (d) evolution of the PL intensity of
a perovskite film with time.
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Supplementary Figure C3.4 PAS profile of the perovskite films. PAS depth-
profiling of the (a) control and (b) treated perovskite films.

a (555
5 I
2 0.550 | ++
©
IRERRa
o
a
Q 0.545 -
-
w
@ Control
0540 Ll v vwiiil il
0.01 0.1 1 10 100
Mean depth (nm)
b 0555
po
£ 0.550
N I R P
o
S
2 0.545 -
L
w
@ Treated
0.540 L——iid 4w WETTHER.
0.01 0.1 1 10 100

Mean depth (nm)

135



Supplementary Figure C3.5 Device energy alignment and performance. (a)
Schematic band diagram of the energy levels of the IPA treated perovskite film
relative to the fermi level. Current density-voltage curves of the (b) control and (c)
treated devices in reverse (in black) and forward (in blue) scans.
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Supplementary Figure C3.6 Humidity stability testing on the perovskite films.
Absorbance at 600 nm of the perovskite films exposed to RH 75 = 10% with time.
Inset shows photographs of the films.
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Supplementary Figure C3.7 Modified surface treatment process. Schematic
performance for the (a) conventional and (b) modified surface treatments procedures.
(c) Enthalpy of adsorption of OABr on the surfaces.
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Supplementary Figure C3.8 In situ PL of films undergoing surface treatment.
Evolution of the PL intensity of films treated with (a) 10 mM OAI or (b) 10 mM
PEAI as a function of time.
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Supplementary Figure C3.9 In situ PL of films undergoing post-annealing.
Contour plots of perovskite films treated with (a) 25 mM OAI or (b) 25 mM PEAI in
IPA undergoing post-annealing. Evolution with time of the raw PL spectra of the
films treated with (c) 25 mM OAI or (d) 25 mM PEAI during post-annealing. (E)
Deconvoluted peaks of the PL spectra at 300s for the OAI treated film.
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Supplementary Figure C4.1 XRD results of the as-cast and fully annealed
perovskite films of FAMACsPbXzs. (A) The XRD patterns of the as-cast and fully
annealed perovskite films of FAMACsPbX3. (B) The extracted peak intensities of
the (001) peak of perovskite and the Pbl2 peak.

A B mm FAMACSsPbI,
——FAMACsPbl, (002) mm FAMACsPb(ly sBry ;)5
(001) FAMACsPDbI, as-cast
——— FAMACSsPb(l, 3Bry ,); o as-cast
—— FAMACsPh(l; 4Br, ,); as-cast s
# Pbl, o
5 S
) =3
2 fully annealed
g
£ 111
£ # (011) 1) J
J L L v as-cast
3
o
=
J’\i ‘A_ :
fully annealed
A A |
10 15 20 25 3

0 Peak Intensity (a.u.)
2Theta (degree)

140



Supplementary Figure C4.2 XRD results of the as-cast and fully annealed
perovskite films of FACsPbXas. (A) The XRD patterns of the as-cast and fully
annealed perovskite films of FACsPbXs. (B) The extracted peak intensities of the
(001) peak of perovskite and the Pbl, peak.
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Supplementary Figure C4.3 XRD spectra of (001) peak of FACsPbXs films.
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Supplementary Figure C4.4 SEM image of CSFAMAPDb(losBro.2)s and
CsFAMAPDIs. Flakes-shape Pbl, can be observed on the CSFAMAPD(losBro2)s
surface. For CSFAMAPDI; prepared as exact same annealing condition, surface Pbl;
can be hardly observed.
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Supplementary Figure C4.5 XRD results of MAPb(IxBri-x)s films. High
resolution diffraction patters at the 26 range of 13.5- to 15.5¢ of the as-cast, pre-
annealed (65°C for 1 min), and fully annealed (100-C for 10 min) MAPb(I1xBri-x)s
films (without MACI additive). From A-E are X=1, 0, 0.9, 0.8 and 0.5, respectively.
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Supplementary Figure C4.6 XRD results of FAPb(IxBri.x)s films. High resolution
diffraction patters at the 26 range of 13.5- to 15.5- of the as-cast, pre-annealed (65°C
for 1 min), and fully annealed (100-C for 10 min) FAPb(IxBri-x)s films (without
MACI additive). From A-E are X=1, 0, 0.9, 0.8 and 0.5, respectively.

FAPbI, FAPbBr,
A —:-full annealing i B full annealing !
' |
/\“ﬁﬂw‘. :
1 1
1 1
1 1
=§ —r pre-annealing 5 pre-annealing
& 1 o I
2| = |
@ I ‘@A |
= 1 b 1
2 ' 2 !
£ |~ —~ ~ e ] 1
! !
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
[ 1
14.0 14.4 14.8 15.2 14.0 14.4 14.8 15.2
2Theta (degree) 2Theta {degree)
FAPb(l, sBry 1) FAPb(l, ;Bry ;) FAPb(l, ;Br¢ 5)s
c —ﬁlkll annealing . D Tull Ihnnealiné ' E full annealing : ’
1 ]
1 1 I
1 1 I
1 1 I
1 1 1
3: pre-annealing : prejannealing :! pre-annealing |
= 1 = 1 5 1
B} : > | 2 :
‘o ! ‘o ! A I
= 1 < 1 c 1
2 ' 2 1] |
kS | c ; c %
el A avate AVAY kb "“.“ ,uij Tty . i )
1 1 I
1 1 I
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
I I 1
1 1 I
14.0 14.4 14.8 15.2 14.0 14.4 14.8 15.2 14.0 14.4 14.8 15.2
2Theta (degree) 2Theta (degree) 2Theta (degree)

144



Supplementary Figure C4.7 XRD results of FAPb(IxBri-x)s films with MACI
additive. High resolution diffraction patters at the 26 range of 13.5° to 15.5¢ of the
as-cast, pre-annealed (65°C for 1 min), and fully annealed (100-C for 10 min)
FAPDb(IxBri-x)s films (with MACI additive). From A-E are X=1, 0, 0.9, 0.8 and 0.5,
respectively.

FAPbDI,; with MACI FAPDbBr; with MACI

A :full annealing ' B full annealing T :

| jL

! 1

| I

! I

! |
‘2_{ |;:are—annealing 3 pre-annealing |
s | s
2| z |
‘B | 7] |
g 5 :
c £ I
= A .

l !

! 1

1 .

: |

! 1

' :

14,0 14.4 14,8 15.2 14.0 14.4 14.8 15.2
2Theta (degree) 2Theta (degree)
FAPD(l, 4Br ,); with MACI FAPbD(l, 4Br, ,); with MACI FAPb(l, sBr, 5); with MACI
C ——full annealing ' D Full :!Imnealing'; ' E Tull annealinlﬁ )

= pre-annealing pre-annealing
|

N L
pre-annealing

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

>

I

I

|

I

I

I

I

:
14.0 14.4 14.8 15.2 14.0 14.4 14.8 15.2 14.0 14.4 14.8 15.2
2Theta (degree) 2Theta (degree) 2Theta (degree)

145



Supplementary Figure C4.8 XRD results of FAMACsPb(I1xBri-x)s films. High
resolution diffraction patters at the 20 range of 13.5- to 15.5¢ of the as-cast, pre-
annealed (65°C for 1 min), and fully annealed (100-C for 10 min) FAMACsPb(IxBr:-
x)3 films (without MACI additive). From A-E are X=1, 0, 0.9, 0.8 and 0.5,
respectively.
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Supplementary Figure C4.9 XRD results of FACsPb(I1xBri-x)s films. High
resolution diffraction patters at the 26 range of 13.5- to 15.5¢ of the as-cast, pre-
annealed (65°C for 1 min), and fully annealed (100-C for 10 min) FACsPb(IxBri-x)s
films (without MACI additive). From A-E are X=1, 0, 0.9, 0.8 and 0.5, respectively.
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Supplementary Figure C4.10 Selected spectra from in-situ PL measurements.
During spin-coating (A and C) and annealing (B and D) for FAMACsPbl; and
FAMACsPb(lsBro2)s. Gaussian fitting results shown in grey lines.
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Supplementary Figure C4.11 The extracted values of emission peak position for
FAMACSsPDb(I,Br)s perovskite with Br% of 20%, 10%, 5% and 0%. A slight rise
in peak position observed before ~50 s is result from the enhance and broadening of
the PL signal (details disccued in Figure C4.13).
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Supplementary Figure C4.12 UV-Absorption curve (in Tauc plot) and static PL
spectra of the fully annealed perovskite films.
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Supplementary Figure C4.13 The contour plot of the captured PL spectra
during the growth of FACsPbXs perovskites. (A) FACsPb(los3Bro.17)s and (B)
FACsPbl; films during spin-coating (left) and annealing (right).
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Supplementary Figure C4.14 The extracted values of emission peak position (A),
PL intensity (B), and FWHM (C) from the in-situ PL measurements for
FACsPbXs perovskites. By fitting the peak position signals during annealing with a
biexponential decay model, it was found that the FACsPb(los3Bro.17)s film also
exhibited an excess growth stage (two-stage transition) while the FACsPbl; film still
had a one-staae transition.
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Supplementary Figure C4.15 PL signals at absolute time scale near CB casting.
By fitting the peak position signals during annealing with a biexponential decay
model, it was found that the FACsPb(log3Bro17)s film also exhibited an excess growth
stage (two-stage transition) while the FACsPbl; film still had a one-stage transition.
The extracted values of emission peak position (A) at the absolute time elapsed and
the corresponding raw PL spectra (B) near the moment of CB (anti-solvent) casting
replotted from the original dataset of Figure 2D (left slab). The PL transition near CB
dripping could be rationally divided into three stages: (I). Before CB dripping that no
PL could be observed (refer to the spectrum of 125s). At this stage, the “Peak
Position” values were simply extracted from gaussian fitting of the background
spectra. (I1). CB with boiling point as high as 132°C will take seconds to fully spin-
off and evaporate from the film surface after dripping. At this “CB drying” stage,
quasi-stable nanoscale surface perovskite nuclei with strong quantum confinement
effect could form but could also re-dissolve into the residual solvent in the wet
precursor film bulk (even though the overall thermodynamics would move to the
direction of nuclei growth). The composition of these nuclei can far deviate from the
precursor and with much higher Br%. As a result, the actual PL signal started to form
from extremely lower intensity and at much higher energy level (also refer to Figure
2E), while the fitted PL peak position value also rose from that of the background
spectra. (I11). After the CB and residual solvent being mostly removed, and PL signal
starts to form as perovskite grows initiated from the surface. An obvious rising and
broadening of PL was observed at this stage, and with the rapid increase in PL
intensity and FWHM, peak position naturally went through slight increased (blue
shift) as an increase in charge carrier density populating in the excited states. These
electronic dynamics upon nucleation occurs much faster than the bandgap change
due to halide migration and homogenization, thus dominated the peak position
changes at this stage.
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Supplementary Figure C4.16 Side (A) and top (B) view of the optimum crystal
structure of DMSO:PbXX’ adduct. X sites were assumed to be | in the structure.
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Supplementary Figure C4.17 The calculated results of surface energy difference
in tri-iodide perovskites and tri-bromide perovskites with cations to be Cs, MA,
or FA.
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Supplementary Figure C4.18 Fermi energy (Er) dependence of the defect
formation energy of FA vacancy and FA interstitial point defects. FAPbI;

(orange line), FAPb(losBro2)s (black line) and FAPbBr; (green line). Er = 0 was set
at VBM.
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Supplementary Figure C4.19 Supplementary J-V characteristics of perovskite
solar cell devices. (A) CsSFAMAPD(losBro2)s and CSFAMAPbDI; without OAI surface
treatment; (B) CsSFAMAPD(lo.95Bro 05)3.
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Supplementary Figure C4.20 Photo stability test of perovskite solar cells. The
devices are based on FAMACsPbl; and FAMACsPb(losBro2)s under (A) non-
encapsulated or (B) encapsulated conditions. Data was obtained from the average of
6 devices of each condition. The samples were aged under illumination of 90 (x10)
mW/cm? at open-circuit and cooled by a mini fan during the test.
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Supplementary Figure C5.1 Optimized geometries of FAI-terminated surface and
the surface point defects.
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Supplementary Figure C5.2 Optimized geometries of Pbl,-terminated surface and
the surface point defects.

Pbl, terminated surface




Supplementary Figure C5.3 Calculated density of states (DOS) of FA-I terminated
FAPDI; perovskite with surface point defects that do not form deep-level traps.
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Supplementary Figure C5.3 Calculated density of states (DOS) of FA-I terminated
FAPDI; perovskite with surface point defects that do not form deep-level traps.

A, B, “ | Cun
10 ©Pb
150
B B 3
[SRFY s Yo
& 2 2
g w0 ] oo % o0
2. g ﬂ £ o
5 P P
s0 | E
L E L - | i ! \ﬂ i s
'I.” S | | ‘} f S
J \
o o+—- o -
5 % - 2 o 0 2 4 6
Energy[ ev] Energy [eV] Energy lev]
— ot

150
5 15
5

-

DOS/States per eV (g
v 3 8 K B %

DOS/States pereV M
———
s
a
e
DOS/states per eV
DOS/states per eV gy

-
=
@
&
-
-

, o %
Energy [ev] Energy [ ]

162



Supplementary Figure C5.4 Calculated density of states (DOS) of Pbl, terminated
FAPDI; perovskite with surface point defects that do not form deep-level traps.
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Supplementary Figure C5.5 Complete XPS spectra of FAPbI3 thin films and the
corresponding atomic ration of Pb and 1.
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Supplementary Figure C6.1 *H NMR spectrum of 2-(6-ox0-5,6-dihydro-4H-
cyclopenta[c]thiophen-4-ylidene)-malononitrile (INTC)
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Supplementary Figure C6.2 *H NMR spectrum of compound 3.
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Supplementary Figure C6.3 *H NMR spectrum of compound 5.
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Supplementary Figure C6.4 *H NMR spectrum of compound 6.
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Supplementary Figure C6.5 *H NMR spectrum of Y1.
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Supplementary Figure C6.6 *H NMR spectrum of Y2,
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Supplementary Figure C6.7 The high resolution mass spectrum (MALDI-TOF) of
Y1land Y2
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Supplementary Figure C6.8 (a) Molecular structural formulas of the donor (PBDB-
T) and acceptors (Y1 and Y2) used. (b) Device architecture of the solar cells.
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Supplementary Figure C6.9 Thermogravimetric analysis curves and heat flow

curves of a, Y1. b, Y2 with a heating rate of 20 K min.
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Supplementary Figure C6.10 Cyclic voltammograms of Y1, Y2 and PBDB-T films
measured in 0.1 M BusNPFg solution at the scan rate of 20 mV/s.
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Supplementary Figure C6.11 J-V plots in both forward and backward direction of
the cell based on PBDB-T:Y1.
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Supplementary Figure C6.12 PCE verification by Newport. Independent
certification by Newport Corporation of PBDB-T:Y1 blend film solar cell confirming
a high V. of 0.88 V and a stability power conversion efficiency of 12.56 %.

e 7

: wrrmmmmsm'c )
\ Wnﬂhwﬂhﬁ-x Wuu'c.mmuou \
mmmummmwmmmnmmm1msswnurvubuw
1 uncerinties -n mmm-zuwmm i

| Other mesuirements and

The pecformance paramesrs regonsd in this.

‘mm&umﬁuﬂnmm

mmmnnmwuuauuuWn»mmmmu

- voltage (enrrent for Ve determinktion) is held constast wril the seasured carreat (volfaze for 3 )
wmﬂmuummmmmwwm

'T‘ﬂ Wmmmmmmmnm

1 {088 » D0L7 ‘,!.&M..

1661 s 03 |w m A )

R mmnewww#mmvmmm (Il
Asmml-lswrulﬁuuﬁrw v Mooy md. rolfatc )

”\ j""w Wy
) o Spectrum; AMI BGIASMGQTS@IECWdZ)
: ‘mnwm'-zs '

( Cmﬁnlihn cument mmm m 124,
DI b«m Ul -ewms m '
e sm Nmmmmm &-msmmxr (
 Total imsdimee: |mwan'wal,orhmmmm i

':'Q-'-m-nmmnom b
| Newport m.—agwmu:ﬁauumm
-8 SWMWWM-IMMMB W
. Jw‘rcamm ‘ ( / i
Nc-mcamd :(m wan
i WWWWB(WMM
mvu — T

176



Supplementary Figure C6.13 Eq distribution of PBDB-T:Y1 or Y2 solar cell.
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Supplementary Figure C6.14 (a) Out-of-plane GIWAXS profiles for the PBDB-
T:Y1 and PBDB-T:Y2 films. (b) In-plane GIWAXS profiles for PBDB-T:Y1 and
PBDB-T:Y2 films.
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Supplementary Figure C6.15 AFM height images (0.6 um % 0.6 um) of the active
layers: (a) PBDB-T:Y1 film and (b) PBDB-T:Y?2 film.
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Supplementary Figure C6.16 (a) Hole-only and (b) electron-only devices based on
PBDB-T:Y1 and PBDB-T:Y2 films.
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