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Introduction and General Principles

Adbvances in thin-film semiconductor technology will find applications
in highly efficient and low-cost photovoltaics. Hybrid-halide perovskites
have emerged over the unprecedented timeframe of the last 6 years
as a promising class of materials for such applications. Most notably,
their solar cells have achieved power conversion efficiencies above 20
% in the laboratory basis, even though many fundamental questions still
remain unanswered. Therefore for the halide perovskite thin-films to
have an impact beyond the laboratory requires a systematic understanding
and eliminating sources of losses. This chapter starts with the most
important properties of halide perovskite thin-films in comparison with
other photovoltaic semiconductors as well as some unanswered questions
regarding the properties. Next, we discuss material imperfections as the
sources of losses, and describing the methodology used in this thesis
to identitfy and eliminate those losses. Finally, we provide description
and important findings in each chapter to outline the overall motivation
covering this thesis.

1.1 Halide perovskite thin-films

The dramatic rise of halide perovskites in photovoltiacs has caught the attention of
scientists across many fields, and the initial hype has been followed by investiga-
tion of perovksite’s structural, optical, and electrical properties. Perovskites offer
a combination of the characteristics of inorganic and organic semiconductors: the



1 Introduction and General Principles
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Figure 1.1: Schematic of cross-sectional scale (drawn to scale) of perovskite thin-films
compared to other micron-scale relevant objects.

chemical tunability of their optoelectronics properties and low-temperature and solution-
based deposition recall organics; their relatively high carrier mobility, diffusion length,
and radiative lifetime more resemble those of polycrystalline semiconductors (Table
1.1). These attractive properties have inspired dreams well beyond photovoltaics, and
research in sunlight-to-fuel conversion [1], light-emitting diodes (LED) [2, 3], lasers [4—
6], photodetectors [7, 8], and recently thermochromics [9] is already underway.

Although rapid progress has been made, many fundamental aspects of halide
perovskite materials still remain mysterious. Notable examples include the role of
non-stoichiometric starting precursors (small fraction of chloride, acetate, or water
content) in the formation of CH3NH3Pbls, the origin of the electrical hysteresis seen
in many solar cells, and the underlying reason for such high open-circuit voltages and
slow recombination in thin-films containing a large density and diversity of defects
(vacancies, chemical impurities, grain boundaries, unpassivated surfaces) that in most
material systems would be considered of very low quality [10]. Also, because of
their promise for large-scale applications such as photovoltaics, stability problems and
degradation mechanisms must be well characterized. In these and other remaining
puzzles, there is ample room for contributions from scientists and engineers with
different backgrounds working in both experiment and theory. While many have
chronicled the development of halide perovskite photovoltaic devices, this introduction
focuses on the structure and deposition methods, before surveying their unique optical
and electrical properties, noting areas that still require further investigation.

1.1.1 Crystal structures

The general formula of the perovskite crystal structure is ABX3, in which A is the larger
cation, B is the smaller cation, and X is the anion. In the most common hybrid-halide
perovskites these are, respectively CH3NH3*, Pb2*, and a halide (I",Br~,and CI7) or
mixture of halides. The smaller B cations are octahedrally coordinated by X anions,
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1.1 Halide perovskite thin-films

with the octahedra sharing corners in a three-dimensional (3D) lattice. The larger A
cations fill the vacancies between the octahedra and have twelve X nearest neighbors.
The possibilities for cation A and B are limited by the stability of the resulting structure,
which can be estimated geometrically by the Goldschmidt tolerance factor and an
octahedral factor introduced by Li [11]. Although these two parameters are quite
successful in predicting the formation of a perovskite, predicting which distortions
occur to the archetypical cubic structure is more difficult because these geometric
factors do not account for ionic or covalent-bonding interactions, vibrational motion, or
hydrogen bonding. These distortions reduce the symmetry of the lattice into a tetragonal
or orthohombic space group, but the distorted perovskite retains the chemical formula
and coordination numbers of the archetypical cubic structure.

To determine the structure and space group of perovskite experimentally, X-ray
diffraction (XRD) is typically used, but it provides limited information. For example,
in CH3NHj3PbI3, the position of the CH3NH;3™ is determined only indirectly by its
effect on the inorganic portion of the crystal. Analyzing the position and orientation of
this molecule within the 3D framework is important since alignment of the C-N dipoles
is proposed to be the source of ferroelectricity in this materials. The rotational freedom
imparts pseudo-spherical symmetry to the CH3NH3 " which is necessary for a cubic
structure [10].

1.1.2 Methods of deposition

One of the key benefits of perovskites is the apparent simplicity of their preparation;
however, often a simple procedure belies complex thermodynamics and kinetics that
give the material its unique morphology and properties. The CH3NH3Pbl3 perovskite
thin-films have been produced primarly by precipitation from solution: the metal
halide and organic halide are dissolved, and spin-coating followed by evaporation
yields perovskite thin-films. Additionally, a combination of two-step processes in both
solution and vapor phases have been explored as well as fully vapor-phase methods.

Common solvents include Lewis bases such as dimethylformamide (DMF),
dimethylsulfoxide (DMSO), and gamma-butyrolactone. Little is known about the
species present in solution, although solvents such as DMSO and DMF are known to
coordinate to Pb>* halide salts [12—14], and Pb?* halide complexes are common in
aqueous solutions of excess halide [15, 16]. The morphology of the resulting films
produced from solution depends critically on the choice of solvent(s), the mode of their
removal, and also on the substrate’s morphology and surface chemistry [17-20, 22, 58].
For example, using DMSO in a mixture of solvents produces an intermediate phase
after spincoating that then crystallizes into the perovskite film upon annealing [19].
Addition of a hydrohalic acid into the precursor solution has offered some improvement
in the film morphology, but the underlying reason remains unclear [20, 22, 23, 58].

In order to gain better control over the deposition of CH3NH3Pbl3, a two-step
solution process was developed and has in general produced solar cells with higher
efficiencies than the single-step process [24], which could be due to the film’s different
carrier type and doping concentration. In this approach, either Pbl, or PbCl, is
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1 Introduction and General Principles

dissolved in DMF, spincoated onto a substrate, and then dried into a film. This film is
then either dipped into an alcoholic solution of excess CH3NH3I alone or a CH3NH3]I -
CH;3NH;3Cl mixture [24, 25] or spincoated repeatedly with such a solution to convert
the lead-halide film into the perovskite [26]. When such a process is applied to PbCly,
CH;3NH;3Pbl; is formed, presumably because according to the theory of hard and soft
acids and bases [27] the softer, more polarizable I~ has much greater affinity for Pb?*
than the much harder C1~. As this approach requires diffusion of the CH3NH;3* cations
into the lead-halide matrix, it is possible that there is a thickness limitation on the films
formed by this approach or higher temperatures or longer times are required to produce
thicker films [28].

Vapor-phase methods produce halide-perovskites with different morphology and
crystal structure. Co-evaporation of PbCl, and CH3NHsl in a vacuum deposition
chamber yields highly uniform CH3NH3Pbl; films with excellent photovoltaic charac-
teristics [30]. The evaporation rates of the precursors determine the composition of the
resulting perovskite, and the CH3NH3Pbls produced was confirmed to be cubic rather
than the usual tetragonal phase that exists at room temperature.

Table 1.1: Comparison between CH3NH3Pbl3-based perovskites and other photovoltaic technologies.
Perovskites have many of the advantages of polycrystalline semiconductors such as CIGS and CdTe,
but they are processed from solution-like organic materials or quantum dots. Material characteristics
refer to values measured for materials similar to those used in the highest performing solar cells. This
table is adapted from [10] with updated number of column 2; the efficiency[29].

Photovoltaic | Power Absorption | Diffusion Carrier Carrier
technology | conversion | coefficient | length mobility lifetime °
efficiency | (cm™1)# (um) ? (cm?/V.s)?
%)
c-Si 26.7 102 100-300 | 10-103 4 ms
GaAs 28.8 10* 1-5 >103 50 ns
(thin-film)
CIGS 22.6 103 - 104 0.3-0.9 10 - 102 250 ns
CdTe 21.5 103 04-1.6 10 20 ns
Organic 12.1 103 - 10° 0.005 - |107°-107* | 10-100 us
0.01
Quantum 13.4 102 - 103 0.08-02 | 1074-1072 | 30 us
dot
Perovskite | 22.7 103 - 104 0.1-1.9 2-66 270 ns

T under AM1.5 (100 mW/cm?)

¥ at 300 K in the vicinity of the band edge

> of the minority carrier (c-Si, GaAs, CIGS, CdTe, Perovskite) or the mobility of the
exciton (Organic, Quantum dot)
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1.1 Halide perovskite thin-films

1.1.3 Optical properties

Understanding the optical response of halide perovskite thin-films is crucial for
optoelectronic applications such as photovoltaics, but it can also provide insight into
the electronic and chemical structure.

Although tuning the band gap of perovskites is well documented, a more detailed
understanding of these materials’s optical properties awaits further research. For
instance, dielectric constants in the ultraviolet, visible, and near-IR regions are critical
to understanding the optical response of perovskites and also to calculating their absorp-
tion and emission properties when incorporated into optoelectronic devices. Progress in
this area has been hindered by the difficulty of producing continuous films of sufficient
smoothness [31] to avoid measurement artifacts from spectroscopic measurements of
reflectance, transmittance, and ellipsometry. Film characterization using ellipsometry
usually accounts for remaining surface roughness via modeling to produce the most
reliable optical constants possible remains to be independently confirmed. Quantitative
absorption coefficients have been determined from the absorption of CH3sNH3Pbl3 on
quartz [32], and glass [5], yielding values of 10* cm™! near the band edge, but no
detailed data of the film’s morphology has been provided and no corrections for the
surface’s inhomogeneity have been applied; consequently, the reported values are only
preliminary, but they are consistent with the absorption coefficients calculated based
on the optical constants of CH3NH3Pbls [35]. Additionally, the absorption spectrum
of CH3NH;3Pbls when it is deposited within a mesoscopic template differs from that of
perovskite deposited on planar substrates, which has been attributed to changes in the
crystallite morphology that affect the optical transition. Band structure calculations
indicate that this change in morphology affects the dipole screening of the excitonic
transition [36]. Such differences further complicate accurate determination of the
absorption coefficient and other optical parameters of perovskite films, so control over
the materials properties of perovskites is of the greatest importance for characterization
and applications.

The role of excitons in perovskites has been a topic of considerable debate. Recent
studies indicate, however, that no significant population of excitons is present in
photovoltaics made from CH3NH3Pbl3, whose excition-binding energy has generally
been reported between 20 and 50 meV and is therefore comparable with the thermal
energy at room temperature (kT = 26 meV) [37, 38]. Although the population of
excitons is small in photovoltaics and remains small even at the higher excitation
densities required for stimulated emission [38], the excitonic transition significantly
enhances the absorption of hybrid perovskites near the band edge; consequently, the
electronic band gap taking this into account is 1.65 eV for CH3NH3Pbl;. The density
of excitons and associated effects should be greater in perovskites with higher band
gaps, such as CH3NH;3PbBr3, whose binding energy has been estimated to be between
15 to 40 meV [39, 40].

Photoluminescence (PL) has been observed in perovskites of pure and mixed
compositions. PL efficiency depends strongly upon pump fluence. At low excita-
tion intensities, trapping of photogenerated charges competes effectively with direct
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1 Introduction and General Principles

radiative recombination of electrons and holes, reducing luminescence [41]. As the
excitation increases, these traps are filled and radiative electron-hole recombination
dominates. In this regime, studies have confirmed low trap-induced recombination and
two-body recombination dynamics over a range of pump intensities [42, 43]. At higher
pumping, the PL efficiency falls as Auger recombination becomes more competitive at
the higher carrier densities [31, 32, 38]. PL lifetime measurements have been reported
for CH3NH3Pbls and CH3NH;3Pbls_,Cl,, with longer lifetimes exhibited by the latter
(3 to 18 ns versus 91 to 341 ns). In general, it is difficult to compare lifetimes directly
unless they are measured at the same pump fluence, and the wide range of reported
lifetimes for each material is likely due to a combination of varying excitation density
and synthetic procedures. For solution-processed polycrystalline semiconductors, such
lifetimes are surprising especially considering that essentially nothing has been done to
reduce recombination at surface or grain boundaries. Considering that the perovskites
exhibit clear self-absorption in their PL [38] and lasing spectra [32], it is not surprising
that photon recycling has been reported to play an important role in their excited state
dynamics when pathways of non-radiative decay are adequetely suppressed [33, 34].

1.1.4 Electrical properties

For solution-processed semiconductors with domain sizes below a few micrometers,
halide perovskites exhibit unprecedented carrier transport properties that enable their
stellar performance in photovoltaics. Quantitatively characterizing this transport,
understanding the materials properties that give rise to it, and developing ways to
improve it are all key directions for research.

The intrinsic electrical properties, such as carrier type, concentration, mobility, and
diffusion lengths in halide perovskites have exhibited a large range of values often
influenced by the method used to prepare the films. Additionally, the lack of smooth
and uniform films on which to perform measurements can make the determination of
intrinsic electrical properties challenging since conventional techniques often assume
the sample exhibits a specific geometry. The carrier type is typically measured using
thermoelectric measurement of the Seebeck coefficient, Hall measurement of the
conductivity’s response to an applied magnetic field, or thin-film transistor’s response
to a gating electric field. The Seebeck, Hall, and early resistivity measurements on
polycrystalline CH3NH;3Pbl; indicated n-type conductivity, a carrier concentration of
~10° cm™3, and an electron mobility of 66 cm?/V.s [44]. From Hall measurements,
the electron mobility for n-type films deposited from stoichiometric precursors was
determined to be 3.9 cm?/V.s [45] which is in accord with the 8 cm?/V.s measured
using terahertz spectroscopy [46], a technique that usually provides an upper limit
because it neglects long-range carrier scattering [45]; however, it is not surprising that
the mobility depends strongly on the preparation of the film.

The electron mobility of polycrystalline CH3NH3Pbl; films compares favorably
to that of films of other materials used as absorbers in solar cells. It is larger than the
thin-film mobility of polymers (1077 to 1 cm?/V.s) [47, 48] and colloidal quantum
dots (1073 to 1 cm?/V.s) [49] and it is comparable with that of CdTe (10 cm?/V.s) [50],
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1.2 Sources of losses

CIGS and CuyZnSnS, (CZTS) (10 to 100 cm?/V.s) [51, 52] and polycrystalline Si
(40 cm?/V.s) [53]. Even in polycrystalline form, hybrid perovskites’s inexpensive
processing and tolerance to defects offer a significant advantage over conventional
semiconductors.

As is the case for other polycrystalline semiconductors, electrical properties in
hybrid perovskites are likely correlated with the film morphology. For instance, the
dark and light conductivities of CH3NH3Pbl3_,Cl, deposited on a planar scaffold or
on mesostructured aluminum oxide are quite different [56]. This difference has been
attributed to an increase in the perovskite Fermi level in the mesostructured scaffold
either through more surface iodide vacancies or through electrostatic gating from the
aluminum oxide. Also, the role of grain boundaries in conduction through perovskite
films has not been thoroughly explored, although passivation of grain boundaries with
Pbl, has been correlated to increased radiative lifetimes [57]. Inspired by the literature
on organic solar cells, solvent annealing has been applied to CH3NH3Pbl3 solar cells
to increase the grain size of the films to ~1 pm [58]. Such processing results in an
increase in the photovoltaic performance and radiative lifetime.

1.2 Sources of losses

Generally, materials with a simple processability, such as halide perovskites, would pose
a non-negligible level of defects at temperatures relevant for solar cell applications.
However, halide perovskite thin-films are considered tolerant to defects [59, 60],
relative to conventional semiconductors, and their solar power-conversion-efficiencies
already exceed 20 % [61]. Nevertheless, defects still remain one of the critical issues
that underpin limitations for further progress of approaching maximum attainable
performance. Therefore, with improved engineering methods to control defects, the
solar cell power-conversion-efficiencies can be expected to continue approaching the
Shockley-Queisser limit [62]. Although theoretical studies of defects have proven
useful, experimental confirmation of these results remains paramount. One main
obstacle is the inability to identify and decouple the sources of losses. The well-
known sources of losses are due to (1) impurities (point defects) and dislocation (line
defects) in the bulk, (2) surface imperfections at the front- and back-surfaces, and
(3) grain boundaries; all contribute in parallel to the total recombination process of
halide-perovskite thin-films [63]. Precise identification of the bulk, surface, and grain
boundary effects can help close the gap between our current understanding of defects
and their implications for optoelectronic properties, and devices.

1.2.1 Bulk recombination

The bulk recombination occurs via point and line defects. Point defects include
vacancy, interstitial, anti-site substitution, Frenkel defect (vacancy and interstitial
co-exist at the same ion), and Schottky defect (cation and anion vacancies). While
line defects form from dislocation of propagation point defects. These defects are
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Figure 1.2: Basic topological imperfections showing the source of losses in halide
perovskite thin-film: bulk, surfaces, and grain boundary. Each contains different
characteristics and types of defects (illustrated by the colors).

thermodynamically favourable within the halide perovskites when their formation
energies are negative [59, 60, 63]. Since the formation energies depend on atomic
and chemical arrangements of the materials, they can vary under different growth
conditions. A high-purity bulk (contains only a few parts per millions of impurities) is
typically limited to a high temperature and slow grown process, such as the Czochralski
method for monocrystalline silicon [64]. Bulk defects can contribute to several unusual
phenomena in halide perovskites, such as ionic migration associated with the device
electrical hysteresis [10].

1.2.2 Surface recombination

Interfaces consist of various dangling bonds at terraces, kinks, steps, vacancies, and
ad-atoms where all non-radiative recombination can take place [65]. These interfaces
can occur between the halide perovskite and air (surface), the substrate, another
dielectric layer or with a contact layer. Surface and interface quality often has major
implications on final device characteristics (particularly the open-circuit voltage and
external quantum-yield). Surface recombination velocity is the standard metric used
to assess the electronic quality of the front- and back-surfaces in semiconductors [66].
This recombination increases proportionally to the charge density at the interfaces.
In a standard device configuration where the incoming light comes from the top, the
highest charge generation rate and therefore highest recombination takes place at the
front surface. There are two general strategies to minimize surface recombination: (1)
reducing the surface state density, and (2) reducing the minority carrier density at the
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1.3 Methodology for identifying losses

surface. The first strategy relies on chemical passivation, for instance, by using an
appropriate heterojunction [67], while the second one relies on field effect passivation,
created for example by heavily doping the surface [54].

1.2.3 Grain boundary recombination

A misorientation between crystal planes creates a grain boundary. This can occur
during a fast crystallization process [68]. Any segregation across the grain boundary
induces excess free energy which is used to equilibrate the mechanical strains of the
planar defect. In other words, the more grain boundaries, the higher mobility toward
deformation [69—71]. Abnormal grain growth can occur if there is a large variation in
grain boundary mobility and interfacial energy. Thermodynamic principles allow us
to predict the grain boundary energies based on their crystallographic misorientation
angles. At low angle, the energy enhances proportionally with misorientation, but then
strongly depends on population numbers of the misorientation angles [72]. Although
the driving forces for forming grain boundaries are similar to those of bulk and surface
defects, the implications can be slightly different. For example, there is no fixed charge
at the crystalline grain boundaries, therefore the band bending is solely governed by
charges at the interface that can be compensated at much lower injection levels [73].
This leads to a higher recombination rate compared that of the front- or back-surface,
where fixed charges can reside in the adjacent dielectric layers [74]. Halide perovskite
thin-films contain a large grain boundary density. In conventional semiconductors,
such as crystalline silicon, grain boundaries create deep-level defect states that reduce
carrier lifetime and mobility. On the other hand, the role of grain boundaries in halide
perovskite materials remains unclear, with conflicting reports suggesting they are
detrimental, unimportant, or even beneficial [75, 76]. A technique that can be suitably
used to identify the grain boundaries in halide perovskites will open a great avenue
to engineer numerous types of grain boundaries and understand their correlation with
optical and electrical properties.

1.3 Methodology for identifying losses

Bulk, surface, and grain boundary defects occur in all thin-film semiconductors.
However, differentiating the losses contributed from each mechanism is not straight
forward. This requires complete characterization of the materials system and the ability
to independently vary the density of each defect. Experimental results are quite often
deceiving, given the sensitivity of halide perovskites to a wide variety of stimuli used
in standard characterization techniques (electron/ion beams, laser, electric fields) as
well as environmental conditions (humidity, temperature, oxygen). This makes careful
and highly controlled experiments that can measure materials properties accurately and
reproducibly very important. These material properties then can be used as reliable
inputs for modelling and simulations. The methodology used in this thesis attempts to
improve our understanding, while pointing the way forward to eliminate the losses, and
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1 Introduction and General Principles

finally utilizing this knowledge to design even better performing devices. Figure 1.3
shows a development cycle of understanding the losses for thin-film halide perovskites.

1.3.1 Modelling can tell everything about solar cells

Solar cells consist of multilayer stacked structures (generally). The losses can be
identifed from the interface, contact, and bulk properties. Standard methods use first
optical simulations taking into account interference between different layers, or using
ray optics if combined with wafer based system such as for perovskite-silicon tandem
cells. From optical simulations allow for thickness and geometry optimization to
minimize parasitic absorption and reflectance losses: all are useful information for
device fabrication. The generation rate obtained from the optical simulation can be
used for input into the electrical simulation to solve the drift-diffusion equation in
which solar cell performance can be predicted. The system becomes more complex
when grain boundaries are considered, as the transport becomes a 3D problem. Grating
or nanostructured embedded contacts can add additional complications that require full
3D modelling. Nevertheless, a sufficiently sophisticated model can tell us everything
we need to know about the solar cells. Quite often modelling provides useful insights
into counterintuitive experimental observations. This is a very important feedback loop
to carefully design a clean system for measurements.

Experiment Theory
(Characterization) (Modelling)

| .

Controlled deposition J_\

Bl S o Thin-films Wafer (e.g. tandem
uik: uriace: b ralg . Reliable Interference incoherent
- Solvent - Dielectric CHIEIPE . wave optics ray-optics
- Processing passivation - decoupling InpUtS
- Stoichiometry - Self-passivation nucleation &
- Aging crystal growth

:~ Optical response
‘ Limited S (Abs., Trans., Refl., |E[j

Structural & Chemical assumptions !

-EBSD : Crystallographic misorientation Identical 3D geometry
- XPS : Surface sensitive analysis _
- SIMS . Surface to bulk quality mapping Solving Fourier Generation

-nanoXRD : Diffraction map at nanoscales boundary —
decomposition  rate

| mproved conditions
parameters -
confocal photoluminescence lifetime ‘: Electrical
Solving
. P drift-diffusion
! Counterintuitive
Electrical L transport
inory BT engt insights Finite element|
nori carrier diffusion len S
(Steady-state photocarrier gragting) method

Thin-films Wafer
(self-consistency)| |(Quasi-neutral)

Device fabrication
Novel archi : ! Electrical response|
ovel architecture of nanoscale
\ back contact perovskite solar cells / \K (J,V, e h) j/

Figure 1.3: The development cycle tool combining experiment and theory to
understanding losses in halide perovskite thin-films.
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1.3 Methodology for identifying losses

1.3.2 Results are only as accurate as the input and assumptions

The first step to ensure the accuracy from the modelling results is to use appropriate
optical constants. One should be aware of the actual condition of the sample from
which the optical constant is obtained. For example, very rough surface film could
strongly perturb the measured refractive index due to light depolarization during the
ellipsometry measurement. Therefore one should implement separetely an effective
medium approximation to account for such effects in the input for optical modelling
or use smooth films where this is not a problem. For the electrical modelling, it
is very important to limit the assumptions being made. In order to extract out the
recombination constants from the bulk, surface, and grain boundary, we developed
a numerical solution to solve the three-dimensional transport equation using Fourier
space. This makes fitting experimental data more efficient, which would otherwise
be impossible using computer codes based on a finite element method. The boundary
conditions obtained from the Fourier decomposition method can be implemented in
our fullly coupled optical-electrical modelling. Instead of modelling a standard device
used in the lab, we start by benchmarking our routine for a novel architecture device,
such as nanoscale back-contact perovskite-silicon tandem. We considered the most
ideal and realistic inputs possible to predict what novel design can beat the current
standard device architecture.

1.3.3 What are required for reliable inputs ?

All outputs from the modelling should be aimed to help us understand the experimental
results, toward reaching the best possible material and device properties. This process
becomes meaningful when inputs obtained from the experiments are reliable. We
developed two general strategies approaching that purpose: (1) controlled and clean
systems, and (2) careful measurements.

Controlled and clean systems

Unlike silicon semiconductor technology with complex processing but simple structure,
halide perovskites display relatively complex chemistry and rich physics given their
simple solution deposition. Therefore we develop thin-film deposition protocols to have
control over the bulk, surface, and grain size characteristics. Among those the most
notable protocol is the deposition method to control grain size without affecting much
the bulk and surface quality. This can be achieved by decoupling the nucleation and
crystal growth steps. The nucleation is controlled during the spin-coating process from
a saturated stock solution. The nucleation sites can stay for extended periods of time,
unless heat treatment is applied, at which point crystal growth takes place. The final
grain size is inversely proportional to the density of nucleation sites; a lower nucleation
density yields larger grains. The density of nucleation sites is controlled by the spin-
coating time with fixed spin-speed; longer time yields higher nucleation density. We
continuously document our observation, optimize it, and assess the compatibility and
limitation of our method. Even if we are able to control the grain size, this still does
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not guarantee a perfectly clean system; we observe one peculiar case where amorphous
grain boundaries showing unusual optical properties form at a particular spin speed.
This makes careful characterization critically important as well.

Careful measurements

The various types of characterization techniques used to understand the sources
of losses in halide-perovskite thin films should be directed toward the following
considerations: (1) what are the limitations of the techniques? (2) are common
artifacts and discrepancies routinely addressed? (3) to what extent are the materials
tolerant to external perturbation, e.g electron beam-dose, light-soaking, applied voltage
(4) what are the actual conditions, settings, and assumptions governing the chosen
characterization techniques? and (5) are well-known principles developed for other
semiconductors rigorously applicable for the materials under study here? Addressing
all such issues simultaneously can be challenging especially at an early stage, so instead
of debate, practice should be taken to advance our understanding toward more solid
conclusions.

In order to carefully identify the sources of losses, in this thesis there are two
notable routine techniques that we used, namely steady-state photocarrier grating
(SSPGQG), and electron back-scattered diffraction (EBSD). These two methods have
already been known in the past to study silicon based thin-films, and now have been
successfully used perhaps for the first time in halide perovskite thin-films. SSPG is used
to directly quantify the minority carrier diffusion length - one of the properties most
strongly correlated with optoelectronic device performance. EBSD is used to identify
crystalographic misorientation - therefore grain boundaries - whose effect remains
poorly understood in the community. For each utilized technique we systematically
report their limitations, important artifacts, methods for analysis corrections, and all
possible ambiguous deductions or conclusions. In this way, we hope to streamline
progress in the community toward rigorous conclusions about the properties of these
exciting new optoelectronic materials and their perspectives for high-performance
devices.

1.4 Outline of this thesis

This thesis is aimed to improve our limited understanding of losses in the bulk, on the
surface, and at the grain boundaries of halide perovskite semiconductor materials, and
top point the way forward to even better performance using novel design. Controlled,
clean experimental systems along with careful measurement and full optoelectronic
modelling/theory are used as a developing cycle tool to verify, and quantify the losses
in halide perovskite thin-films. By quantifying and considering all of the losses, the
ultimate goal is directed at designing a novel architecture device that potentially exceeds
the performance and relaxes the limitation of traditional solar cell configurations.

In Chapter 2, we measure minority carrier diffusion length - a key parameter for
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solar cell performance - of halide perovskite thin-films. We describe how controlled
processing, composition, aging, and surface passivation correlate to the measured
diffusion lengths. We find in pure CH3NH3Pbl;, the diffusion length is largely
dependent on the controlled processing conditions. Next, we partially replace iodide (I)
with bromide (Br) and find that surprisingly, the diffusion length increases after aging
for 1 month in air. Finally, we use a 4-nm Al,Os3 passivation layer on the top surface of
CH3NH3PbBr3, leading to a remarkable increase in diffusion length from 201 nm to
532 nm. The correlation that we have established between basic parameter space and
diffusion length offers guidance in how to improve material properties.

In Chapter 3, we identify and characterize the grain boundary - an important aspect
which is often misidentified - of halide perovskite thin-films. The biggest limiting
factor is that a gold standard technique - electron backscattered diffraction (EBSD)
- destroys halide perovskite thin films. Therefore identifying the grain boundaries
using non-crystallographic techniques is deceiving, leading to conflicting literature
reports about their influence. We solve this problem using a solid-state EBSD detector
with 6,000 times higher sensitivity than the traditional phosphor screen and camera.
We model the characteristics of grain boundary interface energy in CH3NH3PbBr3
thin-films, and show that the halide-perovskite grains contain no special boundaries,
such as crystal twinning. In addition, we find a peculiar case, where the grain boundary
very likely consists of amorphous regions.

In Chapter 4, we correlate the information from Chapter 3 to measure and
model the effect of grain size on halide perovskite thin-films - a major challenge
in understanding perovskite semiconductors. Correlating true grain size with PL
lifetime, carrier diffusion length and mobility, shows that grain boundaries are not
benign as is often claimed, but have a recombination velocity of 1670 cm/s, comparable
to that of crystalline silicon. However, as with silicon, amorphous perovskite can
passivate crystalline boundaries, leading to brighter photoluminescence and longer
carrier lifetime without reducing diffusion length. This variable grain boundary
character explains the mysteriously long lifetime and record efficiency achieved in
small grain halide perovskite thin films, while pointing the way forward to even better
performance.

In Chapter 5, we use our understanding of the losses to design a novel device
architecture - nanoscale back-contact perovskite solar cell to improve tandem efficiency.
Using coupled optical-electrical modelling, we optimize this architecture for a planar
perovskite-silicon tandem, highlighting the roles of nanoscale contacts to reduce the
required perovskite electronic quality such as minority carrier diffusion length. We
discuss the advances of our design over the traditionally used two- (2-T) and four-
terminal tandem (4-T), and point the way towards further improvements enabled
by our design such as surface texturing, surface passivation and photoluminescence
outcoupling.

Chapter 1 is partly based upon [10], while Chapter 2, and Chapter S are based
upon [77], and [78], respectively. Full details are listed at the end of this thesis
(Scientific portfolio).
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Carrier Diffusion Lengths in Halide Perovskites

This Chapter reports experimental values of carrier diffusion lengths in
halide perovskite thin films and describes how processing, composition,
aging and surface passivation affect the results. Considering the many
possibilities for all three ions in the halide perovskite structure, hundreds
of distinct compositions have already been reported. Such compositional
changes can alter the carrier diffusion length - a key parameter for solar
cell performance. Given the large compositional and processing parameter
space, a rapid and simple technique for directly measuring diffusion length
is needed. Here we use a laser grating technique to screen the ditfusion
length in perovskite materials. First, in pure CH3NH3Pbls we observe
the diffusion length is largely dependent on the controlled processing
conditions. Next, we partially replace iodide (I) with bromide (Br) and
show that surprisingly, the diffusion length increases after aging for 1
month in air. Finally, we use a 4-nm Al, O3 layer (atomic layer deposition)
to passivate the surface of CH3NH3PbBrs, leading to a remarkable
increase in diffusion length from 201 nm to 532 nm. The correlation that
we have established between materials processing and diffusion length
offers guidance in how to improve materials for devices.

2.1 Introduction

Hybrid halide perovskites are an emerging class of semiconductors that has drawn
great interest recently because of its simple solution processing, tunable band gap,
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2 Carrier Diffusion Lengths in Halide Perovskites

high solar cell efficiency, and low lasing threshold [1-5]. They have the same ABX3
configuration as the classic oxide perovskites but have metal halide rather than metal
oxide corner-sharing octahedra. Typically, organic cation A is methylammonium (MA)
or formamidinium (FA), B is lead (Pb) or tin (Sn), and X is chloride (Cl), bromide
(Br), or iodide (I); already combining just these ions in pure or 50/50 mixes, nearly
50 distinct varieties emerge. Such compositional variations strongly affect material
properties. For example, the addition of only a few percent of PbCl, to MAPbI;
(known as MAPbI;3_ Cly) increases the film’s diffusion length from ~ 100 nm to 1 gm
and raises optimized photovoltaic efficiency from 4.2 % to 12.2 % [6]. Even within a
single material composition, solvent engineering used to increase the domain size of
the film has already been shown to have dramatic effects on device performance [3, 7].
While there are many ways to screen materials and processing conditions, the diffusion
length of the photogenerated carrier has been one of the properties most strongly
correlated with optoelectronic device performance [6, 8]. Despite this importance, the
most common methods for measuring this diffusion length are not compatible with
simple, rapid screening that would be ideal for testing the large number of possible
new materials and processing conditions. For example, photoluminescence lifetime
measurements can be combined with mobility measurements to yield indirectly the
carrier diffusion length, but these measurements are impractically slow to be used for
routine testing. Clearly a simple, rapid, and direct method for measuring diffusion
length would be useful in screening both new hybrid halide perovskite materials and
processing conditions that lead to better material quality.

Here we apply such a method, called the steady-state photocarrier grating (SSPG)
technique, to hybrid perovskite materials and use it to investigate the influence of
material composition, material processing conditions, aging, and surface passivation on
the diffusion length. Originally developed in the 1980s as a way to measure diffusion
length in amorphous silicon thin films, SSPG relies on a change in conductivity in the
presence of an optical grating created by two interfering laser beams [9, 10]. First, we
use SPPG to show that varying the solvent and processing conditions can lead to at
least a factor of 2 variation in the diffusion length of methylammonium lead iodide
(CH3NH;3Pbl3 or MAPbI3). Next we demonstrate how the diffusion length varies with
halide substitution, and for each composition, how it changes with aging. Finally, we
show that a thin (4-nm) passivating aluminium oxide layer can increase the diffusion
length of methylammonium lead bromide (CH3NH3PbBrs or MAPbBr3) by nearly
a factor of 3, while the process of adding the same coating dramatically degrades
MAPbDI;.

2.2 Setup

Figure 2.1a shows a schematic of the SSPG measurement setup used in this study,
where we measure a small change in sample conductivity (at a given voltage) in the
presence of an optical grating. The grating is created by overlapping two interfering
laser beams on the sample. The measurement is conducted under illumination of I;
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Figure 2.1: (a) Schematic of the setup: Ij is the strong beam, Iy is the weak beam,
0 is the angle between I; and Ip, My, M2, M3, and My are mirrors, BS is a beam
splitter, HWP is a half-wave plate, C is chopper, U-T is up-transport mirrors, and D-T
is down-transport mirrors. The axis has two rotating stages (black and gray) and each
can rotate independently: (1) the sample along with M4 underneath (gray arrow) and
(2) the up-transport mirror connected with the arm (black arrow). Sample: a perovskite
film deposited on a glass substrate with two coplanar gold (Au) electrodes. (b) Lateral
conductivity pattern without grating: when I and I, are orthogonally polarized. (c)
Lateral conductivity with grating: when I and I are in parallel polarization. The
conductivity o1 and o are not to scale for better visualization (perturbation by o)
should be very small relative to o1 in order to maintain the steady-state condition).

and I, where the intensity of beam /; is much stronger than the chopped beam /5. In
this way, I; serves as a background illumination ensuring an almost constant carrier
generation rate over the sample surface, while I, acts as a probe beam providing a
small perturbation (~ 5%). The change in conductivity is directly measured on the
sample using a lock-in amplifier for two configurations: (1) when the two beams have
orthogonal polarization states and therefore do not interfere (Figure 2.1b), and (2)
when the polarization states are aligned, creating a periodic optical grating (Figure
2.1¢). The grating period can be controlled by changing the angle between the two
beams (grating period decreases as angle increases). The down-transport mirrors,
up-transport mirrors, and rotating stages enable continuous overlap between /1 and I»
with varying angle.

Solving the one-dimensional steady-state diffusion equation leads to a relation
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2 Carrier Diffusion Lengths in Halide Perovskites

between the photoconductivity ratio and grating period [11-13]:

1
1-p

where A is the grating period, § is the photoconductivity ratio of lock-in ampli-
fier signals under the parallel and perpendicular polarization configurations (Figure
2.1¢,b), Lp is the diffusion length of the photogenerated carrier, and Z is a fitting
parameter related to non-ideal grating formation (e.g., due to surface scattering or
poor photoconductivity). Lp describes ambipolar transport of the Coulomb-coupled
electron and hole, but it will be dominated by the photogenerated carrier with the
smaller diffusion length (e.g., minority carrier in a doped material). The value of
will be close to unity when diffusion length is much longer than the grating period.
This case takes place when carrier diffusion significantly smears out the grating, so that
the signal is the same if I; and I, create a grating (Figure 2.1c¢) or not (Figure 2.1b).
Increasing the grating period beyond the diffusion length drastically decreases the
sample conductivity, consequently decreasing . The value of Z falls between 0 and 1
(0 < Z <1; 1 is for a perfect grating) and depends on factors such as photosensitivity of
the sample and grating contrast ratio [10]. The diffusion length (Lp) can be directly
extracted from a linear fit of equation 2.1, with error bars coming from the fitting
procedure (see Supporting Information for details).
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2.3 Processing effect

We begin by studying the dependence of diffusion length on the sample preparation
method using MAPbI3. Samples were prepared by depositing thin-film hybrid per-
ovskites on glass substrates by spin-casting from different solvents (details in the
Supporting Information). On top of the film, two gold electrodes were deposited
(1 mm spacing) for electrical contacts. Figure 2.2a shows a transform of change
in conductivity ratio (f) as a function of the grating size (A) for MAPbI3 and the
corresponding diffusion lengths for each of the three processing conditions. The film
processed with dimethylsolfoxide (DMSO) solvent yielded the longest diffusion length
(up to 490 nm) followed by the dimethylformamide (DMF, up to 396 nm) and gamma-
butyrolactone (GBL, up to 288 nm) films. The SEM images show morphological
differences consistent with the measured diffusion lengths: films cast from DMSO
formed large, smooth plates, while films from DMF were continuous but had a higher
roughness, and those cast from GBL had the highest apparent porosity Figure 2.2b-
d. A variety of different processing treatments including solution filtration before
spin coating and toluene anti-solvent dripping also were tested and showed distinct
differences in diffusion length (more details in Figure 2.5a). Diffusion length values we
measure are similar to what has been reported using other techniques including intensity
modulated photocurrent/photovoltage spectroscopy (IMPS/IMVS), photoluminescence
quenching, and photoluminescence lifetime combined with mobility, where values of
100 to 1000 nm are typical, depending on preparation conditions [6, 8, 14].
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Figure 2.2: Variation of carrier diffusion length in MAPbI3. (a) Experimental data of
a transform of the photoconductivity ratio () as a function of grating size (A). The
lines are the linear fitting of each corresponding experimental data set. Corresponding
scanning electron microscope images of samples prepared with different solvents: (b)
DMSO, (c) DMEF, and (d) GBL.

To gain more insight into the origin of the observed morphology that is created
by the solvent, we analyze X-ray diffraction patterns of six MAPbI; films processed
from DMSO, DMEF, and GBL, each with two different preparation conditions (Figure
2.5b). All films show a perovskite structure with tetragonal phase/P4mm (a =b = 8.86
A, c=12.67 A) typical of literature reports for MAPbI3 [7, 16]. We observed a direct
correlation between diffusion length and the broadening of the XRD peak (Figure
2.5c-e), which could arise from effects such as smaller crystallite size or micro-strain
within the film [17]. Assuming that the broadening arises entirely from the size of
the crystallites (Supporting information for details), the full width at half-maximum
of the peak corresponding to the (220) crystal orientation was used to estimate the
crystallite size in the six MAPDI3 films with different sample preparation conditions.
The diffusion length increased by more than a factor of 2 (from 216 to 490 nm) with an
increase in (XRD based) estimated crystallite size from 78 to 152 nm.
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2 Carrier Diffusion Lengths in Halide Perovskites

2.4 Compositional and aging effects

In addition to looking at solvent and preparation effects on diffusion length in the pure
iodide, we have also examined how the diffusion length varies with halide composition.
Here samples based on neat and mixed MAPbI3 and MAPbBr3 (hereafter denoted as
MAPD(; _ «Bry)3) are studied. The mixed MAPb(I; _Bry)s is of interest because of its
bandgap can be tuned throughout the region of interest for multijunction solar cells and
visible light-emitting diodes or laser [2, 4, 18-22], although there are currently some
problems with spontaneous phase separation under solar illumination [23]. We soaked
the samples under laser illumination before the SSPG measurement in order to stabilize
the properties (see methods). Spin coating from the mixed halide solutions was used
to prepare these alloy samples (see methods). The bandgap gradually becomes larger
by adding MAPDbBr3; into the neat MAPbI3, as can be seen from gradual blue-shifted
absorption with a clear onset following a linear relation Eg = 0.69[Br] + 1.55; where Eg
is the optical bandgap (eV) and [Br] is the MAPbBr3 fraction relative to MAPbI3, from
0 to 1 (Figure 2.6a,b). There is only one single phase observed across the transition
from tetragonal to cubic phase implying a successful incorporation of iodide-bromide
ions into the perovskite structures.

The plot in Figure 2.3a shows that the MAPbI;3 film has a diffusion length (475
nm) about two times longer than that of MAPbBr3 film (201 nm), as indicated by its
steeper slope. All alloy compositions initially exhibit diffusion lengths below those of
both pure MAPbBr; and MAPDI; (Figure 2.3b), consistent with an earlier proposal
of trap-state formation in the mixed halide perovskites [23]. Interestingly, after aging
the films for 1 month (stored in air at room temperature in the dark) all mixed halide
films show a substantial increase in diffusion length from initial values of 151 - 183
nm to final values of 238 - 392 nm (Figure 2.3b and Figure 2.7). The diffusion length
in aged alloy films increases proportionally with the Br fraction up to 0.66 (at 1.97
eV band gap) before dropping to values very close to those seen in the pure bromide
film. The pure bromide film showed no change in diffusion length with aging, while
pure iodide film showed a large decrease in diffusion length after one month. This
result is consistent with the XRD, which showed partial decomposition to lead iodide
only for the pure iodide perovskite; the pure bromide and mixed halide perovskite
films showed no crystalline secondary phases (Figure 2.6¢). The only change in the
alloy perovskite films with aging was a slight blue shift in the absorption onset (Figure
2.6a,b), consistent with a previous report [20].

The origin of increased diffusion length with aging for mixed halide perovskite
films is still unclear, but reactive oxygen species have been reported to play a role
in deactivating defect states in the mixed halide perovskites [24, 25]. This strong
difference in stability with variation in composition underlines the importance of
having a simple and rapid technique for directly measuring the diffusion length of the
perovskite itself, isolating its aging characteristics from those of the interfacial and
contact layer used in complete devices.
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Figure 2.3: Diffusion length and aging effects in MAPb(I] — xBry)3. (a) Experimental
data of a transform of the photoconductivity ratio § as a function of grating size
(A) before aging. The lines are the linear fitting of data from each corresponding
composition (the fitting lines and diffusion length for mixed samples are not displayed
for clarity). (b) Diffusion length as a function of (initial) optical bandgap and bromide
fraction: fresh sample (filled circle) and aged samples (open circel); inset photograph
of aged samples arranged with their corresponding bandgap.
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2.5 Surface passivation effect

Although the experiment creates an optical grating throughout the entire perovskite
film thickness, a transfer matrix calculation [26, 27] shows that most of the highest
photocarrier generation rate occurs at the surface of the film. This suggests that the
SSPG technique could be sensitive to surface recombination and surface passivation
effects [28]. Figure 2.4 shows the transform of the photoconductivity ratio as a function
of grating size of MAPbI3 and MAPbBrj3 films before and after coating with a 4-nm
thin amorphous aluminum oxide (Al,O3) layer deposited by atomic layer deposition
(ALD). The deposition takes place at 100 °C using trimethylaluminum (TMA) and
water (H2O) as the Al,O3 precursors and the whole process takes 30 min (50 cycles).
There is a dramatic increase in diffusion length for the MAPbBr3; film from 201 to
532 nm, while the diffusion length of the MAPDI; film decreases from 475 to 213
nm. From XRD it is clear that MAPbI3 decomposes substantially, as indicated by the
appearance of Pbl, precursor peaks (Figure 2.10b) after ALD deposition. In fact, we
observed that the MAPbI; had started to decompose even after 10 cycles of ALD (<1
nm). This can explain both the lower diffusion length and poor signal-to-noise ratio in
the measurement. In contrast, the cubic phase of MAPbBrs3 is still preserved without
any trace of precursor peaks observed (Figure 2.10a).

To elucidate if surface passivation is the main reason for the diffusion length
improvement, we conducted a vacuum annealing experiment by placing a MAPbBr3;
film in the ALD chamber in which all parameters were set to be the same (100 °C, 30
min, 10™3 mbar), only without feeding in the precursors. We observed the diffusion
length also increased after the vacuum annealing, but only by about 20 % from its initial
value, which cannot account for the nearly threefold increase seen after ALD (Figure
2.9). Previously a thin ALD alumina layer has been shown to be an effective passivation
scheme for a variety of semiconductor surfaces (Si [29], CIGS [30], ZnO [31]) either
through a field effect (fixed interfacial charges) or reduced interfacial trap state density,
both of which reduce the surface recombination velocity. However, the exact role of the
ALD passivation on hybrid perovskites is still under investigation. As ALD has been
used in the past as an encapsulation layer to improve the stability of metal nanowire
transparent electrodes [32], we expect it could also serve a similar role here.

2.6 Conclusions

In conclusion, we have performed a simple and rapid technique to screen quantitatively
the diffusion length in halide perovskite thin films. This laser grating technique directly
measures the diffusion length, which eliminates the need to measure lifetime and
mobility separately. We demonstrate that the diffusion length halide perovskite is very
sensitive with processing condition. For instance in MAPbI3 films the diffusion length
can be improved from 216 to 490 nm just by changing the deposition condition. We
also show that the diffusion length in mixed MAPb(I; — »Bry)s films has a complex
aging behavior that varies dramatically with composition: pure iodide films degrade,
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Figure 2.4: Surface passivation effect on the lateral diffusion length. (a) Experimental
data of a transform of photoconductivity ratio (f) as a function of grating size (A)
before and after passivation with 4-nm thin aluminum oxide film deposited by atomic

layer deposition (ALD); the lines are the linear fitting of each corresponding data.

Scanning electron microscope images of MAPbBr3 before (b) and after (¢c) ALD; the
bright-small dots are from sputtered chromium particles.
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2 Carrier Diffusion Lengths in Halide Perovskites

pure bromide films do not change, and the alloy films improve with aging. Finally, we
demonstrate an improvement in the diffusion length of MAPbBr3 films from 201 to 532
nm after deposition of a 4-nm thin Al,O3 layer by ALD. This remarkable improvement
in diffusion length justifies further investigations on interfacial modification with
other oxides such as nickel oxide (NiO,), molybdenum oxide (MoOy), and titanium
oxide (TiOy) for broadening its applicability not only for solar cells but also for
photoelectrochemical water splitting.

2.7 Outlook and data validation

SSPG technique measures the change in photoconductivity laterally across the sample,
which is associated with the diffusion of photogenerated carriers. This measurement
geometry is distinct as compared to other methods that measure carrier diffusion
through the thickness of the film. Although in a standard solar cell current is extracted
in the direction perpendicular to the substrate through the thickness of the film, diffusion
in the lateral direction is still strongly correlated to device efficiency for materials whose
transport is not strongly anisotropic (e.g. 2D halide perovskite) or a device relying on
lateral charge collection (e.g. back-contact solar cells). For example, a study of halide
perovskite thin film devices with domain sizes 100 times larger than the film thickness
has shown that grain boundary recombination still plays a role in decreasing solar cell
performance, indicating the influence of lateral diffusion [15]. This indicates that the
diffusion length measured by SSPG in the lateral geometry is a relevant parameter for
solar cell performance.

In this chapter, to confirm that the SSPG technique applied to hybrid perovskites
yields a diffusion length similar to that measured by more conventional techniques,
we used electron beam induced current (EBIC) to measure the diffusion length in
MAPDI3 and MAPbBr3 films of the same quality, processing conditions, and lateral
sample geometry used for SSPG measurements. The EBIC values agree well with
those obtained using SSPG (Figure 2.12). This setup has also been used to benchmark
carrier diffusion lengths in halide perovskites with state-of-the-art silicon based (a-Si:H,
a-SiGe:H, and p ¢-Si:H), and chalcopyrite based (Cu(In,Ga)Se;) thin films [33]. The
next generation of the SSPG setup to account further for error corrections and beyond
will be discussed in Chapter 4.

2.8 Supporting information

2.8.1 Sample preparation

Perovskite films were deposited on insulating glass substrates (1.5x 1.5 cm). Prior to the
deposition, the substrates were cleaned by the following protocol: 15 minutes in acetone
(ultra-sonication), 15 minutes in isopropanol (ultra-sonication), 1 - 2 hours under
hydrochloric acid bath (18 % in deionized water); between each step the substrates
were rinsed with isopropanol and dried with nitrogen (N») flow; the substrates were then
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cleaned using an oxygen plasma (50 W, 2 minutes) to make the surface hydrophilic. The
perovskite film was formed by spin-coating (10,000 rpm, for 60 seconds) a perovskite
solution (1 - 2 M in DMSO, 1 M DMF, or 1 M GBL) on the glass substrate followed
by thermal annealing at 100 °C for 30 minutes; all deposition processes were done in a
N, glovebox. The perovskite solutions were prepared following the previous report [2].
It was synthesized by mixing equimolar concentrations of methylammonium halides
(CH3NH;3X; X =1, Br) and lead halide (PbX>; X =1, Br) precursors. The mixture
was ultra-sonicated to help dissolving any precursor flakes followed by 2 - 3 hours
stirring in the Ny glove box. The CH3NH3 was synthesized by mixing methylamine
(Sigma-Aldrich, 33 wt. % in ethanol) and hydrobromic (or hydroiodic) acid (Sigma-
Aldrich, 48-57 % in H»O) in an ice bath for 2 hours. The solvents were evaporated by
heating the solution at 150 °C while stirring until a white or occasionally yellowish
powder was formed. The powder was then recrystallized from a boiling ethanol to
form white powders (CH3NH;3I) or flakes (CH3NH3Br). The Pbl, and PbBr, were
used as purchased (Sigma-Aldrich, 99 %). For mixed MAPb(I; - yBry)3 solution, 1 M
CH3NH3Pbl3 solution and 1 M CH3NH3PbBr3 solutions were mixed by varying the
volume ratio (for example 1: 3 of I : Br means 1 mL of 1 M CH3NH3Pbl3 mixed with 3
mL of 1 M CH3NH;3PbBr3). Two co-planar gold electrodes were deposited on the thin
film perovskites using a thermal evaporator (base pressure 10~ mbar). The thickness
of the electrodes was about 100 to 170 nm with 1 mm spacing in between. For the
optimized condition: the optimized films with DMSO or GBL were from 1 M filtered
solution of MAPbI;3 (0.22 micron, PTFE), and the solution was stirred overnight at
60 - 70 °C before the deposition. Optimized films with DMF were from 2 M solution
of MAPDI3, hydrochloric iodic was added into the solution (<8 % v/v), toluene drop
casting during the spin-coating (at 10 - 15" second out of 60 seconds spinning).
Otherwise, non-optimized films are from 1 M solution of MAPbI3 with 60 seconds
spinning with no pre-heat treatment of solution involved.

2.8.2 Atomic layer deposition (ALD)

Al,O3 was deposited on the thin film of halide perovskites in an Oxford Instrument
OpALTM reactor located in a cleanroom facility at Technical University of Eindhoven.
The 4-nm Al,O3 layer, with thickness monitored by an in situ spectroscopic ellipsome-
try, were deposited on the substrate by 50 cycles at 100 °C. Each ALD cycle consists of
an Al(CHj3)s dosing of 0.02 s, followed by a purge of 3.5 s, then a water vapor exposure
of 0.02 s, followed by a purge of 3.5 s.

2.8.3 Laser grating setup

A diode-pumped solid-state laser (532 nm, LasNova Series 50 green) was used as an
excitation source. The power output, coherence length, and polarization ratio of the
laser was 4.1 mW, > 5 m, and 500 : 1, respectively. The beam was split into two-
coherent beams at BK7 glass window. The intensity ratio I;/I, between the two beams
was 15, and adjusted by a neutral density filter. A DC voltage of 10 V was applied
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Figure 2.5: Diffusion length and crystallite size correlation in MAPbI3: (a)
Experimental data of a transform of the conductivity ratio (f) as a function of grating
size (A): The lines are the linear fitting of each corresponding experimental data. (b)
XRD spectra scanned from 7-70° and all showing the same crystal phase (tetragonal
phase/P4mm (a =b = 8.86 A, ¢ = 12.67 A) with small fraction of precursor traces (Pblp
and MAI). (c) XRD at (220) crystal orientation showing different XRD peak width.
(d) Measured diffusion length as a function of estimated crystallite size (determined
from the XRD peak width). (e) Optical images (top view, with the scale bar of 50 ym)
of samples prepared with different solvent and treatments: #1 refers to non-optimized
samples, and #2 refers to the optimized ones.

via the two electrodes on the sample, corresponding to an electric field strength of
about 100 V/cm. This field strength was low enough to be in the diffusion regime. The
polarization of beam I; was changed by a half-wave plate. The beam I, was chopped
at 110 Hz. Two rotating mirrors were used to direct the two beams onto the sample
aiming for continuous overlap while changing the angle between the two-interfering
beams. For hybrid perovskite measurements, To be in the linear regime, we typically
varied the angle from 3° to 15°, and this corresponds to optical grating periods from ~
5 pm down to ~ 0.8 um; the lower boundary for the measured diffusion length is about
0.1 times the grating period. The sample was pre-soaked under ~ 100 mW/cm? laser
illumination for 1 - 2 minutes before the measurement to minimize the light-induced
phase separation effect to ensure consistent measurements.

The uncertainty of the measured diffusion length values in this chapter is derived
from the linear fitting of the data to the equation 2.1. With a linear fitting of [Y] = a[X]
+ ¢; where a is the slope, and c is the intercept of the data plot. So, we can calculate the
diffusion length as:

1 (a\s
Lp=5- (E) : 2.2)
The error bar of Lp is calculated by summing the error propagation of the slope (a)
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Figure 2.6: Bandgap and lattice constant correlation in MAPb(I; - xBry)3: (a)
Absorption spectra as a function of wavelength showing a gradual blue-shift for
increasing Br fraction before (thin lines) and after (thick lines) 1 month aging in
air. (b) Linear correlation of bandgap as a function of Br fraction (bandgap increases
with increasing Br fraction) showing the optical stability of MAPb(I; — xBry)3 after
aging for 1 month in air. (¢) XRD spectra showing gradual transition from (110)
tetragonal to (100) cubic with increasing Br fraction. (d) Linear correlation of lattice
constant (derived from the XRD peak) as a function of bandgap showing a linear
reduction of lattice constant as the bandgap increases (as Br fraction increase).

and the intercept (c) as:

2 2
) (. o3

The da and ¢ are errors based on confidence intervals on a and c. The standard error
values of a and ¢ from the regression analysis are used to construct da and 6c. Here
we take 90 % critical values from the #-distribution with 20 to 30 degrees of freedom.
This gives 90 % confidence intervals that are 1.31 to 1.33 times larger than the standard
error values. Further correction and considereation of data and error analysis will be
discussed in Chapter 4.

2.8.4 Estimating crystallite size using X-ray diffraction analysis

The crystal structure of the samples was analyzed based on their X-ray diffraction
spectra (using a Bruker D2-phaser instrument, Bragg-Brentano geometry) under the
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Figure 2.7: Experimental data of MAPb(I; - xBry)3 after 1 month aging (in air):
Experimental data of a transform of the conductivity ratio (f) as a function of grating
size (A), the lines are linear fittings of each corresponding experimental data. Diffusion
length values and errors are tabulated in Table S1.
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Figure 2.8: Optical images of MAPb(I; — xBry)3 after 1 month aging (in air).

0 - 20 configuration. The average crystallite size was determined using the Scherrer
equation [17]:

.z

~ Bcosf’
where (R) is the average crystallite size in the crystal direction along the normal of the
diffraction plane, k is a constant that depends on the crystallite shape, but normally is
approximately 0.94 (k = 0.94 for a cubic crystallite shape), A is the X-ray wavelength
(here A = 0.154 nm for Cu-Ka), B is the 260 full-width-half-maximum (FWHM) peak
(in Radian) after correction by the FWHM contributed by the instrumental broadening,
0 is the Bragg angle. The FWHM correction was done by taking the XRD spectra
of a certified Corundum standard and substracting the XRD FWHM peak of the
perovskite at 28.8° (220) with the Corundum FWHM peak at 25.6 °. A systematic

(R) 2.4
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Figure 2.9: Diffusion length of MAPbBr3 under different annealing.
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Figure 2.10: X-ray diffraction after ALD passivation.

error because of a different sample thickness (Z-height error correction) is minimized
by scanning XRD spectra of a sample also containing CeO,, and then adjusting the
peak position according to the pure CeO, standard. The error range of the (R) for
each sample was estimated by calculating the (R) on 3 - 4 samples with the same
preparation condition. All measurements were performed under the same instrumental
setting: using 0.6 divergence slit to control illuminated area, 1 mm beam knife to limit
unwanted scattering and optimize the low angle spectra, nickel filter to reduce 20 - 30
% contribution from Cu-Kf. The scan interval (A26) was 0.01° with multiple scans
repeated to improve signal-to-noise ratio.

However, the broadening of the XRD peaks is not only due to crystallite size and
instrumental effects, but also lattice strain. The effect of lattice strain can be represented
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Figure 2.11: Distinguishing lattice strain and crystallite size from the XRD peak
broadening. This data already substracted by the intrumental broadening.

by the [17]:
Bstrain =ntan6, (2.5)
where 7 is the strain of the perovskite material. So, the total broadening of XRD peak,

after substrating with the contribution from intrumental broadening, can be expressed
as summation of equation 2.4 and 2.5:

k
B =————+ntanb, 2.6
total (R)cos0 ntan (2.6)
by multiplying equation 2.6 by cos 8, we find:
kA
B 0 = — +1nsind, 2.7
total COS (R) nsin (2.7)

If we plot the By:q; versus sin 6, the intercept tells us about crystallite size, and
the slope provides the strain information. The closer the intercept to the origin point
(0,0), the larger the crystallite size. While the steeper the slope, the larger the strain.
Figure 2.11 shows the plot of two extrema cases used in this study (sample with
largest and smallest estimated crystallite size made by DMSO, and GBL, respectively).
After correction with the lattice strain, the estimated crystallite size seems to increase
proportionally from the original value (equation 2.4). Although we should question
the accuracy of lattice strain contribution based on this data where the second data
are quite off from the linear fitting. The other way to find the strain contribution is by
comparing the data with a large single crystal halide perovskite materials. However,
even using a large crystal halide perovskite still gives twice larger broadening than
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just a Corrundum standard based on the identical intrumental setting. Unless a good
standard peaks for each of the perovskite peaks (close to the actual XRD peak) is used,
then doing the strain calculation artificially enlarges the calculated crystallite size and
provide a larger error than just leaving out the strain calculation entirely. Therefore, we
excludes the contribution of lattice strain to estimate the crystallite size in correlation
with the diffusion length result.

2.8.5 Electron beam induced current (EBIC)

The samples for the EBIC measurement were prepared by depositing halide perovskite
films on metal electrodes. Gold (Au) and Titanium (Ti) fingers with 2 mm spacing in
between them were fabricated using two steps of photolithography. The procedure of
thin-film deposition was the same as that used to prepare the films for the optical grating
measurement (see sample preparation protocol). The contacts were wire-bonded to a
printed circuit board, allowing the current of the perovskite films to be measured inside
the SEM. The SEM used for the imaging is FEI Verios 460. The EBIC measurement
was performed in the SEM as used for imaging, equipped with a current amplifier
(FEMTO, DLPCA-200, gain set to ~10'! - 10% V/A), and the electron beam was set
at 10kV, 10pA, 1 ms integration time. To roughly estimate the electron trajectory,
therefore interaction volume, for the given electron beam parameters entering our
structure, we used a Monte Carlo simulation of the electron’s trajectory (CASINO) in
the solid with 108 simulated electron [34]. To extract the photcurrent decay curves,
the periodic noise from the EBIC maps was removed by filtering the image in Fourier
space, and the current decay profiles over a uniform region of the image were averaged.
For the MAPbI3 EBIC images, this region was typically the whole frame, while for
the MAPbBr3 EBIC images, smaller areas were used because of non-uniformity in the
morphology of the film and charging effects.

To validate our SSPG measurements, we compared the diffusion lengths deter-
mined using the SSPG technique to diffusion lengths measured using EBIC, which
is a well-established technique that also measures lateral diffusion length. EBIC
measurements, however, measure only local diffusion length (nm to ym scale), while
SSPG measurements average over the entire film (mm scale).

According to our EBIC measurements, the diffusion lengths obtained from the
current decay profiles in MAPbI3 are 555 nm (Figure 2.12¢), 512 nm, 454 nm, 518
nm, and 371 nm, as compared to the 490 + 24 nm measured by the SSPG technique.
This range of extracted diffusion length values likely originated from a local difference
in crystallinity and film morphology. For the MAPbBr3, EBIC-measured diffusion
lengths included 215 nm (Figure 2.12f-h), 164 nm, 219 nm, 128 nm, 172 nm, 186 nm,
and 318 nm, as compared to 201 + 2 nm measured using SSPG. The average values
(491 nm and 200 nm for MAPbl3 and MAPbBTr3, respectively). For EBIC, the standard
deviation is much larger (62 nm and 56 nm for MAPb3, and MAPbBr3, resepectively),
as expected, because of the more local nature of the EBIC measurement. Since EBIC
is a well-established technique, these measurements confirm that SSPG provides an
accurate measurement of the film’s lateral diffusion length averaged over a large scale.
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Figure 2.12: Electron beam induced current (EBIC) on MAPbI3 and MAPbBr3 films:
(a) Measurement geometry. (b) Simulated electron trajectories and scattering events
of the corresponding geometry in figure 2.12a (blue: secondary electron path; red:
back-scattered electron path). (¢) SEM image showing MAPbI3 films on top of Au
(bottom side; below the blue dashed-line) and Ti (beyond the top of the frame) contacts.
(d) Corresponding EBIC image of figure 2.12c: darker areas indicate lower current;
the scale bar for figure 2.12¢-d is 400 nm. (e) Averaged current response profile from
the EBIC extracted from figure 2.12d (framed with white line) showing an exponential
decay tail toward the Ti side (gray area) of the depletion region (the green line is the
fitting curve from which the diffusion length is obtained; Lp = 555 nm). (f) SEM image
showing MAPbBr3 films on top of Au (bottom side; below the bottom blue dashed-line)
and Ti (top side; above the top blue dashed-line) contacts. (g) Corresponding EBIC
image of figure 2.12f: darker areas indicated lower current; the scale bar for figure
2.12f-g is 2 um. (h) Averaged current response profile from the EBIC extracted from
figure 2.12¢g (framed with white line) showing an exponential decay tail toward the Au
side (orange area) of the depletion region (the green line is the fitting curve from which
the diffusion length is obtained; Lp = 215 nm).
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In our EBIC measurements, we needed a relatively high voltage (10 kV) and current
(50 pA) to measure a clear EBIC signal. This voltage ensures that the electron beam
penetration depth is sufficient for the back electrodes can collect the signal (Figure
2.12b). We are aware that others have advocated using a lower voltage (1 - 3 kV) to
prevent film damage over time for halide perovskite [35], but we did not see visible
damage to our films with repeated scans. The instability reported in the literature could
arise from the film’s being damaged by preparing the cross section or from the use of
transporting layer (e.g Spiro-OMeTAD) in the device. In our case, to give a structure
comparable to that used for the SSPG measurements, we did not use any transporting
layer, relaying on the barrier between the metal contact and the perovskite to produce a
Schottky contact at which to measure th photocurrent’s decay.
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Identifying Grain Boundaries in Halide
Perovskites

This Chapter describes the use of electron backscattering diffraction
(EBSD) to properly determine the grain boundary locations in halide
perovskite thin-films. Grain boundaries play a key role in the performance
of thin-film optoelectronic devices and yet their effect in halide perovskite
materials is still not understood. The biggest factor limiting progress
is the inability to identify grain boundaries; the gold standard - EBSD -
destroys halide perovskite thin films. Non-crystallographic techniques
commonly misidentify grain boundaries, leading to conflicting literature
reports about their influence. Here we solve this problem using a solid-
state EBSD detector with 6,000 times higher sensitivity than the traditional
phosphor screen and camera. We used the crystal misorientation data set
from the EBSD to model the characteristics of grain boundary interface
energy in CH3 NH3 PbBr3 thin-film, and show that the halide perovskite
grains do not exhibit twinning. In addition, we find a peculiar case, where
the grain boundary very likely consists of amorphous halide perovskites.

3.1 Introduction

Minimizing non-radiative recombination is critical to achieving high efficiencies in
optoelectronic devices. Halide perovskites are an emerging class of semiconductor
whose optoelectronic properties are tolerant to defects [1, 2], relative to conventional
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semiconductors. Although the trap density in polycrystalline perovskite films is typi-
cally 10'4 - 1016 cm™3 (as high as fifty per million unit cells) [3, 4], their photovoltaic
power-conversion efficiencies exceed 20 % [5]. Single-crystalline perovskites exhibit
far lower trap densities (as low as 10'° cm™3) [6], and this difference indicates that
polycrystalline thin films posses additional sources of non-radiative recombination
such as more bulk defects, less well-passivated surfaces, or grain boundaries.

To improve the efficiency of devices made from polycrystalline perovskites, it is
necessary to push the trap density of these films to lower values, toward those reported
for single crystals. To achieve this, we first must understand which of these sources of
non-radiative recombination is most important to reduce, a task that is complicated by
the conflicting reports regarding whether grain boundaries in halide perovskite films
are beneficial or detrimental [7-9].

All of these studies on perovskite films have inferred the grain size and grain
boundary locations based on optical or scanning electron microscope (SEM) images,
which contain no crystallographic information. As we show below, the conflicting
results regarding the role of grain boundaries can be explained by misidentification of
the true position and nature of grain boundaries. Therefore, the first step toward
understanding the complex effects of grain boundaries is quantifying their local
crystallographic metrics. Traditionally, electron backscatter diffraction (EBSD) is
the "gold" standard for measuring grain size, orientation and boundary location in
thin-film samples. However, its use in halide perovskites has been hampered by beam-
induced damage, making EBSD mapping impossible in thin-film samples so far. There
has been one report of single spot EBSD measurements, which was limited to single
crystals where grain boundaries cannot be studied [10].

Here we demonstrate a new type of solid-state EBSD detector with 6,000 times
higher sensitivity than the traditional camera and phosphor screen to collect EBSD
maps of grain size and orientation in CH3NH3PbBr3 thin films. We developed a thin
film deposition protocol that allows us to control the resulting average grain size over a
large range between 1 and 60 um. We show that the average grain size measured from
EBSD is different (up to a factor of ~ 1.9) from what is inferred from optical and SEM
images. The EBSD is not only necessary for proper identification of grain boundaries
but also enables deeper insights from studying the dependence on misorientation angle,
disorder at the interface, and heterogeneity in grain size.

3.2 Film formation

In order to systematically study grain boundaries, we developed a simple process
that provided smooth, continuous thin films with average grain size tunable be-
tween 1 and 60 um, depending only on the spin-coating time and speed. Instead
of using the more common lead halide precursor, we used lead acetate trihydrate
(Pb(CH3C0O0),.3H,0). Dissolving lead acetate in dimethylformamide (DMF) had
previously produced continuous and highly oriented films of CH3NH3PbBr3 [11]. We
dissolve Pb(CH3C0OQ),.3H,0 and CH3NH3Br instead in dimethylsulfoxide (DMSO)
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Figure 3.1: CH3NH3PbBr3 perovskite film formation. Dark field optical images
showing nucleation sites with short (a) and long (b) spinning time, and resulting films
with short (¢) and long (d) spinning time. The scale bars are 50 um. The insets are
photographs of wet intermediate films (a and b), and perovskite films (¢ and d) on
glass substrates (each 15 mm x 15 mm). (e) domain size (pseudo-grain) statistics from
optical microscopy versus spinning time with different spinning speeds. The spread of
the areas represents a 95 % confidence interval.
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in a 3.05 : 1 ratio. The spin-coating step determines the density of nuclei within the
wet film of precursors and therefore the grain size of the resulting film: a shorter spin-
coating duration produces fewer nuclei and larger grains. Scattering from the nuclei
produced within the wet film is visible in dark-field optical images (Figure 3.1a-b).
Given that intermediates are common in the halide perovskite literature [12—15] and
our method does not produce perovskite without the subsequent annealing step, it is
likely that these nuclei are a solvent-rich intermediate phase (details in Supporting
information, Figure 3.7, and 3.8).

During the annealing step at 90 °C over two hours, the nuclei become perovskite
grains which merge into a continuous film. The density of grains in the resulting
perovskite film correlates with the density of the initial nuclei in the precursor film
(Figure 3.1c-d). Furthermore, the high concentration of solute ions in this wet film
allows the perovskite to form before the film coalesces into isolated crystals. When
a more dilute solution was used, islands of perovskite rather than a continuous film
were formed. Although understanding the mechanism of film formation will require
further study, this method successfully decouples the nucleation and growth steps
of the film and therefore offers control over its final domain size (Figure 3.1e) on a
variety of substrates such as glass, silicon, TiOy, and ITO (Figure 3.9). Therefore, this
method for making continuous, smooth thin-films with controlled domain size is a first
step towards systematically studying the grain boundaries in halide perovskites using
EBSD.

3.3 Grain boundary determination

We carried out EBSD measurements in an electron microscope that was equipped with
a solid-state electron counting detector originally developed for mass spectrometry
but now applied for electrons (Figure 3.2a) [16, 17]. The sensor is equipped with an
electronic noise free circuit, and therefore provides high sensitivity and fast readout,
which enable us to acquire clear EBSD maps of halide perovskite films on glass quickly
before damaging the samples. We used an optimized beam current of 100 pA at an
accelerating voltage of 30 kV, with a pixel dwell time of 100 ms. The electron dose
needed for acquiring EBSD maps here is 6,000 times lower than what was previously
necessary for single crystal samples using the traditional phosphor screen and camera
(6 nA for 10s) [10]. Back-scattered electrons escape from the tilted sample and are
projected onto the detector in a pattern of spherical bands that reflect the Bragg angles
of the local crystal lattice (Kikuchi lines) [18]. By scanning the beam across the sample,
we collected a pattern from each pixel and indexed it to the cubic CH3NH3Br3 lattice
to construct a map of the film’s local crystallographic orientations (Figure 3.2b).
Figure 3.3a-d shows EBSD maps of the CH3NH3PbBr3 perovskite prepared with
different spinning times. It is evident that the grain size becomes larger with reduced
spinning time (at a given spin speed), which is consistent with trends inferred from
SEM (Top panel Figure 3.3a-d). Most crystal grains are oriented in the [001] direction.
On samples with larger average grain size, however, the population becomes more

52



3.3 Grain boundary determination

e-beam
a (30 kV, 100 pA)

Back-scattered
diffraction cone

interaction
volume

perovskite
on glass

70 deg tilt
a photon counting ( eg tilt)

pixel detector

b

—

(W] @ 9

[001] [101] [111]

Figure 3.2: Electron backscattered diffraction (EBSD). (a) Schematic of our EBSD
measurement. (b) Simulated Kikuchi patterns for cubic CH3NH3Br3 lattice with [001],
[101], and [111] crystal orientation.
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Figure 3.3: Collection of scanning electron-microscope (SEM) image (top panel) with
its corresponding colour coded EBSD maps (middle panel), and distribution plot of
crystallographic orientations (bottom panel) of perovskite films with 4 + 1.7 um (a), 10
+4 pum (b), 32 + 7 um (¢), 54 + 17 um (d) grain sizes. The EBSD map for 32 + 7 um
grain size shows disordered regions near the grain boundary (featured as a white colour
coded). (e) Kernel density distribution of the grain size statistic (with a bandwidth of &
=0.337) [42] obtained from the EBSD compared with dark-field optical images. The
size of the grains obtained from the optical images can be misleading (by a factor of up
to 1.9).



3.3 Grain boundary determination

dispersed to higher index orientations of [101] and [111] (the bottom panel) because
of many smaller crystal grains trapped among adjacent larger grains. The mean of the
distribution of apparent grain sizes obtained from optical images differs from the mean
of the distribution obtained using EBSD (Figure 3.3e, the method in Figure 3.10).
Typically the difference is less than 40 %, but in one particular case (brown trace), the
optical images indicate an average grain size of more than a factor of 1.9 larger than
the actual grain size.

Figure 3.4 shows the origin of this discrepancy between an SEM image and its
corresponding EBSD map. Some pixels of the map show no Kikuchi pattern, for
instance area 4; this indicates a disordered region, which could contain amorphous
(not fully crystallized) material [19], nanocrystalline perovskite with grains much
smaller than our interaction volume (based on Monte Carlo simulation; Figure 3.11)
or composite of the two. From EBSD data alone, we also cannot rule out the influence
of surface roughness. The observation of disordered regions occurs primarily in the
sample with an average grain size of 32 um. In the optical image, such regions would
be incorrectly classified as part of their neighboring grains. Furthermore, the identical

Figure 3.4: Deceiving features of grain boundaries showing two contrasting cases
where the boundary that is visible under SEM (top-left panel; indicated by the white-
dashed line) is not an actual grain boundary from the EBSD (see the corresponding
EBSD maps; top-right panel); whereas within the apparent smooth grain under SEM
(top-left panel; indicated by the white line), there is an invisible grain boundary (top-
right panel); see the different colour maps under the EBSD). The bottom panel shows
Kikuchi bands obtained by averaging multiple diffraction patterns per pixel within one
scanning area (~200 - 600 pixels). The scanning areas 1 and 2 show identical Kikuchi
bands, and this pattern is different than that of scanning area 3. Scanning area 4 shows
no distinct back-scattered diffraction. All scale bars are 50 ym.
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3 Identifying Grain Boundaries in Halide Perovskites

Kikuchi patterns between domain 1 and 2 in Figure 3.4 (across the dashed line) indicate
that they are one grain, while their morphology (based on the SEM) suggests there is a
grain boundary. In another area (solid line in Figure 2f), the SEM suggests there is no
grain boundary but the EBSD map shows that one is present.

3.4 Amorphous grain boundary

To further resolve the origins of the disordered region at the grain boundary, we carried
out synchrotron-based nanoprobe X-ray diffraction (nano-XRD) on the sample with
<32 pm> grain size (details in the Supporting information, Figure 3.14, and Figure
3.16). On the basis of the nano-XRD analysis, the disordered grain boundary regions
appear to be amorphous. Figure 3.5 shows a region of grain boundaries where we
detected neither scattering from oriented perovskite [001], nanocrystalline perovskite
phase, intermediate phase, nor precursor traces of PbBry. Our nano-XRD scattering
geometry cannot detect the presence of crystalline material with in-plane orientation
([101] or [111]), but since such orientations can be easily indexed from the EBSD
maps, the disordered regions at the grain boundaries where we detect no EBSD nor
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Figure 3.5: Amorphous grain boundaries probed using nano-XRD. (a) SEM
image of grain boundary region. (b) Summed scattering intensity across the (002)
CH3NH3PbBr3 peak when rocking 6 = 12.86 °, 13.47°, and 14.07° with 20 fixed at
26.94°. The dashed lines are guides to the eye. Scale bars are 4 um. (c) Diffraction
pattern at the "GB" point highlighted in the scattering intensity map (b), and at the
"bulk" point highlighted in the scattering intensity map. Scale bars 3 mrad. No
intermediate or PbBry phases were detected along the grain boundaries (Figure 3.15).
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nano-diffraction intensity are likely to be amorphous perovskites.

3.5 Grain boundary characteristic

Little is known about the crystallographic nature of grain boundaries in halide per-
ovskites; however, thermodynamically the main characteristics of grain boundaries can
be inferred by their crystallographic misorientation angles which can be acquired from
the EBSD [20-23]. Using crystallographic misorientation angles, we can calculate the
interfacial energy among adjacent grain boundaries (details in the Supporting infor-
mation, and Figure 3.12). For [001] crystal orientation (83 % of the CH3NH3PbBr3
perovskite film studied here), the grain boundary interfacial energy increases with
crystal misorientation angle up to 14°, but then fluctuates without a pronounced global
minimum for samples with both the small (<4 um>) and large (<54 um>) grain size
(Figure 3.6). A pronounced global minimum surface energy at high misorientation
angle is typically associated with a special boundary, called coherent twinning (e.g.
>3 or X5) which is often observed in other photovoltaic semiconductor materials
(CdTe, chalcopyrite, InP, GaAs, and mc-Si) [24-28]. Removing twinning defects
has been shown to improve solar cell performance [27, 28]. Although such twinning
was previously found on CsPbX3 (X = Cl, Br, I) perovskite nanocrystals [29], and
CH3NH3Pbl; thin film [30], we have not been able to observe it within the spatial
resolution of our large-area EBSD mapping (83 nm), even on the higher index crystal
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Figure 3.6: Grain boundary surface energy as a function of grain boundary
misorientation for (001) crystal orientation and two grain sizes: <4 um>, and <54 pm>.
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orientation [101] and [111]. The absence of twinning itself in our films indicates that
a higher excess interfacial energy at the grain boundary is always induced in order to
equilibrate any general structural dislocation (further details of the consequence in the
Supporting information, Figure 3.13).

3.6 Conclusions

In conclusion, here we show the first successful attempt of mapping crystal misori-
entation by means of electron backscattering diffraction (EBSD) technique in halide
perovskite thin film. This should stimulate an advance toward microstructural charac-
terization in such sensitive materials. We emphasize the importance of using a true
crystallographic measurement when studying the grain boundaries in halide perovskite
thin films. This is not only necessary for proper identification of grain boundaries
but also enables deeper insights from studying dependence on misorientation angle,
disorder at the interface, and heterogeneity in grain size. Using EBSD, we find that
the CH3NH3PbBr; films lack crystal twinning. Interestingly, under certain conditions
amorphous regions can form at the grain boundaries whose effects will be discussed in
Chapter 4.

3.7 Supporting information

3.7.1 The role of the intermediate phase

The solution concentration was 6.15 M CH3NH3Br and 2 M Pb(CH3CO00),.3H,0, and
the solution was heated to 60°C for 30 minutes while stirring to ensure dissolution of
the powders and then cooled to room temperature before use. Although the precursors
can be temporarily dissolved in a concentrated solution, eventually white crystals
form when the solution is left undisturbed for an extended period of time (several
days to weeks, Figure 3.7). At this high concentration almost all of the solvent is

Figure 3.7: Intermediate crystal formation on CH3NH3PbBr3 perovskite. (a) a gel
form of the intermediate crystal phase where almost all of the solvent (DMSO) was
used to form the gel phase. (b) a solution form of the intermediate crystal phase (6
M CH3NH3Br mixed with 2 M PbAc solution) after being left undisturbed for an
extended amount of time (several days to weeks).
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Figure 3.8: X-ray diffraction (Cu-Ka) showing low-angle peaks of the intermediate
crystal powder compared to the typical XRD pattern of the final CH3NH3PbBr3
perovskite film.

used up in the formation of these intermediate crystals, indicating that the solvent is
also part of their structure. Low angle X-ray diffraction peaks of the polycrystalline
intermediate support this conclusion (Figure 3.8). The highest concentration we tried
was 10 M CH3NH3Br and 3.3 M Pb(CH3COO),.3H,0), and this was still not yet
the limit. Similar behavior has been reported for intermediates formed during the
deposition of CH3NH3Pbls thin films [12, 15]. These crystals, however, convert to
the perovskite when removed from a solvent-rich environment (liquid or vapor), and
higher temperatures accelerate this transformation. In our spin-coating method, the
perovskite layer forms only during the annealing step, even after prolonged spinning,
which suggests that crystals of a solvent-rich intermediate form during spin-coating
and are later converted to the perovskite upon heating. This conclusion is supported by
the fact that solvent- precursor interactions are observed to be particularly strong in
this chemical system. The solubility of both precursors at room temperature increases
when they are dissolved together. Separately each can be dissolved only up to only a 2
M concentration in DMSO.

3.7.2 Durability and practical limitation of the deposition method

Because of the high viscosity of the precursor solution, speeds between 5,000 to 10,000
rpm work best to generate a uniform film. Longer spin- coating duration yields denser
nuclei and hence smaller domain sizes. Higher spin-coating speeds precipitate the
nuclei faster for a given spin-coating duration, likely because more rapid evaporation
of the solvent increases the supersaturation of the solution. We found that this method
works on a variety of substrates such as glass, silicon, TiO;, and ITO (Figure 3.9).
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Glass

Si (100)

TiO,

ITO

Figure 3.9: The efficacy of the controlled grain size method on different substrates.
The top three panels show SEM images, while the bottom panel shows dark-field
optical images.

Cleaning the surface to strong hydrophilicity is critical to produce continuous films, so
pre-treatment of the substrate with piranha solution (containing a mixture of H,SOy4
and H»05 (3:1 volume ratio) at 120°C for 20 min) or an aggressive oxygen plasma
(O2 plasma descum for 10 minutes at 75 W) is required. This method offers the
ability to tune the grain size of CH3NH3PbBr3 films on substrates that are relevant for
device applications. The method for determining the domain size (pseudo-grain) as
well as the actual grain size will be discussed in the following sub-section (Grain size
reconstruction, Figure 3.10).

3.7.3 Sample preparation for the EBSD measurement

The sample is perovskite film on glass. On top of the film, 100 nm thick gold (Au) metal
pads are deposited by thermal evaporation. The separation between two gold pads is 0.6
mm where the EBSD was performed. The metal pads were grounded using copper tape.
The electron beam was set to up to 100 pA, 30 keV with 9.3 mm working distance, and
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Figure 3.10: Procedure to determine the apparent grain size from the optical image, as
well as for the actual grain from EBSD map.

hits at 70° tilted with respect to the sample surface. With this condition, we estimate
the beam diameter is around 2 nm (Gaussian shape with landing position on the top
sample surface), and based on Monte Carlo simulation (CASINO) [31], the penetration
depth of interaction volume is around 250 nm after taking into account depth-dose
function correction [43, 44]. Note that this interaction volume is justified when only
12.5 % of the initial energy from the electron beam remained. The penetration depth
is around half compared to the normal incident geometry, which indicates that the
EBSD geometry is more surface sensitive (Figure 3.11a-b). Therefore the escape
probability of the back-scattered electron within this depth becomes higher for the
EBSD geometry (Figure 3.11e-f). The escape probability (determines the contrast
images for acquiring the EBSD) can reduce because of scattering from grain boundaries,
and surface roughness. Figure 3.11c-d show gradual reduction of lateral back-scattered
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Figure 3.11: Simulated interaction volume between electron beam and CH3NH3PbBr3
perovskite. X-Z depth profile of back-scattered electron beam energy at 70° tilted
sample (a), and 0° tilted sample (b). X-Y plane profile of back-scattered electron
beam energy at 70° tilted sample (c), and 0° tilted sample (d). Back-scattered electron
(BSE) intensity decay as a function of the perovskite Z depth at 70° tilted sample
(e), and 0° tilted sample (f) showing at 70° tilted sample (the EBSD geometry) is
more surface sensitive, but with higher probability of having BSE escaping from the
perovskite surface. All simulations were carried out using Monte Carlo based simulator

(CASINO).

energy means increasing interaction volume) over the distance away from the landing
position of the electron beam (0,0). Hypothetical dimensions of grain boundaries, or
surface roughness (e.g. grooves) are indicated by the colored dashed line to provide an
intuitive account of the percentage of image quality losses during the EBSD orientation
mapping. For example, if the average grain size is 0.45 um, then the image quality
can reduce by 25 % because of the reduced surface interaction volume. However, it
depends on a number of trajectories of electron beam hitting the grain boundaries.
When the electron beam hits the grain boundaries in which the frequency is higher
compared to the surface interaction volume, the EBSD patterns across the nighbouring
grains cannot be discerned (failure of indexing), unless an image processing technique
can decouple them. The image per pixel was collected using EDAX OIM software
where in conjunction to this we use Python code to accelerate the image processing
time. The Kikuchi patterns were indexed based on cubic CH3NH3PbBr3 perovskite
(a =5.922 RA). The mapping step size in our measurement is typically up to 1 um
with a grain tolerance angle set to 1-3°. A narrower step size is possible, however
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quite often we observed a higher dose level per unit area would degrade the halide
perovskite samples. For a successful EBSD mapping, the narrowest step size that we
have examined on our sample is 100 nm (~16.6 nm kernel resolution, Figure 3.14).
Also, note that various factors might affect discrepancies to properly reconstruct the
misorientation grain mapping (details discussion in the subsection Disorder at the grain
boundaries, Figure 3.14).

3.7.4 Grain size reconstruction

We follow standard test methods (ASTM E112-13) for determining average grain
size [32, 33]. First we converted the image into a binary type file until an appropriate
skeleton of the grain boundary is distinguished. Next, we created a grid in four different
orientation on top of the images. The idea of using grids with different orientations
is to accommodate as many intersection points as possible between the grids and the
boundary skeletons (contrast lines) of the binary image. Therefore we can reconstruct
the area of every grain, whose square-root is used to determine the grain size; this model
is valid only when the overall grain aspect ratios are nearly 1 to 1 in the x-y plane, which
is the case for all CH3NH3PbBrs perovskite studied here. The orientations of the grids
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Figure 3.12: Grain boundary reconstruction. (a) The coordinate system for triple-
points showing the dihedral angle (8) between two adjacent grain boundaries, and
misorientation angle (6) between a grain boundary and its reference coordinate
(coincidence site lattice). (b) illustration for the misorientation angle between two unit
pixels having identical crystal orientation whose symmetry breaks at §~60°. (¢) SEM
image showing three CH3NH3PbBr3 perovskite grains (001) with their grain boundary
triple point. (d) One example of grain boundary segmentation on an EBSD map from
which multiple dihedral and misorientation angles were generated. Statistics showing
dihedral angle (e) and misorientation angle (f) over the sample with different grain
sizes studied here.
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are 0°, 30°, 60°, and 90° orientation relative to the image coordinate. Each orientation
of grid has multiple lines with interval 3 times less than the pixel size (assuming the
pixel size is cubic; and this applies even better even if the actual pixel is hexagonal,
in this routine we typically set 0.75306 pixels/um). At least 5000 measurements per
image are required, and preferably over 20000 for more accurate distribution analysis.
The analysis and routine is done using Python code. Schematic of the reconstruction
flow is shown in Figure 3.10.

3.7.5 Grain boundary energy calculation

According to the EBSD map, all crystal grains of CH3NH3PbBr3 perovskite do not pose
any strong anisotropic shape, so thermodynamically we can associate relative excess
free energy based on local force balance (local minimum) created at every triple junction
of the grain boundary (Figure 3.12a-c). The three angles (called dihedral angle) created
at the triple junction are associated with their surrounding grain boundary surface energy
whose vector sum of the normal force must be zero (Herring’s law) [20, 34]. We then
can use the classical sine law of Young’s equation to determine the interfacial energy
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Figure 3.13: Total volumetric excess energy at the grain boundary. Total excess energy
(stored energy) as a function of grain size at (001) crystal symmetry which fits well with
an exponential decay line. The white square data (<32 pm> grain) indicates that the
grain boundarys segmentation is not perfect because of the amorphous region present
at the grain boundary (Figure 3.14).
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of each boundary. At one triple junction it can be expressed as three linear equations:

sinf, —sinb; 0 Y1 0
sinfs 0 —sinf;|.|y2| =10 (3.1)
0 sinf3 —sin6, Y3 0

Once multiple triple junctions are connected, a larger matrix will be created. We can
express that as a sum of linear combination equation:

N

Y [Mij][yi]=bil;i=1,2,3,.N(N-1)/2 (3.2)

j=1
where M is the combined matrix,y is the grain boundary interfacial energy, j is the
ordering number for the grain boundary with total number of N, and i is the ordering
of the triple junction with total number of N(N-1)/2, and b; is the residual of the sum.
The grain boundary lines can be acquired from the EBSD map and reconstructed using
EDAX OIM™ Analysis software where we used Kernel method pattern analysis for
a better segmentation result (Figure 3.12d). For one type of grain size sample, we
typically generate around 18000 sets of triple junctions (Figure 3.12e). First we sorted
the triple junctions based on crystallographic orientation; in this case, the crystals are
mainly orientated in the (001) direction. Next, we sorted the triple junctions based
on their crystal misorientation angle (Figure 3.12f). It measures how much the grain
is tilted relative to the local reference frame of crystalline lattice (unit cell). The
misorientation angle is binned and averaged to 2° intervals within the 0° to 60° range.
Since every segmented grain boundary is connected with its adjacent four boundaries
and two triple junctions, an overdetermined matrix system is created. So, in order to
avoid highly symmetric system of linear equations, we used the Kaczmarz’s iteration
method on every row of the matrix in the equation 3.2, which is then projected to
equation 3.3. For example, if the initial guess of the (y1, 72) is (y1°, 72°) then the
successive solution is (y1!, y»!) where:

r

=94 (sinBy) 33
n=n 2 (sinB)? + (sinf1)? 3-3)
- 494 (sing 4 3.4

Ve Y ) (sindy)? ©h
r=b; - (sineg)y? - (sin@l)yg 3.5)

We justified equation 3.3 to be converged at y jk where k is large enough (typically
less than 1000 in this work) with residual less 10.00005]. The iteration routine was
carried out using Python code. Since every step of the iteration is a projection of
the previous one, the grain boundary surface energy (y;) is a normalized value. We
converted the normalized values into a more quantitative approximation based on
the grain boundary surface energy values at misorientation angle below 12° using
Read-Shockley’s model [21].

G.a
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where G is the experimentally measured sheer modulus (10.4 GPa), a is lattice constant,
and o is Poisson’s ratio (0.29) of bulk single crystal CH3NH3PbBr3 perovskite [35, 36].
To estimate the microscopic impact of averaged grain size on the grain boundary energy,
we calculated the volumetric excess energy as a function of grain size average grain
boundary energy (also known as a stored energy, E¢) as [22, 23, 37]:

-l #)m(2) .

where vy, is high angle grain boundary surface energy, 0 is the grain misorientation, 6,
is the misorientation angle characteristic above which the grain boundary surface energy
is independent of misorientation angle, and D is average grain size based on EBSD.
We used Rayleigh’s distribution to calculate the propagating error on the resulting Eg
by considering the randomly scattered interfacial energy with misorientation angle
(although it could be due to systematic coincidence site lattices). This is essentially
the driving force for migration for the recrystallization grains, higher stored energy
means higher mobility toward deformation to equilibrate the excess grain boundary
interfacial free energy to accommodate a mechanical strain [21-23, 37]. It shows
that the total excess energy decreases exponentially with grain size in CHsNH3PbBr3
perovskite (Figure 3.13). If we can associate this volumetric excess energy at the
grain boundary, then its evolution could appear as several phenomena, such as ionic
conduction pathways, active adsorption sites, or space charge segregation; all of which
should be responsible for the non-radiative recombination losses [38—40].

3.7.6 Disorder at the grain boundaries

There are at least three possible situations that might generate the disordered regions
(in the next subsection, Nano-XRD, confirmed as amorphous) that we observe in our
EBSD mapping at grain boundaries: (1) surface roughness (e.g. a groove), (2) strong
lattice strain, and (3) amorphous grain boundaries, all of which are pointed out in
the ROIs in Figure 3.14. It is important to note that EBSD alone cannot rule out
mechanism (1) and (2). Instead, we confirmed the presence of amorphous regions using
synchrotron based nano-XRD (next subsection). We refer to the disordered region as
all pixelated areas without any visible Kikuchi patterns. Interestingly, the disordered
regions (white color pixels) were still visible even at a smaller step size (100 nm; 16
nm kernel resolution, and up to 3°) misorientation tolerance). In addition, a very large
groove could block the emitted back-scattered electron from the shadowed film surface
to the detector, and this results in a failure of pattern recognition (partial Kikuchi
patterns). We rarely observed such an effect in our films, unless a huge milimeter-sized
chunk happened to stick on the top surfaces. A transition from (001) crystal orientation
to its higher index orientation (101) or (111) also generates a disordered region which
correlates to a larger strain (the hot spot, Figure 3.14d), although this is not always the
case. The synchrotron based nano-XRD is used to confirm the nature of "disordered"
regions because factors (1) and (2) do not apply.
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Figure 3.14: Factor contributing to disordered regions in the EBSD. (a) SEM image,
(b) inverse polar figure (IPF) map showing the true crystallographic orientations, (¢)
grain map (the colors distinguish grains, not their crystallographic orientation); the
high resolution map shows that the disordered region (white pixels) are clearly visible
even at 100 nm step size, (d) local average misorientation map that is saturated up to 5
° angle projecting the contrast clarity. Note that all of these mappings were acquired
at smaller step sizes than the ones presented in Figure 3.3, and Figure 3.4. The scale
bars are 20 microns. The marked regions of interest show possible causes of the
disordered regions: (1) shadowing/groove/roughness, (2) transition to a higher index
crystal orientation (larger lattice misorientation) and (3) intrinsic properties of the grain
boundaries (at which nano-XRD confirms this is an amorphous boundaries).

3.7.7 Cross-sectional grain information

To identify if there is small grains underneath the thin-film surface, we first checked the
cross-section SEM images for the whole samples with different grain sizes, and found
there are no apparent small grains (Figure 3.15a-d). Conducting a cross-sectional
EBSD map on a sub-micron thin-film is relatively challenging. Alternatively, we used
a small-angle polishing technique to project the cross-section crystal misorientation
mapping. The CH3NH3PbBrs3 thin-film sample was polished at 0.6° to 1° angle
creating a wedge, in such the first starting line of the polished area represents the film
thickness, and the last polished line represents the glass-substrate (fully polished); see
the schematic Figure 3.15e. Using the polished sample allows us to do a top-view
EBSD mapping with a geometrical correction mainly for the stretched working distance
between the electron beam and sample of a half-micron (film thickness). Since the
escape probability of emitted back-scattered electron in our geometry is larger than
the film thickness, our detector should have detected any misorientation underneath
the surface. Figure 3.15f-h suggest that all grains underneath the surface do not pose
crystal misorientation with the top-surface. Some disordered regions appear because
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thin film perovskite

glass substrate

 S—

Figure 3.15: Cross-section and EBSD maps on small-angle polished thin-films. SEM
cross-section showing no apparent small domains underneath the surface on samples
with different grain sizes (a-d); the apparent rough substrates is due to an aggressive
oxygen plasma treatment before the perovskite deposition; the scale bars are 500 nm.
(e) cross-section schematic of the small-angle polishing technique with focus ion beam
(FIB) creating a thin-film wedge to "look though" cross-sectional projection of EBSD
mapping on sub-micron thin-film sample. The 0% indicate non-polished (starting point)
and fully polished (end point) of the FIB milling. (f) Image quality after polishing. (g)
grain map EBSD on the polished area. (h) SEM image showing the region of polished
area. The end of the polished region hits the glass substrate (100 %). The scale bars are
20 pum.

of shadowing effect from the samll chunks and the debris of the glass substrate after
ion-milling. From this analysis, we believe that the grain boundaries are vertically
oriented, proving that the urface EBSD mappings are representative of the whole film.
This is also supported by the XRD that shows very strong preferential (100) orientation
of the films (Figure 3.8).

3.7.8 Nano X-ray diffraction analysis

The experiments were performed using the Hard X-ray Nanoprobe (HXN) of the Center
for Nanoscale Materials (CNM) at sector 26-ID-C of the Advanced Photon Source,
Argonne National Laboratory. The coherent and monochromatic incident X-ray beam
(photon energy 9.0 keV, 1=1.378 A) was focused on the sample by a Fresnel zone plate
(Xradia Inc., 133 pym diameter gold pattern, 24 nm outer zone, 300 nm thickness),
yielding a = 30 nm full-width half-maximum lateral beam cross-section in the focal
plane [41]. Imaging of the sample was performed by stepwise lateral scanning of the
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Figure 3.16: Detecting other phases. No scattering from out-of-plane intermediate
or PbBry phases was detected at the grain boundary region shown in Figure 1h. Left
panel: CCD image of strongest intermediate phase scattering (6 = 15.33°, 20 = 30.67°).
Right panel: CCD iamge of strongest PbBr; scattering (6 = 16.94 °, 20 = 33.84°).

sample and recording the diffraction image at each step. CCD images were recorded
using a 0.5 s detector exposure. Simultaneous detection of element-specific X-ray
fluorescence was carried out by a single-element X-ray fluorescence detector, which
allowed for positioning with respect to fiducial markers created on sample surface by
FIB. The MAPDbBrj3 thin film was rotated to the [002] Bragg diffraction condition with
sample 0 = 13.47°, detector 20 = 26.94°, and scanned across the region of interest. To
bring tilted regions into Bragg diffraction condition, the same ROI was scanned with
sample 6 = 12.86° and 14.07°. The scattering intensity of the three scans were registered
by the Pb fluorescence map and summed together to show all the [001]-oriented areas
in (Figure 3.16). A very faint background scattered intensity that is apparent at the
grain boundary region is attributed to scattering arising due to the extended X-ray
beam tails that irradiate the nearby grains where the bulk grain is strongly diffracting.
The same ROI was examined when at the Bragg diffraction condition of [002] PbBr,
(sample 6 = 16.94°, detector 20 = 33.84°) and an intermediate phase peak (sample 0
= 15.33°, detector 20 = 30.67°). No scattered intensity is detected from out-of-plane
PbBr; and intermediate phase at the grain boundary region of interest (Figure 3.16).
The focused beam size of the nano-XRD used here is around 50 nm. However, the
horizontal (x) resolution is compromised because of the Bragg angle (~13°) between
X-ray and sample. So the horizontal (x) resolution is around 200 nm while the vertical
(y) resolution is still 50 nm.
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Detrimental and Beneficial Roles of Grain
Boundaries in Halide Perovskites

This Chapter attempts to correlate the true grain size with photolumines-
cence lifetime, carrier diffusion length, and mobility in halide perovskites.
We find that the grain boundaries are not benign as is often claimed,
but have a recombination velocity of 1670 cm/s, comparable to that of
crystalline silicon. However, as with silicon, amorphous perovskite can
passivate crystalline boundaries, leading to brighter photoluminescence
and longer carrier lifetime without reducing diffusion length. This variable
grain boundary character explains the mysteriously long lifetime and
record efficiency achieved in small grain halide perovskite thin films,
while pointing the way forward to even better performance.

4.1 Introduction

The influence of grain boundaries on material properties in halide perovskites has
been debated and remains an outstanding question in the field. Several studies [1—
3, 5, 6, 36] on CH3NH3Pbl3 perovskite films with grain domains less than 5 ym
show that carrier lifetime, mobility, and diffusion length increase with domain size,
as does the power conversion efficiency of solar cells. These correlations suggest
that grain boundaries contribute to non-radiative recombination and reduce device
performance. Improvements in performance have also been reported for films with
(claimed) grain size even up to the millimeter-scale [7]. In contrast, Kelvin probe
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force microscopy studies of CHz3NH;3Pbl; films have claimed that grain boundaries
are beneficial for charge separation and collection [8], and theory has suggested that
Pbl, at grain boundaries can be beneficial [9], supporting an earlier hypothesis [10, 11].
Furthermore, experiments examining the effects of grains on photovoltaic performance
have indicated that heterogeneity of local voltage [12] and crystal facets [13] near grain
boundaries are important factors. Finally, while many factors have been shown to
contribute to the exceptionally long photoluminescence lifetime in halide perovskites,
none of them explain why high performance films with the largest grain size to date
(approaching 1 mm) have a lifetime nearly 2 orders of magnitude shorter than those
with a 2 micron grain size [7, 14].

We address the issue by correlating the accurate values of grain sizes of
CH;3NH;3PbBr3 (Chapter 3) with photoluminescence intensity and lifetime, minority
carrier diffusion length, and mobility. Larger grain size (even up to 60 microns)
is generally beneficial for all properties. Although most samples show crystalline
grain boundaries, samples with amorphous regions at the grain boundaries show
properties better than expected according to the grain size. The longer PL lifetime and
higher PL intensity at these amorphous regions suggests that amorphous interfaces
can improve optoelectronic properties, perhaps either by improving grain boundary
passivation, locally doping the material or gettering native defects. Putting the grain
size dependence of optoelectronic properties into a recombination model shows that
grain boundary recombination plays an important role in the maximum achievable
solar cell and LED efficiency up to grain sizes approaching a millimeter.

4.2 Grain boundary effects on photoluminescence

To understand how the grain boundaries in CH3NH;3PbBr3 perovskite films affect
photo-generated charge carriers, we recorded photoluminescence (PL) decay profiles
on samples each having a different grain size. The PL peak was at 534 nm, which
is typical for CH3NH3PbBr; perovskite, and the integrated intensity between 475-
600 nm was used for the lifetime curves. Figure 4.1 shows that when the PL signal,
measured locally, is averaged over the entire map, samples with larger grains yield
higher PL intensity and longer lifetimes. In the sample with the largest grains, the grain
boundaries appear dark (particularly in the lifetime map), which is consistent with their
role as a source of non-radiative recombination and would explain the general trend of
longer lifetimes in films with larger grains (further discussion regarding the evolution of
recombination coefficients, and effects of diffusion are in the Supporting information).
Unexpectedly, however, the sample with medium-sized grains (Figure 4.1b) shows PL
intensity 30 times brighter and lifetimes 3 times longer at the boundaries as compared
to the center of the grain. EBSD maps together with nano-XRD analysis indicate that
these grain boundaries consist of an amorphous phase (earlier found in Chapter 3).
Interestingly, the qualitatively different nature of such an amorphous phase at grain
boundaries could explain the mysteriously long lifetimes, large local variations and
excellent efficiency seen in some small grain halide perovskite thin films devices [14].
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4.3 Grain boundary effects on diffusion length
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Figure 4.1: Photoluminescence (PL) intensity and lifetime of CH3NH3PbBr3
perovskite films with different grain sizes. PL intensity maps with 4 + 1.7um (a),
32 + 7 um (b), and 54 + 17 pum (c) grain sizes showing local heterogeneity is more
pronounced near the grain boundary for the <32 ym>-grain sample. (d) PL spectra
showing a similar emission wavelength regardless of the grain sizes; the difference of
PL intensity at around the grain boundary for the <32 pm> grain are highlighted (spot
Gb1 and spot Gb2). PL effective lifetime maps (integrating time-trace decay that is a
convolution of trap-assisted, radiative, and Auger recombination processes) with 4 +
1.7 pm (e), 32 = 7 um (f), and 54 + 17 pum (g) grain sizes. (h) Time-resolved PL decay
traces showing a faster PL decay for samples with smaller grain sizes. For the sample
with medium-sized grains , the PL lifetime near the grain boundary always exhibits a
slower decay (spot GB) compared to its grain interior. The recombination coefficients

are extracted by fitting the PL decay traces (black lines). All scale bars (a-c¢, and e-g)
are 50 um.
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Our PL measurements show that the amorphous phase has higher PL intensity and
lifetime than the bulk perovskite; however, the longer lifetime does not necessarily
indicate improved photovoltaic performance, which depends on the charge carrier
diffusion length that is a function of both carrier lifetime and mobility [16].

4.3 Grain boundary effects on diffusion length

To understand the role of grain boundaries in halide perovskites on electronic trans-
port, we used the steady-state photocarrier grating (SSPG) technique to measure the
ambipolar charge-carrier diffusion length within the films [3, 17]. This technique
relies on measuring lateral carrier transport in the film in the presence of sinusoidal
laser interference (an optical grating) created by two monochromatic lasers (450 nm
excitation wavelength) where one laser is weaker than the other. Any carrier diffusion
length longer than the interference periodicity will smear out the grating amplitude,
and therefore the sample conductivity can be measured. By monitoring how the sample
conductivity changes as a function of the period of the grating, the minority carrier
diffusion length can be extracted (details in Supporting information) [18, 19]. Using a
similar laser excitation wavelength for the SSPG and PL. measurements (480 nm), we
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expect the distribution of the photo-generated carriers to be similar. We carried out the
measurement on the same samples used earlier for the PL studies and observed that the
carrier diffusion length increases with grain size (Figure 4.6). The diffusion lengths
extracted range from 168 nm to 548 nm with increasing grain size from <4 ym> to <54
pm>. It clearly shows that the increased grain size still improves the carrier transport,
even if the grain size is two orders of magnitude larger than the diffusion length.

4.4 Statistical correlation of grain sizes and
optoelectronic properties

Generally we observed that CH3NH3PbBr3 perovskite films with larger grains yield
longer PL lifetimes; however, PL lifetimes for the <32 ym> grained film were longer
than expected (Figure 4.1). For each sample, we collected approximately 20 maps of
PL lifetime, each from a different spot, and tabulated the trap-assisted (monomolecular)
lifetime as a function of grain size in Figure 4.2a. Each data point represents an ~80 x
80 um? PL lifetime map. We find that the mean PL lifetime (see the distribution on the
right y-axis, Figure 4.2a) of the <32 um> grain sample is longer than that of the <54
pm> grain sample, which suggests that the grain boundaries in the <32 pm> sample
have a different electronic character than those in the other samples. This special
electronic character is consistent with the amorphous nature of the grain boundary.
Figure 4.2b shows that the diffusion length increases with grain size. The absence
of the anomaly at <32 ym> grain sample suggests that the increase in PL lifetime is
coupled to a decrease in carrier mobility.

To quantify this relationship, we used Fourier decomposition to solve the steady-
state diffusion equation and fit this analytical solution to the data (details in the
supporting information). We modelled and fit the data numerically; however to obtain
an intuitive picture, we can approximate the dependence of carrier diffusion length on
grain size by examining the first term in a truncated Fourier expansion [20-28]:

-1/2
d:(ZSGB 1) 4.1

+
DG  (LA)?

where L is the minority carrier diffusion length (value that is obtained from the SSPG
measurement), Sgp is grain boundary recombination velocity, D is the asymptotic
value of the diffusion coefficient of the polycrystalline thin film, G is the grain size, L
is the asymptotic value of the diffusion length of the polycrystalline thin film, and A is
defined as:

1+ %tanh(%)

T+ tan (1)

4.2)

where Sgp is front or back surface recombination velocity (assumed to be the same),
and W is film thickness. G, L, D, Lz and W are known from the experiments, whereas
Sgp and Spp were used as free fitting parameters. The values of L and D depend on the
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Figure 4.2: Statistical correlation of grain sizes and optoelectronic properties of
CH3NH3PbBr3 perovskite. (a) The effective carrier lifetimes (7, f f) versus grain
sizes. The T,y is extracted from the PL decay traces where each point represents
an area mapping of 80 pm x 80 pm size within the same substrate; right y-axis:
the Gaussian kernel function [52] (with a bandwidth of & = 0.337) to illustrate the
distributions of the extracted 7, f; top x-axis. (b) minority carrier diffusion length
(Lp) versus grain size; the Lp values are extracted from steady-state photo-carrier
grating measurements (SSPG) across scanning areas of ~0.5 cm x 0.5 cm; the y-error
bars represent linear propagation of error from the measurement, while x-error bars
represent a 95% confidence interval. (¢) carrier mobility (tef ¢) versus grain size; the
data is calculated from each data point of 7, rf (Figure a) and the L values (Figure b).
All measurements were conducted on identical samples with nearly the same spot area.
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quality of the bulk perovskite material and are the asymptotic values of the experimental
data for L, and D calculated using the Einstein relation and the asymptotic effective
mobility (iefr) at which the effect of grain boundaries is no longer relevant (Figure
4.2b-c). After global optimization, we find the solutions for Sgp, Srp, L, and D in
our sample are 1670 + 50 cm/s, 27 + 1.5 cm/s, 0.61 pum, and 0.18 cm?/s, respectively.
Note that with a surface recombination velocity (Srp) 30 times lower than the grain
boundary recombination velocity (Sgg), grain boundaries still play a significant role in
transport up to a grain size of ~20 um ( 35% contribution to L;). For larger grains, the
surface recombination then becomes more influential. Grain boundary recombination
accounts for 80% of the reduced L; when the ratio W/L is 1 (perovskite thickness
of 610 nm); much smaller values for W/L (much thinner cells) are needed before
surface recombination dominates. The grain boundary recombination velocity in our
polycrystalline CH3NH3PbBr3 film is comparable to the surface recombination velocity
of single crystalline CH3NH3PbBr3 reported by Yang et al [42]. The recombination
velocity at the grain boundary for halide perovskites has never been reported before,
but the values obtained here fall around an order of magnitude higher than that of
unpassivated CdTe [30] and similar to mc-Si [31, 32] or CIGS [33, 34].

We can calculate an effective mobility indirectly from the diffusion length measure-
ment (Figure 4.2b) and the PL lifetime data (Figure 4.2a). We find that, except for the
<32 pm> grain sample, the effective mobility increases with grain size (Figure 4.2¢);
a similar trend was previously reported for CH3NH3Pbls films [1]. In the <32 pym>
grain-sample, the amorphous grain boundaries appear to limit mobility because this
sample diffusion length is unchanged, while its lifetimes are anomalously long. The
mobility in our CHsNH3PbBrs samples ranges between ~1.5 to 7.5 cm?/V.s, similar to
the values estimated from PL quenching measurements [35]. The effective mobility
presented here is the intrinsic ambipolar transport mobility which will be dominated
by the excess carrier with smaller diffusion length, thus isolating any effect from
transporting layers.

4.5 Implications for perovskite thin-films, solar cells,
and future research

Although some studies have reported that grain boundaries reduce mobility [1], diffu-
sion length [3], and solar cell performance [2] in halide perovskites, they were limited
to grain sizes comparable to the film thickness (less than 1 ym) and did not use a
crystallographic technique to measure grain size. Furthermore, grain boundary effects
in halide perovskite films have been considered negligible when the grain size is much
larger than the film thickness [7] and all grain boundaries have been treated as having the
same effect on performance. In this report, we have shown in a CH3NH3PbBr3 system
made from a lead-acetate precursor that grain boundaries still play a dominant role
in the optoelectronic properties up to the range of <20 pm> and that crystalline grain
boundaries behave qualitatively different than those containing amorphous perovskite.
The relatively high surface recombination velocity of CH3NH3Pblsz (450 cm/s) [36]
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Figure 4.3: Modelling the characteristics of solar cells and photoluminescence
quantum yield with different grain sizes of CH3NH3PbBr3 perovskite. (a) simulated
J-V curve showing that larger grain size increases V.. This correlation becomes
randomized when the heterogeneity of grain size (the experimental standard deviation)
is introduced into the model (the inset). Colors have the same labels in both panels.
(b) Simulated PLQY as a function of the carrier density for different grain sizes using
experimentally determined parameters; the PLQY at higher fluence is mainly limited
by Auger recombination with two limiting values chosen from the literatures [41, 42].
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compared to our films (27 cm/s) suggests that grain boundaries will provide a major
source of losses in record devices after future improvements in CH3NH;3Pbls surface
passivation.

To examine such effects, we model a solar cell and compute the maximum attainable
photoluminescence quantum yield (PLQY) based on our film characteristics (Sgp =
1670 cm/s, Spp = 27 cm/s, L = 0.61 um, and D = 0.18 cm?/s, details in Supporting
information). The solar cell consists of a planar polycrystalline CH3NH3PbBr3 absorber
layer sandwiched between two transporting layers (TiO», and NiO,) and metal contacts
(FTO, and Au). Figure 4.3a shows simulated J-V curves of solar cells with different
grain sizes (homogeneous grain size for each). The grain size primarily regulates the
open circuit voltage (V,.), with minimal impact on the short-circuit current density
(Js¢)- If we assume a grain size distribution (as observed experimentally), then there
is significant heterogeneity of the simulated local voltage of each individual grain.
Since the full device can be modelled as a collection of individual grains connected
electrically in parallel, the V. is limited by the smallest grains in this distribution [37].
For example when the width of the distribution is ~30% of the average grain size, the
Voc drops from ~1.5 V to ~1.33 V, precluding simple experimental device studies of the
effect of grain size, since samples with larger grain sizes also have wider distributions
(inset in Figure 4.3a). Both the average and the distribution must be taken into account.
This heterogeneity effect, however, is almost negligible if the device is stacked laterally
resembling an interdigitated back contact solar cell [38]. In this regard, moving toward
monocrystalline thin films for solar cells is still necessary for better device performance:
completely removing grain boundaries from a 4 micron grain size halide perovskite
film would increase V. by 110 mV (8 %) in a solar cell with ideal contacts (67 mV
increase in V,. with simulated contact losses, Figure 4.3a). Clearly, minimizing grain
boundaries is still required to improve the device performance.

Next, we simulated the photoluminescence quantum yield (PLQY) of our films by
assuming that all losses at the grain boundary, on the front/back surface, and in the bulk
contribute to monomolecular trap-assisted recombination. The analytical expression of
equation 4.1 and 4.2 can be used to convert the minority carrier diffusion length into
an effective lifetime that is inversely proportional to monomolecular recombination
coefficient as a function of grain size (details in the Supporting information). The
carrier density required to reach a PLQY of 1% is reduced by one order of magnitude
when we increase the grain size from 4 ym to 54 um, and by two orders of magnitude
when all grain boundaries are removed (monocrystalline film, Figure 4.3b). Having
relatively large grain sizes up to 54 pm is still not enough to reach the monocrystalline
total integrated PLQY. We estimate that a half-millimeter grain size is required to get
96 % of the monocrystalline performance, which is particularly important for 1 sun
applications.
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4.6 Conclusions

In conclusion, here we show the importance of using true grain size information
when studying the effect of grain boundaries in halide perovskite thin films. We
find grain boundaries in CH3NH3PbBr3 are not benign, but have a recombination
velocity of 1670 cm/s + 50 cm/s, comparable to that of crystalline silicon, where it
plays a key role in lowering performance. Our modeling suggests that increasing the
average grain size (and uniformity) to close to a millimeter or drastically lowering grain
boundary recombination velocity is necessary to approach the limiting efficiency
potential. Interestingly, under certain conditions amorphous regions can exhibit
enhanced photoluminescence intensity and lifetime without degrading carrier diffusion
length. These results can explain the conflicting literature reports of grain boundary
effects in halide perovskites: crystalline grain boundaries are very detrimental to
performance while amorphous regions can provide excellent passivation and longer
lifetimes. Just as in advanced silicon technology, moving towards monocrystalline
layers and engineering amorphous/crystalline interfaces are necessary to approach the
limiting theoretical efficiency for solar cells and LEDs.

4.7 Supporting information

4.7.1 Photoluminescence characterization
PL intensity measurement

PL intensity was measured using a confocal imaging microscope (WITec alpha300
SR). A 405 nm laser diode (Thorlabs S1FC405) was used as an excitation source
where the PL intensity of the CH3NH3PbBrs perovskite film was collected in reflection
mode through a NA 0.9 objective using a spectrometer (UHTC 300 VIS, WITec). The
intensity was counted within the 475 to 600 nm emission wavelength range.

Time-resolved PL lifetime measurement

PL decays were measured using a time-correlated single-photon counting (TCSPC)
method. The setup was equipped with a picosecond pulse driver (PicoQuant PDL 828),
an excitation source at 485 nm, <110 ps pulse width, and 5 to 40 MHz repetition rate
(PicoQuant LDH-D-C-485), a picosecond time analyzer (PicoQuant HydraHarp 400),
and a single photon counting detector (MicroPhoton Devices, MPD-5CTD). A series
of neutral density filters was used to attenuate the intensity of the laser source where
the measurement was acquired at 0.5 x 108 cm™ to 2.9 x 10'® cm™3 initial carrier
density (these values assume that all of the photo-generated carriers are distributed
uniformly throughout the thickness of the film). The excitation was focused down to a
diffraction-limited spot through a water droplet and coverslip onto the perovskite film
using an objective (Nikon, CFI Plan Apochromat VC 60XC WI, NA 1.2). A dichroic
mirror (ET500LP, Chroma Tech), and long-pass filter (ET500LP, Chroma Tech) were
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used to transmit the emission from the CH3NH3PbBr3 perovskite film to the detector,
while excluding any contribution from the excitation source. A tube lens (Thorlabs,
AC254-030-A-ML, focal length 30 mm and diameter 22 mm) was placed one focal
length before the detector to collect the emission. The final magnification of the optical
system is therefore 60x x 30 mm/200 mm (reference focal length of Nikon infinity
corrected objective), which gives 9x magnification at the 50 x 50 um? detector. Given
this magnification, any light within approximately 2.5 pum of the excitation spot would
be detected, making this not a true confocal system, which has implications for the
effect of diffusion on the measured decays (see below). We kept the count rate of the
measurement below 1% of the repetition rate of the laser in order to prevent artifacts
from photon pile up. The samples were soaked under the same laser (CW mode) for
about 1-2 minutes before the measurement to minimize light-induced dynamics (if any)
within the perovskite structures. In fact, over several measurements (time span of ~3
to 6 months), we observed no PL lifetime degradation within the samples presented in
this report. All measurements were performed at ambient conditions.

Data fitting

We modelled the photoluminescence decay (PL(t)) of the CH3NH3PbBr3 perovskite
film as:

PL(t) = ¢bn(t)? 4.3)

where ¢ is the collection efficiency (extraction efficiency), b is the bimolecular
recombination coefficient, and n(z) is the time-dependent carrier density. We then
defined the time-dependent carrier density as the integral of excess carrier density over
time:

tdn (f ) )2 4.4)
df )

by assuming that Auger recombination is not significant within the range of excitation
used here, we simplified the total carrier recombination as the parallel contributions of

monomolecular trap- assisted and bimolecular radiative recombination:

PL(t):gbb(
0

dn (1)) _ _ 2
TR an(t)—bn(t) “4.5)
t . A2\ . 2
PL(t)z(/)b[f (an(#)+bn(#) )dt] (4.6)
0
PL(1) = ¢b flod ’ 4.7)
=¢ et (a+nob) — nob '

Where a is the monomolecular (trap-assisted) recombination coefficient, b is the
bimolecular radiative recombination coefficient, ng is the initial carrier density (at =
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0). For the data fitting routine, we normalized the experimental decay trace by setting
the PL(t=0) = 1 (not the ng), and therefore:

_ o npa
1=PL(t=0)=¢b @b b (4.8)

We first removed the background by calculating the average of the data points before
the excitation pulse, and then subtracting this value from the data trace. Therefore we
obtained the maximum point of the excess carrier density over time which corresponds
to the initial excess carrier density used in the experiment. This maximum point was
counted after ~0.1 ns (instrumental response function). Before the fitting to determine
a and b, we normalized the PL(t) to 1 and suppressed any noise from the data using
Lancos differentiators method [39] with a derivative well fitted through the third-order
polynomial. Figure 4.4 tabulates all recombination coefficients obtained from the data
fitting.

Data analysis

Data analysis. The PL peak shifts to slightly longer wavelengths as the grain size
increases (up to ~3.1 nm; ~0.013 eV), which might indicate enhanced charge-carrier
diffusion that facilites photon reabsorption within the film. The PL decay of poly-
crystalline films is a convolution of their intrinsic bulk, surface, and grain boundary
properties as well as extrinsic variation in film thickness [40] and surface roughness [41].
Our goal was to control for as many of these variables as possible to extract the influence
of grain boundaries. To this end, our films were prepared from the same stock solution,
and the protocol varied only the spin duration to control the grain size. We found
decreased recombination coefficients (both monomolecular and bimolecular) with
decreased grain sizes where the monomolecular recombination coefficient decreases
by a factor of 3 when the grain size increases from <4 ym> to <54 pm>, and this is
consistent with their corresponding increased effective lifetime. All films were less than
~230 nm thick, except the film with largest grains was thicker (~580 nm). According
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Figure 4.4: Evolution of recombination coefficients as a function of grain size
in CH3NH3PbBr3 perovskite. (a) monomolecular (trap-assisted) recombination
coefficient, and (b) bimolecular recombination coefficient.
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to AFM measurements, the root-mean-square surface roughness of the films with the
smallest, and largest grain sizes are 22 nm and 55 nm, respectively. Within these
ranges, it seems that the variation of thickness and surface roughness may affect the
measured bimolecular recombination coefficient [40]. The bimolecular recombination
coefficient value of our samples is within 1.31 to 4.57 x 1071% cm3s™!, which is similar
to the value reported by Yang et al. [42] (7 x 107! cm3s™1). The monomolecular
recombination coefficient of our samples ranges from 0.43 to 1.31 x 108s™!, which
is considerably higher than the literature values from Yang et al. [42] (3.68 x 10%s™1)
and Richter et al. [41] (3 x 108s71).

Accounting for effects of diffusion

To evaluate the possibility of excited charges diffusing away from the collection spot,
we modelled the evolution of the photoluminescence dynamics in equation (4.4) as a
function of transient time (#) and 2-dimensional space domain (x-, y-):

dn(x,y,t)  _[d*> d°

d axz " dy?

this is a partial differential equation that involves the time derivative with respect to
the propagation difection of x-, and y-. For fixed ¢, the diffusion equation becomes a
second-order differential equation in x-, and y-. Solving this into an ordinary differential
equation is possible, however to fit the experimental data with the model requires
very accurate free-fitting parameter, and therefore finding a unique solution with
reliable confidence interval is relatively tedious. We set the initial condition of Ny
(t = 0) for the solution at each x-, and y-, assuming Gaussian excitation beam, and
the boundary condition is N = 0 at x = co, and y = co. We solve and simulate the
equation (4.9) using finite-element analysis [50] using Python code. The inital carrier
density (Np), diffusion coefficient (D), monomolecular recombination coefficient (a),
and bimolecular recombination coefficient (b) are set based on our experimental

n(xyt)—an(xyt)-bn(x,y1)° (49
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Figure 4.5: Negligible effect of carrier diffusion on PL lifetime. Simulated time
dependent PL intensity on symmetric 2-dimensional space showing the diffusion
outside the collection spot (white dashed-circle) occurs at ultrafast timescale (0.2
ns), then the spatial PL intensity becomes more diluted and homogeneous at slower
timescale.
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conditions of 2.9 x 10'® cm™3, 0.18 cm?/s, 0.46 x 10% s71, 1.34 x 10710 cm3s71,
respectively. Figure 4.5 shows the simulated evolution of the spatiotemporal PL,
where carrier diffusion outside the collection spot (the white dashed-circle) is visible at
around sub-nanoseconds timescales. The PL becomes more homogeneous (diluted)
at timescales longer than 0.2 ns with reduced PL intensity. This ultrafast transient
regime cannot be detected within our measurement accuracy. The pin-hole size of our
photodiode detector is 50 pm with a total system magnification of 9x, so the spatial
PL counts that can be collected during the measurement come from an area of 30.8
um? (= 50 x 50 um/9) around the excitation beam [51]. Given the minority carrier
diffusion lengths in our samples are less than 0.5 pm, all carriers will recombine before
leaving our collection range, such that our setup can be seen as using local excitation
with wide-field collection. This suggests that our measurement collects all of the PL.
emission, even though our actual excitation area could increase slightly from carrier
diffusion. In such a case, the spatial variation in PL intensity we measure cannot
be explained variations in carrier mobility, as has been suggested for truly confocal
system [54].

4.7.2 Steady-state photocarrier grating (SSPG)
Measurement setup

The SSPG is a home-built system developed at AMOLF reviving a method originally
developed back in 1980s by Ritter, Zeldov, and Weiser [18]. It is equipped with a CW
diode pump solid-state laser (CPS450, Thorlabs) used as an excitation laser source at
450 nm wavelength. The source was first polarized using a linear polarizer (LPVISE
100-A, Thorlabs) before split into two-coherent beams using a beam splitter (CM1-
BSO013, Thorlabs) creating two optical path lengths. The first path passed through a
broadband neutral density filter (NEKO1, Thorlabs) and an optical chopper (MC1F10,
Thorlabs), and the second passed to a broadband half-wave plate (AHWP0O5SM-600,
Thorlabs), both of which were directed toward the sample. The half-wave plate
regulates the polarization state of the second path relative to the first path. When
the two paths are in the same polarization state, they create an optical interference
pattern on the sample surface, whereas no interference is created when the two paths
are orthogonally polarized to each other. The period of this optical interference is
determined by the angle between the two path beams. We used a controlled rotational
stage (CR1-Z7, Thorlabs) and a linear stage (ZLW-1080-02-S-10-L-1500-MK, Igus
Drylin, Elcee) to change the angle and maintain the two beams to be continuously
overlapping. We monitored the measured ratio of a change in conductivity of the sample
as a function of optical grating periods using a lock-in technique (SR830 Stanford dual
phase lock-in amplifier). We used a final formulation, as suggested by Balberg [19], to
correlate the change of conductivity as a function of grating periods [3, 17]:

( 1 )”2_(2nLD)2(1) 1

1-8) ~ @z2)V2 \A? +(22)2 4.10)
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where £ is the measured ratio of photoconductivity ratio of the sample with and without
grating, A is the grating period, Z is the grating quality factor, and Lp is the minority
carrier diffusion length.

Accounting for depolarization correction

Since sufficient quality of the optical grating depends on the polarization state between
the two overlapping beams, we corrected possible influences that could arise from
instrumental propagation errors, Fresnel reflection on the sample, and the roughness
of the sample surface. First, the instrumental propagation error was estimated by
calculating the total error contributions from the PID controller of the linear stage,
and rotational stage. We find that the resulting diffusion length (Lp) could drift by
fourth-power of the error in the rotational stage angle (O g):

2(6
1 64sin20 16cos“ | 5
ALp=-Lp S (2) (AGR)* (4.11)
2 cos®0 sin® (Q)
2

where 6 is the angle between two beams, ALp is the drifted diffusion length by the error
range of the rotational stage (Afg). The instrumental errors could be problematic for
angles smaller than 1°, corresponding to a grating size of more than ~25 pm (materials
with diffusion length of ~2.5 pm). Next, the Fresnel correction was considered because
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Figure 4.6: Minority carrier diffusion lengths of CH3NH3PbBr3 perovskite films with
different grain sizes: <54 pm> (purple), <32 pm> (green), <10 um> (orange), and <4
pm> (pink). Experimental data of a transformation of the photoconductivity ratio ()
as a function of the optical grating size (A); known as (inverse) Balberg plot. The Lp
values are extracted from the linear fitting of each corresponding dataset
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the grating intensity could be reduced as a consequence of the transmittance/reflectance
losses of the two beams on the sample [43]. We incorporated this correction into the
steady-state transport equation, and final ratio of change in conductivity under grating
should be corrected as:

Beorr = Bcos? 0; )] “4.12)

where the B, r is the corrected conductivity ratio of the sample, and f is the measured
conductivity ratio, 0; is the incident angle, and 6, is the reflection angle of the beam
relative to the normal of the sample surface, and «a is the absorption coefficient of the
CH3NH3PbBr3 perovskite sample. A significant reduction of the conductivity ratio
(~8.9 % reduction of grating amplitude) occurs when the angle is more than ~30°
between the two beams which corresponds to ~1 micron optical grating period. If
not fully corrected, this could be problematic for a sample with less than ~100 nm
carrier diffusion length. Finally, to account for the surface roughness effect, we used
Miiller-Stokes matrix for depolarized light, and the polarization state of the optical
grating is the Stokes shift of this matrix [44]. The effect was accounted for an effective
medium approximation into the equation (4.12). For a given surface roughness, the
maximum deviation of the change in conductivity (do) will be proportional to the
fraction of polarized light (f):

do = f[Ip(1-sin(2¢d cosA)) — I5] (4.13)

where ¢, and A are the difference in amplitude, and phase component, respectively
of the reflectance at normal incident beam (/y), and at Brewster angle incident beam
(Ip). The Brewster angle in our measurement is ~67°. The § is the film thickness. The
largest possible deviation of the change in sample conductivity is ~3% for 250 + 36
nm CH3NH;3PbBrj3 perovskite film (not sensitive to surface roughness).
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Figure 4.7: (a) I-V response, and (b) photo-conductivity measured on CH3NH3PbBr3
perovskite thin-films with different grain sizes.
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Conductivity measurement

This is done to determine the net-doping concentration (IN, - Nyl) across the samples
with different grain sizes where N,, and Ny, is electron, and hole concentration,
respectively. We used a collinear four-probe measurement geometry in the dark to
measure the J-V curve response of each sample (Figure 4.7a) from which we can
extract the net-doping concentration as:

In2
| No— Nj |= —
T

I
q,uWV] (4.14)

where ¢ is the electrical charge (1.60218 x 1071° C), u is the mobility (data in Figure
4.2¢), W is sample thickness, V is the applied voltage (V), and / is the measured current
(A). We found that the net doping concentration is (2.19 to 3.16) x 102 cm™3, (2.28
t0 2.92) x 102 cm™3, (2.04 to 2.92) x 10'2 cm™3, and (1.95 to 2.88) x 10'? cm™3 for
<4 pm>, <10 pm>, <32 um>, <54 pym> grain size samples, respectively. The precise
knowledge of the effective mobilities is required, otherwise the estimation of doping
density becomes useless. All films have similar background carrier concentration.

Mobility-lifetime products

The SSPG when coupled with a steady-state photoconductivity measurement can
reveal the mobility-lifetime products of the minority- and majority-carriers upon which
ambipolar transport of CH3NH;3PbBrj3 thin-film is based [17, 47, 48]. The products
can be evaluated by solving the following two coupled equations:

Ophoto = qG(/JminTmin"'/Jmaijaj) (4.15)

kT EminTmintmaiTmai
LZZC— . lTun ma].ma]. (4.16)
qd HminTmint MmajTmaj

where 0 ppor0 1s the sample photo-conductivity, ¢ is the elementary charge, G is
the photogenerated charge density (after subtraction with dark conductivity), k7/q is
thermal voltage at 300 K, C is a proportionality constant (typically 1; see the slope

Table 4.1: Mobility-lifetime products of the minority- and majority-carrier on CH3NH3PbBr3
perovskite thin-films with different grain sizes.

<grain size> pm | Ljg (nm) UminTmin (cm?V™1) EmajTmaj (cm?V~Th)
<4+17> 168 + 3.7 (1.1 £0.5)x1078 (1.3 +0.3)x107°
<10+4> 339+ 3.6 (2.7 £ 1.8)x1078 (2.3 £0.3)x107°
<32+7> 480 + 26 (3.4 +£0.4)x1078 (3.5+£0.5x107°
<54+17> 548 + 16 (3.8 +£0.23)x1078 (4.1 £0.2)x107>
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Figure 4.7b), and L, is the effective diffusion length measured from the SSPG. The
O photo Was obtained based on the generated carrier concentration from CW laser
excitation at 450 nm, which is equivalent to background carriers from the SSPG
measurement. The UpminTmin, and Wma;Tmin are the mobility-lifetime product of
minority-, and majority- carriers, respectively. Table 4.1 lists the the mobility-lifetime
products for minority and majority carriers in our CH3NH3PbBr3 thin-films with
different grain sizes. Clearly the ratio between (i T min, and Uma;Tmin i up to three-
orders of magnitude, indicating a large asymmetry between electron and hole transport.
Therefore unlike CH3NH3Pbl3 [49], the electrons and holes in CH3NH3PbBr3 thin-
films do not have similar diffusion lengths. Therefore the diffusion lengths given from
SSPG are for the minority carrier, but the measurements are not capable of determining
if that is the electron or hole.

4.7.3 Modelling grain size effect
Assumptions

(1) all grains are identical rectangular pillars without any voids (unity filing fraction),
so the boundary conditions are always periodic, (2) the grain is uniformly doped inside
the pillar volume, (3) the carrier diffusion is regulated by the excess of minority carriers,
(4) the grain boundary space charge region is negligible compared to the grain size (no
generation current at the grain boundary).

Fourier decomposition

We first describe the 3D steady-state transport equation within one single grain
including carrier generation (G), diffusion (D), and recombination (R) terms:

G-D-R=0 4.17)

5%An . 5%An . 52An)| An
6x2  6y? 6z

aA).Ipp (A) exp[-a(A).z] - D (4.18)
where An is excess of minority carriers (m~3), D is the diffusion coefficient of the
minority carrier (m?/s), x, y, z are the Cartesian coordinate system, a(A) is the
wavelength dependence of the absorption coefficient of the CH3NH3PbBrs perovskite,
I,n(A) is the incoming photon density (AM 1.5 standard) as a function of wavelength
that hits the system at a normal angle (parallel to the z vector), and 7 is the minority
carrier lifetime. We set the boundary conditions as follow:

SA

op | 228 = +S5.An(£G/2,y,2) (4.19)
0x |x=+c/2
SA

op 228 = +Scp.An(x,+G/2,2) (4.20)
oy y=%G/2
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6An
0z
where Sgp is surface recombination at the grain boundary (m/s), Sgp is surface
recombination velocity at the top or bottom surfaces that are assumed to be the same
(m/s), W is the thickness of the film (m), and G is the grain size (m). The origin of the
coordinate system is placed in the center of the square pillar grain (with the dimension
of G x G x W). Physically, the excess carrier density (An) always decreases whether it
propagates to the plus or minus relative coordinates. We used Fourier decomposition to

solve equation (4.18) [20, 21, 26]:
An(x Z) 0 fN[N AiAj [cosh(ml-jz)—C,-jsinh(ml-jz)]
VA= ], 4sin (B;/2) sin (B;/2) 4.22)

x [BiBjcos(B;x)cos(B;y)|didj

2D =+Spp.An(x,y,+W/2) 4.21)

z=xW/2

where ny is the initial carrier injection which diffuses orthogonally toward x, and y
boundaries; the ng is not isotropic. The A;, Aj, C;j, and m;; are coupled Fourier
components, all of which contain B; and B; as their solution where i and j are indices
for x and y directions.

8[sin (B;G/2)]?

i = : (4.23)
B;G[B;G +sin(B;G)]
3 Dmijsinh(ZmijW)+SFBCOSh(2mijW) (4.24)
e Dmij cosh (Zmij.W) + Sgpsinh (Zmij W) '
N vy a2
B;G\(S
B; = tan"! (l_) (ﬂ) (4.26)
2 2D

Simultaneously, j mode components were obtained by replacing i with j. The L is the
bulk diffusion length of CH3NH3PbBrs perovskite (the asymptotic values of measured
diffusion lengths). Finally, the effective diffusion length (L, ) was obtained from the
inverse proportional product of the whole Fourier components:

-1

4.27)

N pN
Leffz j(; j(; (AiAjCijm,’j)dld]

Up to the first term in a truncated Fourier expansion, we can approximate a dependence
of carrier diffusion length to grain size as [21, 24]:

L,=L

SrL 2W
1+ 2£8= tanh =~
D L I (4.28)

% +tanh(%)
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L
Ly=—— (4.29)
1+ ZSIG)BGLU

Here L, and Ly, can be associated with the diffusion lengths in the vertical and horizontal
directions, respectively, which are coupled. By knowing such correlation between the
effective diffusion length (L.rf) and grain size (G), we can estimate the correlation
between grain size and carrier lifetime (7), and mobility (u). To find the dependence
of T and u on grain size, we used either of those two as a free fitting parameter whose
initial values were fitted to the experimental data points.

J-V Solar cell modelling

We modelled the solar cell J-V curve using 2 diode equations both of which differ
not only in their ideality factors but also in their dark-current recombination. Under
illumination, the J-V relation is expressed as [45]:

\%4 Vv
= -1 -1] - 4.30
Jr=Jo1 |exp n(th] + Joz2 |exp nOZVt] ] Jsc (4.30)
gD (n)* 1
S il 431
Jo1 Ni Lot (4.31)
T[Dnl'V[ 1

Jo2 = —F——F7x7— (4.32)
/21\20627101 Leff

where V; is the thermal voltage at 300 K (0.02586 V), D is the diffusion coefficient
of the minority carrier (m?/s), n; is the intrinsic carrier concentration (m~3), N  is the
acceptor doping density in the bulk grain (m~3), N is the acceptor doping density at the
grain boundary (m™~3), V; is the built-in potential near the space charge region of the
grain boundary (V), €; is the static dielectric constant of the CH3NH3PbBrs perovskite,
q is the electronic charge (1.6022 x 107'? C), and L, is the effective diffusion length
as described in equation (4.27). The first diode represents the recombination current
inside the grain (Jo1), and the second is at the grain boundary (Jo2). The J is the
short-circuit current density of the solar cell which was separately determined using a
finite element simulation (Lumerical, DEVICE) [38, 46] The hypothetical solar cell
structure is composed of FTO/TiO,/CH3NH3PbBr3;/NiO,/Al layers.

PLQY modelling

We modelled the photoluminescence quantum yield (PLQY) based on its own definition
as the ratio of the number of photons emitted to the number of photons absorbed:

bn?

PIQY = ———F———
Q an+bn?+cn

(4.33)
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where a, b, and c are the recombination coefficient for the monomolecular, radiative
bimolecular, and Auger processes (~ 10727 - 10729 cm®/s) [41, 42], respectively,
where 7 is the volume averaged electron-hole concentration in a 250 nm thickness
CH3NH3PbBr3 film. The total effective carrier lifetime is determined by a convolution
of bulk, top-bottom surface, and grain boundary interface recombination, and therefore
we formulate the monomolecular recombination coefficient (a) as a function of grain
size (G) effect as based on the first order limit of the Fourier coefficient:

1 28 D
_ 25GB

= = 4.34
Teff G (LA)? “ ( )
1+ % tanh (%)
= TSpal W (4.35)
-5t tanh (T)
by plugging equations (4.34) and (4.35) to equation (4.33), we find:
1
PLQY = (4.36)
28 _
1+ (52 + ) (B)nt+ (§)m

The peak of the PLQY is determined by the second term of the denominator, while the
range of PLQY broadening is determined by the third term of the denominator.
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Nanoscale Back Contact Perovskite Solar Cells
for Improved Tandem Efficiency

Tandem photovoltaics, combining absorber layers with two distinct band
gap energies into a single device, provide a practical solution to reduce
thermalization losses in solar energy conversion. Traditionally, tandem
devices have been assembled using two-terminal (2-T) or four-terminal
(4-T) configurations; the 2-T limits the tandem performance due to the
series connection requiring current matching, while the standard 4-T
configuration requires at least three transparent electrical contacts, which
reduce the total collected power due to unavoidable parasitic absorption.
Here, we introduce a novel architecture based on a nanoscale back-contact
for a thin-film top cell in a three terminal (3-T) configuration. Using
coupled optical-electrical modelling, we optimize this architecture for
a planar perovskite-silicon tandem, highlighting the roles of nanoscale
contacts to reduce the required perovskite electronic quality. For example,
with an 18 % planar silicon base cell, the 3-T back contact design
can reach 32.9 % tandem efficiency with a 10 pm diffusion length
perovskite material. Using the same perovskite quaility, the 4-T and
2-T configurations only reach 30.2 % and 24.8 %, respectively. We
also confirm that the same 3-T efficiency advantage applies when using
25 % efficient textured silicon base cells. Furthermore, because our
design is based on the individual subcells being back-contacted, further
improvements can be readily made by optimizing the front surface, which
is left free for additional antireflective coating, light trapping, surface
passivation, and photoluminescence outcoupling enhancements.
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5.1 Introduction

Thermalization of hot electrons to the band edge is the largest source of power loss
(~40 %) in photovoltaic solar energy-conversion [1]; reducing this loss provides the
largest opportunity to reach ultrahigh efficiency solar cells. Although many strategies
have been proposed, only multijunction concepts have currently led to efficiency values
above the single junction Shockley-Queisser (S-Q) limit [2—7]. Unfortunately, tandem
solar cells are currently too expensive to use without light concentration, which requires
expensive optics, solar tracking, and often active cooling. The rise of high efficiency,
inexpensive thin-film solar cells with band gaps suitable for tandem solar cells (e.g.,
halide perovskites) have renewed interest in making tandem solar cells for 1-sun
application [7-13].

Traditionally, tandem solar cells have been fabricated in either 2- or 4-terminal
configurations [14], representing different extrema in the space of optical and electronic
coupling. The 2-terminal (2-T) design is monolithic and requires series interconnected
cells, while the 4-terminal (4-T) design is mechanically stacked and enables indepen-
dently connected cells. While 2-T configurations can benefits from optically coupling
the top and bottom cells to prevent loss and reflections between the devices, they
remain electronically coupled as well, forcing the two cells to be current matched.
Even with an optimal design, this current matching condition can only be reached for a
single optical spectrum; under diffuse light conditions, the large shifts in illumination
spectrum can cause large efficiency losses (e.g., up to ~11% relative in energy-yield
disadvantage [15, 16]). Conversely, 4-T devices benefit from electronically decoupling
the two cells, alleviating the need for current matching, but thick spacer layers generally
cause the tandem to lose the optical benefits of the monolithically stacked 2-T tandems,
and the additional contact again introduces a ~10 % relative efficiency loss [17]. The
3-terminal (3-T) configurations present a possibility for allowing the tandem cells to be
optically coupled but electrically decoupled, gaining the advantages of both standard
configurations, while avoiding their main drawbacks [18-23].

Here, we introduce a new design for a perovskite solar cell using embedded
nanoscale back contacts in tandem with interdigitated back contact (IBC) silicon cells,
coupled in a 3-T configuration (Figure 5.1). Because of the double back contact design,
only one (infrared) transparent contact is required (located between the perovskite and
silicon cells), reducing reflection and parasitic absorption losses. Because the top of
our tandem cell does not require a contact, this design can leave the front surface free
for texturing, anti-reflection coating, and surface passivation. These effects are not
optimized in our current analysis but could lead to higher absorption due to reduced
reflection, and large gains in open circuit voltage due to enhanced light outcoupling or
directional emission [24-26]. We use coupled optical-electrical simulations to compare
the performance of planar and textured tandem cells in 2-, 3-, and 4-T configurations.
The 3-T and 4-T planar tandem cells have the potential to exceed the single junction S-Q
efficiency limit of ~33 % using a perovskite with minority carrier diffusion length, Lp,
of at least 12 and 24 um for 3-T and 4-T tandems, respectively. The 2-T configuration
cannot reach such high efficiency values even for perfect perovskite quality (optical
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limit). More significantly, using a lower quality perovskite material with Lp = 0.8um,
only our 3-T configuration is able to surpass the 26.3 % world record [27] for a single
junction (textured/nonplanar) crystalline silicon solar cell. The improved performance
of our design relies on the embedded nanowire grid back contact that benefits from
three main effects. First, enhanced charge generation near the nanogrid contact due
to nanophotonics effects relaxes the diffusion length constraint for high efficiency
tandems. Second, decoupling the carrier collection of the two devices removes the need
for current matching (as in 2-T). And third, eliminating the front transparent electrode
increases the current, particularly in the top cell. This design can be used as a furture
building block to create multijunction back contact photovoltaics.

5.2 Theory

The 3-T design considered here is composed of a perovskite cell with embedded
nanoscale back contacts as the top cell, and an interdigitated back contact (IBC) silicon
cell as the bottom cells, as depicted in Figure 5.1. Our top cell design differs from
previous works reported on back contact perovskite [28] and thin film [18, 29] solar
cells because it incorporates only a single patterned contact (an embedded nanogrid
network) and uses a carrier-selective layer on the front surface of the bottom silicon
cell as the second contact. For all simulations, we use a top surface of fused-SiO,
representative of the front glass layer on a finished module. The nanogrid network is
composed of an insulating layer (100 nm thick Al,O3) and a metal contact (100 nm thick
Au) coated with metal oxide hole transporting layer (10 nm thick NiOy). The grid width
is 60 nm with pitch sizes from 0.25 to 6 um. This can be fabricated lithographically [30,
31] or using random nanowire mesh [32, 33] structures as a self-aligned etch mask [34].
We use a CH3NH3Pbl3 perovskite (Eg ~1.55 eV) absorber, where the thickness is
optimized between 0.05 and 1 um for all configurations. Although the bandgap of
this perovskite is not ideal (~1.55 eV versus the ~1.78 eV ideal Eg) for tandem with
silicon (Eg ~1.12 €V ), all high-efficiency single junction perovskite devices to date
have consisted of the CH3NH3Pbl3 material or a variation with a nearly identical band
gap [35].

The electrons generated from the perovskite cell are collected by a metal oxide
electron transporting layer (10 nm thick TiO,) and transferred to the IBC silicon
cell via a tunneling layer. In this case, the electron contact of the IBC silicon cell
will receive electrons both from the perovskite and silicon cells. Holes from the
perovskite will be collected directly by the metal nanowire contact grid, via the hole
transporting layer. The efficiency of electron transmission from the top to the bottom
cell depends on the quality of the tunneling layer composed of n* *Si layers (called front
floating emitter/FFE); this design is just one possibility mirroring the original design
of FFE [36, 37]. The FFE can be thought of as the negative electrode representing
a common ground between the devices, with the potential of the two cells being
determined by their positive electrodes. As a result, the working principle of the 3-T
IBCis equivalent to a 4-T, in which the two cells are electrically decoupled. This thereby
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Figure 5.1: Schematic designs of perovskite-silicon tandem solar cells. (a) Double
back contact with three-terminal configuration (3-T (IBC)). The top open space (cover
glass) is free providing opportunities for light-trapping, anti-reflective coating, surface
passivation, directional emission or enhanced photoluminescence outcoupling. The
nanoscale embedded grid is composed of NiOy hole-transporting layer (orange), Au
metal contact (dark-brown), and Al O3 dielectric-insulating layer (light-brown). The
negative polarity is shared between the perovskite (Per.) and Silicon (Si.) cells in
the n++Si (emitter) back contact silicon cell. Minority carriers from the silicon cell
(e™) are collected then re-injected by the tunnel layer containing n**Si (front-floating
emitter). The inset shows a schematic top view with 3D simulated unit cell indicated as
a light-green box (half-pitch square size). (b) Traditional tandem configurations with
two-terminal (2-T) and four-terminal (4-T) configurations; details in the Supporting
information. These cross-sectional views are not drawn to scale (perovskite thickness
ranges between 0.05 to 1 um, and the silicon is 180 yum).
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removes the current matching condition (present in 2-T design), while still allowing for
monolithic fabrication. The presence of a nanogrid network optically couples the top
and bottom cells, while also modifying the generation profile in the perovskite material,
which when optimized can reduce the diffusion length requirements, and increase the
optical path length in the silicon cell.

To assess the potential device performance, and hence the benefits of our archi-
tecture, we construct an optoelectronic model that couples the device optical and
electrical response, as schematically described in Figure 5.2. We first simulate the
optical response of the subcells and then use the output of the optical generation rate
response as an input for our electronic modeling. The optical input is the standard
solar spectrum (AM 1.5) from 300 to 1300 nm with 1 nm spectral resolution. For the
perovskite cell, the light propagation is computed with a wave optics approach with all
optical interference in the interlayer structures simulated using three-dimensional (3D)
finite-difference time-domain calculations (FDTD, Lumerical Solutions software [38]).
The optical transmission from the top cell is used as the optical input to the bottom
cell, which due to the large thickness is simulated based on a ray-optics approach,
using a rigorous polarization ray tracing (PV lighthouse, OPAL [39]). The values
of the optical constants for all materials were obtained either from spectroscopic
ellipsometry measurements or taken from the literature (Supporting information). From
the optical constants and computed electric field, we can calculate the charge generation
rate as a function of position and use that as an input to solve electrostatic and drift-
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Figure 5.2: Coupled optical-electrical simulation setup. The output of the optical
responses, via spatial information on charge generation rate, is used as the input for
the electronics modeling. A is absorption, R is reflection, T is transmission, [EI? is
electric field intensity, Eg is electronic bandgap, u is charge mobility, ep¢ is DC
permittivity, DOS is density of states, m* is charge effective mass, y is work function,
T is current, V is voltage, e~ is number of electrons, h™ is number of holes, and (x, y, z)
is three-dimensional spatial information. Unless specified, all optoelectronic modeling
is based on 3D simulation.
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diffusion transport equations for each material. Realistic values of electrical bandgaps,
dielectric permittivity, electron/hole effective mass, electron affinity, mobility, lifetime,
density of states, and equivalent resistivity of all materials are provided as input to
the simulation (Supporting information). For computational efficiency, we solved the
transport equation using a 3D finite element method (Lumerical Solutions, Device
Multiphysics [40]) for the perovskite cell using a conductive boundary approach (PV
lighthouse, Quokka [41]) for IBC silicon cell. Unless specified, the coupled optical-
electrical simulations were fully conducted in 3D (see Supporting information for
further details).

To benchmark the 3-T double-IBC perovskite-silicon tandem solar cell performance,
we compare it with standard 2-T and 4-T configurations using commensurate material
selections (details in schematic designs, proven compatibility of all materials involved
are described in Supporting information). The 2-T is composed of a transparent
conductive oxide (TCO) as a top contact, a tunnel junction (between the perovskite and
silicon), and a high quality planar silicon cell (front and back contact) with an 18.8
% power conversion efficiency (the equivalent of 25 % efficiency with an optimized
textured front surface and an SiN, antireflective coating). The 4-T is composed of
three TCO layers (two for the perovskite cell, and one for Si top contact), a 10um thick
glass insulating layer between the perovskite and silicon, and an identical silicon cell
as used in the 2-T. All configurations use metal oxide layers both for electron and hole
transporters (as opposed to organic layers, e.g. Spiro-OMeTAD, PCBM, PEDOT:PSS)
in order to minimize the parasitic absorption.

5.3 Optically limited performance

We begin by investigating the purely optical performance of the three configurations,
equivalent to setting the diffusion length for all materials to infinity (internal quantum
efficiency of 100 %, Figure 5.3a-c). As the perovskite thickness increases, the
absorption shifts from the silicon to perovskite. For electrically decoupled devices, this
is uniformly beneficial as the wider band gap of perovskite allows an increased power
generation, but for current-matched devices a clear optimal thickness is visible. For the
2-T tandem (Figure 5.3a), we see that the tandem device exceeds the Si limit (~29.4
% Auger-limited efficiency [42]) for perovskite layers from ~200 to 400 nm thick with
the maximum efficiency of 31.7 % with a 250 nm thick perovskite layer. The falloff in
efficiency above 400 nm is due to the current matching condition required for the 2-T
series connection (total current is limited by the cell having lower current).

The limiting efficiency is higher for the 4-T configuration because the top and
bottom cells are electrically decoupled. For the 4-T tandem (Figure 5.3b), the Si limit
can be exceeded if the perovskite thickness is greater than ~100 nm (with a TCO
thickness of 100 nm). The TCO in the 4-T tandem also acts as an antireflective coating,
as the TCO thickness was optimized to minimize reflection (Supporting information).
The maximum 4-T tandem efficiency is 36.5 % within the 1 um perovskite thickness
limit chosen for practical feasibility (and comparison with diffusion-limited devices
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later on). The asymptotic efficiency for the 4-T tandem is 36.6 %.

The 3-T IBC tandem (Figure 5.3c) improves further the maximum tandem effi-
ciency, reaching 37.9 % at 5.125 pum pitch and 1 um perovskite thickness (also the
asymptotic limit). The efficiency oscillates with thickness for both the 2- and 3-T,
showing that in these cases, unlike the 4-T configuration, the perovskite and silicon are
optically coupled, which improves the tandem performance. However, unlike the 2-T,
the two cells are electrically decoupled in the 3-T IBC with additional optical coupling
benefits, which enables the higher efficiency.

5.4 Coupled optoelectronic simulation

To evaluate the realistic performance of the three configurations, we examine two
different scenarios for perovskite material quality by varying the minority carrier
diffusion length (Figure 5.3d-f); we use diffusion lengths for the CH3NH3Pbl; of 0.5
pm and 10 um representing a realistic and optimistic perovskite quality, respectively.
The corresponding efficiency values of the perovskite materials optimized as single
junction devices are 11.6 % and 24.5 % with 0.5 and 10 um diffusion lengths and
perovskite film thickness of 0.45 and 1 um, respectively. The tandem performance is
computed with high quality planar single-junction Si cells of 18.8 % single-junction
efficiency; these correspond to simulated efficiency values of textured devices (with
optimized antireflective coatings) of 23.3 % for front and rear contacted Si and 25 %
for IBC Si.

For the 2-T configuration (Figure 5.3d), the tandem efficiency does not exceed
the planar Si (18.8 %) unless the high quality perovskite is used. Additionally, as
the diffusion length is reduced, the maximum efficiency is shifted to configurations
with thicker perovskite films due to the current matching constraint, a trend that
optical simulation alone cannot predict, demonstrating the importance of coupled
optoelectronic simulations in tandem devices. The maximum 2-T tandem efficiency
using 0.5 pm and 10 pm perovskite diffusion lengths are 18.5 % (at 400 nm thick), and
24.8 % (at 300 nm thick), respectively.

Similarly, for the 4-T configuration (Figure 5.3e), the tandem efficiency does not
exceed the single junction planar Si limit (18.8 %), unless a high quality perovskite
is used. The maximum 4-T tandem efficiency using 0.5 pm, and 10 pm perovskite
carrier diffusion lengths are 18.8 % (at 450 nm thick), and 30.2 % (at 950 nm thick),
respectively.

In the 3-T tandem configuration (Figure 5.3f), the lower quality perovskite (0.5 ym
diffusion length) can be used to exceed the efficiency of planar IBC Si of 18.9 %, which
is in contrast to the 2-T and 4-T tandems. In this case, the simulated tandem efficiencies
are well above the planar IBC Si limit for perovskite thickness up to 850 nm. Thickness
below 250 nm are not considered here, as the nanogrid contact would be outside of
the perovskite in the 3-T tandem depends on the depth of the nanogrid contacts inside
the perovskite, controlled by the insulator (Al,O3) thickness. The efficiency values
presented here are based on an optimal insulator thickness of 100 nm; as a general rule,
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Figure 5.3: Limiting and realistic performance. Limiting tandem power conversion
efficiency as a function of perovskite thickness on (a) 2-terminal, (b) 4-terminal,
and (c) 3-terminal (IBC). The limiting efficiency is modeled by assuming infinite
minority carrier diffusion length in perovskite and silicon cells; benchmarked with
their respectively calculated S-Q limit (39.2 %; 1.55 eV perovskite with 1.12 eV Si
bandgaps), and single junction Si limit (29.4 %; corrected for Auger recombination).
The contribution of the Si and perovskite materials to the tandem efficiency are
indicated. Similarly, in the realistic case on (d) 2-terminal, (e) 4-terminal, and (f)
3-terminal (IBC), by assuming finite minority carrier diffusion length in perovskite
(Lp) and Si, benchmarked with simulated planar single junction standard front-rear
contacted and interdigitated back-contact (IBC) Si cell efficiency. At Lp = 0.5 um,
the data points are missing in panels d, e because the perovskite cells are too resisitve
to simulate (as the thickness increases) in contrast to panel f. Some data, however,
are limited (below 250 nm perovskite thickness) in panel f, because of a thickness
restriction by the embedded nanogrid contacts. In panel f, the realistic tandem efficiency
is plotted at global optimum pitch sizes: 5.125 uym (for Lp = 10 pym), and 1.6 ym
(for Lp = 0.5 um). All PV parameters (Js¢, Voc, and FF) are tabulated in Figure 5.9
(Supporting information).

the nanogrid contact should be embedded around <40 % of the perovskite thickness
(Supporting information). The global maximum 3-T (IBC) tandem efficiencies for the
0.5 and 10 pm diffusion lengths are 25.1 % (at 550 nm thick with 1.6 um pitch), and
32.9 % (at 550 nm thick with 5.125 pm pitch), respectively.

To date, the world record efficiency of single junction Si photovoltaics is 26.3 %.
These cells use nonplanar front-side texturing with antireflection coatings. Unless a
very high quality perovskite is used (greater than ~2 pm minority carrier diffusion
length), a planar perovskite-silicon tandem using a standard 2-T or 4-T configuration
will not exceed the ~26.3 % textured single junction Si efficiency. We demonstrate
that the 3-T (IBC) can overcome the limitation even using lower quality perovskite
(e.g., with ~0.8 ym minority carrier diffusion length). In terms of the efficiencies of
the individual layers, this difference means that a > 21.7 % equivalent single junction
perovskite cell is needed to bring a 18.8 % planar Si cell above 26.3 % in a 2-T or
4-T configuration, whereas only a > 18.8 % equivalent single perovskite cell is needed
using our 3-T (IBC) configuration.
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5.5 The roles and limitations of nanowire grid
contacts

To elucidate the performance improvements of the 3-T (IBC) tandem design relative to
the standard 2-T and 4-T tandem configurations, we investigate the influence of parasitic
absorption and reflection, absorption path length enhancements, and nanophotonic
effects from the nanowire grid.

We begin by first identifying losses from the device spectral response curves, shown
in Figure 5.4a. The external quantum efficiency (EQE) spectra of the tandems are
simulated in their highest steady-state performance configurations (24.8 %, 30.2 %,
and 31.2 %, for 2-T, 4-T, and 3-T, respectively), corresponding to the 10 um diffusion
length. Note that the 31.2 % efficiency corresponds to 1 um pitch size to demonstrate
more clearly the nanophotonic cavity effects in the 3-T (IBC) configuration but an
optimized 3-T configuration gives 32.9 % efficiency.

The 3-T configuration shows improved EQE most significantly in the wavelength
range below 500 nm and to a lesser degree above 500 nm. We attribute the short
wavelength improvements to the use of nanowire grid contacts embedded inside the
perovskite. The free front surface allows blue photons, typically parasitically absorbed
by the TCOs present at the front of the 2-T and 4-T geometries, to be absorbed instead
in the perovskite and collected in the 3-T (IBC) tandem. Although the 4-T has three
TCO layers, its performance surpasses that of the 2-T design near the perovskite band
edge, due to difference in the optimized perovskite layer thickness (950 and 300 nm for
4-T and 2-T, respectively). The near band-edge EQE (~780 nm; 1.58 eV) for 3-T (IBC)
is higher than that of the 4-T, even with a thinner perovskite layer (550 and 950 nm,
respectively). This can be explained by a higher charge generation rate from ~700 to
800 nm due to a cavity effect provided by the nanowire grid (Supporting information).

The EQEs for the Si bottom cells in 2-T and 3-T designs show similar behavior,
suggesting that the top and bottom cells in the 2-T and 3-T tandems share a similar
optical-coupling mechanism. However, the EQE for the Si cell in the 2-T is lower than
that in 3-T tandem, partly due to near