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There was the door to which I found no key
There was the veil through which I might not see:
Some little talk awhile of me and thee

There was - and then no more of thee and me

Omar Khayyam (1048-1131),
Persian philosopher, mathematician and poet
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Introduction

The social and technological development of today’s modern society is not
imaginable without optoelectronic devices- the electronic devices that convert,
emit, detect or control light. Our every day lives are surrounded by light emitting
diodes (LEDs), laser-based telecommunication systems, high mobility transistors,
and photovoltaics. The ambitious goal of controlling the ever growing energy
consumption while proceeding with high-technology life is only possible with
developing new designs and materials for low-cost and efficient optoelectronics.
The incorporation of nanotechnology and nanomaterials into these devices opens
up additional and unique opportunities for approaching highly efficient devices.

Less than a decade ago, halide perovskites were only a class of ionic crystals among
many others, with interesting properties, but not much speculation about their ap-
plications. Their initial success in delivering high efficiencies in solar cells brought
them to the forefront of optoelectronics research recently. Besides the promise for a
new generation of efficient photovoltaics and light emitting devices, their complex
system has intrigued the curiosity of many scientists. Studying perovskites in their
fundamental details can also potentially initiate the discovery of devices with new
designs and applications. In this thesis we attempt to contribute to unravelling
the unknown aspects of halide perovskites towards their optoelectronic application
by fabricating and characterizing mono-crystalline perovskite nanostructures. We
start this chapter by giving a historical background and introducing the chemical
structure of perovskites. Afterwards we discuss the special optical properties that
their ionic nature bring to them. We explain then the charge carrier generation and



1 Introduction

recombinstion in halide perovskites and continue with reviewing the advances of
perovskites in optoelectronics. Next we go through perovskite nanostructures and
single crystals and their incorporation into devices. Subsequently we finish this
chapter by providing an outline of the following chapters in this thesis.

1.1 Brief history and crystal structure of perovskites

In 1839, Gustav Rose discovered CaTiO3 mineral in Ural mountains of Russia and
named it Perovskite after the mineralogist Lev Perovski [1]. This discovery opened
up a new category of materials all with the same crystal structure as CaTiO3, known
as the perovskite structure [2]. These materials with the stoichiometric formula
of ABXj3 all consist of three ions: A and B cations and X anions. The perovskite
structure can be represented in many different ways. Figure 1.1a shows a usual
ball-and-stick model showing the unit cell of the perovskite, where A atom is in
the center of a cubic unit with B atoms in the 8 corners and X atoms in the mid-
dle of each edge. Another common way to show the unit cell of the perovskite
structure is with X anions octahedrally coordinated around the B cation, with A
cations in the corners of the unit cell as shown in Figure 1.1b. Sometimes the 3-
dimensional structure is pictured with corner-sharing BXs octahedra network with
Aions sitting in cuboctrahedral cavities. The nature of A cations including its polar-
ity, charge and size,[3] and also their interaction with the inorganic framework [4]
defines the tilting and rotating of the BX; in the lattice and creates cubic, tetragonal
or orthorhombic phases(Figure 1.1c-d). A certain perovskite goes through phase
transition by external parameters such as temperature, pressure and magnetic and
electric fields which control these tilts and rotations. A wide range of ions (elements
and compounds) can mix and form perovskite structures, as long as the charge
balancing is maintained and the sizes of ions can preserve the perovskite structure.
Goldschmidt tolerance factor [5] and the octahedral factor [6] are commonly used
to predict the probable formation and crystal structure of perovskites based on the
ionic radii and the ideal distances between ions. Goldschmidt factor (t) is given by
the equation below:

t= TA+—rX (1.1

V2(rg +rx)

where r; is the ionic radius of A, B or X. The octahedral factor p is given by the ionic
radii of B and X in BXg octahedra as follow [7]:

B
I'x

y= (1.2)

The t and p values should lie between 0.75 - 1.0 and 0.42 — 0.8 respectively for the
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Figure 1.1: Schematic of various representation of perovskite crystal structure.
a) The unit cell of perovskite structure, where A atom is in the center of the unit cell
with B atoms in 8 corners and X atoms in the middle of edges b) The perovskite unit
cell with BXg octahedron in the center and A atoms in the corners of the unit cell.
¢), d) and e) show corner-sharing BXg octahedra networks of perovskite structures
with orthorhombic, tetragonal and cubic structure, respectively. With increasing
the temperature the phase transition occurs from orthorhombic to tetragonal and
cubic. The middle row is the ac-plane and the bottom row is the ab-plane.

formation of oxide perovskite structures [7].
Nowadays, the term perovskite is not only attributed to CaTiOs, but is a general
name for any ABX3 material with perovskite structure. Many other minerals such
as SrTiO3 and LaCoOs are in the same category [8]. Halide perovskites are similar
to oxide perovskite but the oxygen is substituted with a halogen, such as chlorine,
bromine or iodine and the valence of the cations is adjusted to maintain charge
neutrality. This class of perovskites was first studied at the end of the nineteenth
century by Wells [9]. When a halogen replaces oxygen in the X site, the oxidation
state of A and B cations must sum to 3, therefore monovalent A and divalent B ions
are required. Both tolerance factor and octahedral factor can also be used to predict
the formation of ABX3 halide perovskites with 96% predicting accuracy [10]. The
octahedral factor has a lower limit, and both factors have to be satisfied but they
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are not sufficient for the formation of perovskite structure [7, 10].

Almost a hundred years after the early demonstration of inorganic halide
perovskites, Weber replaced the A ion with an organic cation and introduced
methylammonium lead halides with the chemical formula CH3sNH3PbXs ( X=ClI,
I or Br) as the first hybrid halide perovskites [11, 12]. To predict the perovskite
formation with the geometrical factors , the effective radius of the organic cation
is considered as a rigid sphere model. For the formation of halide perovskites
0.81 < r < 1.1 and 0.44 < p < 0.90 should be satisfied. Studies showed that the
cubic structure of hybrid halide perovskite is realized when 0.85 < ¢ < 1.0 [13].
CH3NH3Pbl3 as the most common hybrid perovskites used in optoelectronics
has a lower ¢ of 0.83 and therefore the less symmetric tetragonal crystal structure
at room temperature. When iodide is replaced with the smaller bromide or
chloride ions, the t factor falls in the right range for a cubic structure. In general,
all CH3NH3PbXs perovskites have a cubic structure at higher temperature, and
transform to tetragonal and orthorhombic structures subsequently by lowering the
temperature.

Due to the larger ionic radii of halide ions in comparison to the oxides, only a
limited range of divalent cations can maintain the perovskite structure in this sys-
tem including the alkaline earths, rare earth and group 14 elements such as Pb?*
and Sn?* ions. The charge distribution of the A cation also plays an important
role in stabilizing the hybrid halide perovskite structure. In addition to methy-
lammonium, formamidinium (H,NCHNH,*) and mixtures of organic and inorgaic
cations (CH3NH3 " ,H,NCHNH; * and Cs* ) are among those which form stable and
efficient hybrid perovskite systems for optoelectronics [14].

The fabrication and semiconducting properties of layered and 3-D halide
perovskites were first studied in the 1990s by Mitzi et al [15-18]. However, not
much attention was paid to the application of materials in optoelectronic devices
until recently. In 2009, Miyasaka’s group [19] applied hybrid halide nanocrystals
as visible-light sensitizers in a liquid electrolyte based dye sensitized solar cell
(DSSQC). In this early demonstration the efficiency was as low as 4%, although this
was just the starting point of the rapid development of halide perovskites-based
devices. Within only 8 years, the PCE of perovskite solar cells has increased to
values comparable to those of silicon solar cells, the most common photovoltaic
technology [20]. Although halide perovskites were considered primarily to replace
the dye molecules and organic absorbers in DSSCs, nowadays perovskite solar cells
stand out as an independent type of solar cell with a planar thin film architecture.
The rapidly increasing PCE of perovskite solar cells drew the attention of numerous
research groups worldwide to halide perovskites as the active component of other
optoelectronic devices as well during the last 8 years. In addition to tremendous
efforts in increasing the device performance [21-27], many research groups used
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this class of material for scientific explorations and focused on unraveling the in-
trinsic properties and understanding the working mechanisms of halide perovskite
in devices and their interaction with light. [14, 28-32].The evolution of perovskite
solar cells and optoelectronics is discussed in detail in Section 1.4.

1.2 The ionic nature of halide perovskites

Perovskites are ionic solids and their chemical bonds are formed based on electro-
static forces between the oppositely charged ions. This characteristic makes halide
perovskites fundamentally different than conventional inorganic semiconductors
with covalent bonds. In covalent solids, such as those formed from elements of
group 14 like Si and Ge, the shared electrons construct the bonds which keep the
counterparts of the solid together. The interactions of electrons with each other and
the neighboring atoms in the solid, defines many physical properties of the solid
such as hardness, melting and boiling points, solubility, and conductivity [33]. We
should note that often the bonds in solids have a complex nature of mixed binding
types, for instance TiO, has ionic/metallic bonds. But it is common to ignore this
in discussion of the solid structures for simplicity and only consider the dominant
bond type [34]. Here we also take this assumption for the further discussion of
bonds and their effect on electronic structure in halide perovskites.

Electrons in solids have discrete ranges of energies, similar to electrons in isolated
atoms with specific available orbitals. When atoms are brought together to form
solids, the electrons feel the nuclei and electrons of neighboring atoms as well,
which cause the overall wave functions of electrons to be altered. In formation of
ionic solids electrons are exchanged between positive and negative ions in order to
make the outer orbital of ions full with the electronic structure of inert gases. For ex-
ample in the simplest and well-known case of NaCl, Na with electron configuration
of [Ne]3s! gives away its valance electron to the Cl with electron configuration of
[Ne]3s?3p° . This way Na™ and Cl~ ions with electron configuration of inert gases
(Ne and Ar) are formed and the coulombic attraction of ions hold them together in
the lattice [33]. In most ionic structures, electrons are tightly bound to each atom
and are not free to contribute to the current flow. In fact, ionic solids are mostly
insulators. In the band structure of ionic solids which comes from the participation
of valance electrons, the energy difference between the valance band and conduc-
tion band is usually as high as 3 eV or more. Surprisingly that is not the case in
the electronic structure of halide perovskite solids. In the halide perovskites, as
the most relevant perovskites for optoelectronics, the valance band maxima (VBM)
form as the result of o-antibonding of the metal outer s orbitals (Pb 6s or Sn 55) with
halide outer p orbitals. Conduction band minima (CBM) mostly comes from the o-
antibonding of metallic ion p orbitals (Pb 6p or Sn 5p) with a small contribution

13
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of halide outer p orbitals (5p for I, 4p for Br and 3p for Cl). The formation of CBM
bands dominantly from metallic p orbitals gives halide perovskites a unique dual
ionic and covalent nature. The energy gap of such electronic configuration is less
than 3 eV, classifying halide perovskites as semiconducting materials.[35, 36]

The electronic band structure of halide perovskites gives them distinct characteris-
tics from conventional semiconductors and brings them special properties. Den-
sity functional theory (DFT) calculations of CH3NH3Pbl3 and mixed halide per-
ovskites [37], along with earlier first-principle pseudopotential calculations of the
electronic band structure of CH3NH3PbX3 and CsPbX3 [36] indicate that the band
structure near the VBM and CBM is mainly formed from the [PbXg] 4 inorganic
framework, with organic cations playing a minor role. These findings were con-
sistent with later experimental evidence of the band structure from UV-Vis spec-
troscopy in halide perovskites [38]. Filip et al [39] showed by DFT calculations that
the the bonding and antibondig bands of the A cation are located away from the
band edges, as shown in Figure 1.2a. They indicated that removing the cation while
compensating the charges by a positive background, and keeping the arrangement
of octahedral network (bond length and tilt) the same, does not change the band
structure around the band edge significantly.

Formation of the band gap from the contribution of the different ions in perovskite
semiconductors gives an interesting feature to these materials: the possibility to
tune the optical properties via changing the ionic components. The energy and
structure of perovskites’ band gap can be tuned by substitution of different ions in
each A,B and X sites and even making a combination of different ions with varied
ratios in each site. Since the early development of hybrid perovskite photovoltaics,
many researchers mixed halide ions (Cl, Br, and I) to obtain a range of band gap
energies from 3.11 eV in ultra-violet (from CH3NH3PbCl3 ) to 2.23 eV in visible
(CH3NH3PbBr3) and 1.55 €V in infrared (CH3NH;3Pbl3) [41-48] (see Figure 1.2a).
The increase of band gap with reducing the halide ionic size has been used as a gen-
eral trend also in other halide perovskites, such as CsPbXs [49-51], CH3NH3SnX3
(52, 53] and HNCHNH; PbXj3 [54].

Substitution of the metallic ions has an anomalous effect on the band gap. When Pb
and Sn are mixed on the B sites, the band gap of the compound does not lie between
the energies of the pure APbX3 and ASnXj3 [55]. This effect enables broadening the
range of band gaps that halide perovskite can achieve.

Considering the band gap structure of perovskites arises mainly from the [BXg] ™*
octahedra network, it may seem that A* cations have only a stabilizing role and
their effect on electronic structure is negligible. If that was the case, replacing
smaller Cs* with CH3NH; would make the band gap just slightly higher, because of
the increase in the lattice constant [56]. However, the optical experiments show the
band gap decreases from 1.73 eV to 1.55 eV and 1.48 eV for CsPbl3 to CH3NH;3PbI3

14
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Figure 1.2: Electronic band structure of halide perovskite and effect of ionic
components on its band gap. a) Electronic band structure of CH3NH3Pbl3 in low-
temperature orthrombic phase with (black lines) and without (blue lines) organic
cation calculated by DFT. The left part of the graph shows the partial density of
states, and indicates the contribution of orbitals of each ion in the formation of the
band structure. The VBM consists of I 5p states and the Pb 6s states. The CBM
consists mainly Pb 6p and I 5p states. Reproduced from Ref. [39] with permission
from Springer Nature. b) Band gap tunability of CH3NH3PbX;,Y3_,. The emission
of the CH3NH3PbX,,Y3_,, perovskite is tunable from 390 to 790 nm wavelength.
Reproduced from Ref. [40] with permission from Springer Nature.

and then H,NCHNH; Pbl; respectively. Filip et al. [39] showed that the type and
steric size of A* cation influences not only the lattice size, but also X-B-X bond
angle [39]. On the other hand, the chemical interaction of the A* cation with the
[BXs]~* octahedra affects the ionic-covalent nature of chemical bonds. For exam-
ple, increasing the hydrogen bonds of organic cation make the X-B (metal-halide)
nature more ionic, and the VB and CB structures are getting more influenced by
metal (Pb or Sn) [57]. Here the spin-orbit coupling from the heavy metals become
more significant and decreases the band gap when going from smaller CH3NH; to
the larger H;NCHNH .

Overall, halide perovskites benefit from defect tolerance which originates from
their special band structure. The antibonding coupling of Pb lone-pair s orbitals

15



1 Introduction

and halide p orbitals cause structural defects such as iodine and methylammonium
vacancies forming energy levels outside of the forbidden band gap [58]. This
characteristic gives them less defect density in the forbidden band gap compared
to more covalent crystalline semiconductors such as CdTe and CuyZnSnS; [59, 60].
However, the formation of defects within the conduction and valance band has its
own consequences, for example it brings above band gap absorption [59].

1.3 Charge carrier dynamics in halide perovskites

Upon excitation of a semiconductor, the charge carriers are generated via the
transfer of electrons from valance band to the higher-energy conduction band
(Figure 1.3a). Eventually, the electrons and the holes recombine and release
the energy difference between the excited state and the ground state in various
energy forms, depending on the recombination process. These processes are
schematically illustrated in Figure 1.3b.

In the trap-assisted recombination, a charge carrier (electron or hole) is captured

a) charge carrier b) charge carrier recombination

generation i) trap-assisted ii) bimolecular iii) Auger

B2

cele@ll | HeONlcs WelOu cs cB

P
(2]
S| n
:‘é NN trap NNV
VBIThE ho VB h VB . VB

-

Figure 1.3: Charge carrier generation and recombination mechanisms in
semiconductors. a)electron and hole are generated in the semiconductor upon
optical excitation with photons with higher energy than semiconductor’s band
gap. b) The electron and hole recombine via various possible recombination
mechanisms: (i) Trap-assisted recombination is a monomolecular process when
the charge carrier is trapped in an extra energy level within the forbidden band gap,
formed due to defects or impurities. (ii) Bimolecular recombination is the band-
to-band transfer of electrons from conduction band (CB) to the valance band (VB)
which is followed by the release of energy as a photon. (ii) Auguer recombination
occurs at the high charge carrier density. The electron and holes recombine band-
to-band but the energy of the process is given to a third particle.
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1.3 Charge carrier dynamics in halide perovskites

in a trap state within the forbidden band gap of the semiconductor. In this process,
the energy of the excited state is given off in the form of heat to the lattice phonons.
These trap states are usually formed due to the impurities or structural defects in
the lattice of the semiconductors. The recombination through the trap states is
also referred to as Shockley-Read-Hall (SRH) process[61, 62]. The interruption of
the lattice and presence of dangling bonds at the surface can potentially introduce
a large density of trap states and make the surface a source of non-radiative recom-
bination in semiconductors[63]. In general, reducing trap states lowers the non-
radiative recombination rate, increases the effective lifetime and diffusion length of
charge carriers, and boosts the performance of devices. Therefore it is important to
recognize the contribution of trap states in the surface and bulk of a semiconductor
separately and choose the proper strategies to reduce them in each.

Bimolecular recombination occurs when an electron directly fills the hole in the
valance band. The energy of this process is released as a photon with an energy
equal to the band gap of the semiconductor. Since the dominant recombination
process involving two species (electron and hole) radiates photons, it is also called
radiative recombination.

The third recombination processes is Auger recombination, which involves three
charge carriers. In this process, an electron and a hole recombine band-to-band,
but they give off their energy to a third particle in the form of kinetic energy. The
third carrier usually loses its energy as heat. Auger recombination is only significant
in non-equilibrium condition at high excitation densities. In this process, both the
energy and momentum must be preserved [64]. In fact, Richter et al [65] reported
that only at n > 10'8 the rate equation is related to the carrier density cubic for
CH3NH3PbI3 . Since increasing the band gap of semiconductors makes the con-
servation of momentum more difficult, Auger processes become less important in
materials with higher band gaps [66].

The contribution of each process depends on many factors including the initial
carrier density, the semiconductor’s electronic band structure and the density and
energy of trap states within the band gap. Importantly the energy and density of
trap states are sample-dependent factors in halide perovskites, and depend on the
morphology and fabrication processes of the material [67]. Thus it is highly impor-
tant to distinguish these mechanisms in charge carrier dynamics individually. The
decay of charge carrier density (n) over time (t) is formulated in Equation (1.3):

dan(1)

dat
where k; is the recombination rate constant associated with the monomolecular
trap-assisted recombination, k» represents the bimolecular radiative recombina-
tion rate constant, and k3 is the Auger recombination rate constant. As a result, the

= —ksnP—kon? — ki (1.3)
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total charge recombination rate normalized by carrier density is written as [67, 68]

R(n, 1) =ksn®+kpyn+ky (1.4)
and by definition, charge carrier lifetime is the inverse of recombination rate:

1

= 1.5
T ]C31’l2+k21’l+k1 (1.5)

By knowing the rate constants for each process we can predict the contribution of
each to the total recombination rate under a given set of material/device parame-
ters. Recognizing which process has the biggest impact on the total recombination
rate helps to define strategies to optimize the contribution of each process, depend-
ing on the relevant application of the device and its active semiconductor.

In general, radiative recombination is considered non-detrimental for efficient
function of optoelectronic devices, and efforts are focused on maximizing this
recombination channel compared to the other pathways [67]. In the direct band
gap semiconductors, such as halide perovskites, the radiative recombination
originates from the band-to-band relaxation of the free charge carriers. Several
different processes can lead to emission in a semiconductor, such as radiative
recombination of a free exciton, an electron donor-acceptor pair, or trap-mediated
florescence [69]. So far there has been no evidence of other radiative pathway than
band-to-band relaxation of free holes and electrons [70]. Therefore we can say
that only the recombination coefficient k, represents this radiative process and
non-radiative recombination in halide perovskites is mostly from trap-assisted
and Auger. However, Richter et al [65] proposed the existence of a non-radiative
bimolecular channel. Although the nature of this recombination is unclear, its
presence could be speculated from the difference between the recombination
coefficients from transient PL and absorption kinetics of CHsNH3Pbl3 thin films.
Non-radiative Auger recombination can be harmful for the performance of devices,
but according to both experiments and simulations [65, 67, 71] it does not play a
role until carrier densities higher than (> 10'8) in halide perovskite devices. There-
fore, although it can be considered irrelevant for light emitting diodes (LEDs) and
photovoltaics under standard sunlight performance conditions [67], it is harmful
for applications at high excitation densities like lasing devices or solar cells under
concentrators.

The nature, density and energy of traps in perovskites is highly dependant on
their fabrication processing. This caused a considerable range of recombination
rates, charge carrier lifetime and mobility values being reported in literature
for perovskites[72]. For instance, for the most studied hybrid halide perovskite,
CH3NH3Pbls, the PL lifetime varies from nanosececonds to microseconds. It is
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1.3 Charge carrier dynamics in halide perovskites

suggested that p-type Pb vacancies and n-type methylammonium interstitials
form shallow traps near the band edges and cause the PL to quench [58]. Electron-
phonon coupling has been also suggested as a cause of below gap excitonic and
carrier traps formed in halide perovskites [73].

The nature of perovskites as a mechanically soft and chemically less stable semi-
conductor as compared to the classical inorganic ones, as well as their low energy
of trap formation, makes the defect density and states to be sample preparation-
dependent [74] . Therefore the study of the defects in perovskites is a complex issue,
depending on several factors such as processing temperature and atmosphere, the
ratio and age of the initial components, the duration of process, the time between
preparation and performance, and even the measurement conditions like humidity
and atmosphere. All these factors can decrease or enhance the defect densities and
consequently the recombination rates. Moreover, grain boundaries are a source
of defects in the polycrystalline film, therefore lower defect density is expected for
single crystalline perovskites. Experimental studies [75, 76] estimated small density
of traps for single crystals of CH3NH3PblI3 (= 10'°-10''cm ™) and CH3NH3PbBr3
(= 10%) close to the valance (= 0.1 eV) and conduction band (= 0.2 eV), matching
with the predictions from DFT simulations [77]. These findings indicate the supe-
rior performance the single-crystalline perovskite devices may have over polycrys-
talline thin films.

Non-radiative recombination affects the performance of optoelectronic devices in
different ways. For instance, in solar cells it causes the charge carriers to decay
rapidly, before they reach the electrodes to be collected and contribute to the cur-
rent. The non-radiative recombination also lowers the voltage of the device at open
circuit (V) from Vf,‘gd according to Equation (1.6) [78, 79], assuming that we have
perfect contacts, i.e. the quasi-Fermi level splitting is the same as the extracted
device V.

kgT
Ve = V7 4 BTln(next) (1.6)

where vggd is the V,. at the radiative limit, kg is the Boltzmann’s constant and
T is the temperature and q is the electron charge. 7., is the external quantum
efficiency given by:

kg n2

k3n3+k2n2+k1n

Next = 1.7)

Equation (1.6) and Equation (1.7) show that increasing the non-radiative recom-
bination channels reduces the radiative efficiency and results in a reduced solar
cell V,.. Therefore achieving highly-efficient solar cells requires strategies to re-
duce the bulk and surface trap state densities through optimizing processing con-
ditions and passivating the surface or grain boundaries. In light emitting appli-
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cations, the high performance of the device also relies on the high radiative ef-
ficiency and minimizing the non-radiative recombination pathways according to
Equation (1.7). The recombination processes are highly dependent on carrier con-
centration (Equation (1.4)). [80, 81]. In lasing applications where the carrier densi-
ties are considerably higher, the effect of Auger recombination becomes more dom-
inant. Halide perovskites have Auger recombination rate coefficients =25 times
higher than GaAs [82], therefore halide perovskite-based lasers may suffer more
dramatically from non-radiative Auger channels. Since Auger recombination is
based on the simultaneous energy and momentum conservation, it strongly de-
pends on the electronic band structure. Tailoring band structure by proper com-
positional changes in a way to avoid additional bands, for example split-off bands
from spin-orbit coupling, is important for designing efficient devices at high injec-
tion levels [72].

1.4 Halide perovskites in optoelectronic applications

Halide perovskites as direct band gap solution-processed semiconductors are effi-
ciently applied to many applications from solar energy conversion [83] and stor-
age [84] to light emission [85, 86] and detection[87, 88]. They behave in many
ways like more traditional direct band gap inorganic semiconductors with their
long carrier diffusion length and high charge carrier mobility [68]. However, their
low-temperature solution-based processing (below 200°C) is analogous to organic
semiconductors, making them a potential candidate for cost-effective fabrication
of flexible, semi-transparent, colorful thin-film and low-weight devices [84]. Here
we give an overview of advances in halide perovskite devices, mainly solar cells,
light emitting devices (LEDs and lasers) and photodetectors (PD).

As mentioned in Section 1.1, in the early perovskite-based solar cells, the hybrid
halide perovskites were employed as light absorber in liquid electrolyte DSSCs be-
cause of their high absorption coefficient (1.5x10* cm™! at 550 nm compared to
the conventional dye 1.5x10% cm™! for the Ruthenium based organic dye N719
at 540 nm) and broad absorption spectrum. In these devices, CH3NH3PblI3 and
CH3NH3PbBr3 nanocrystals were deposited on mesoporous TiO, instead of the
organic dye. The PCE of these early devices were 3.8% for CH3NH3PblI3 and 3.1%
for CH3NH3PbBr3 based solar cells. Optimizing perovskite precursor solution and
electrolyte composition later enhanced the PCE to 6.5% [89]. Although these effi-
ciencies showed the potential of halide perovskites for implementation in photo-
voltaics, the stability of the devices were low. The perovskites in the liquid elec-
trolyte lasted only about 10 minutes before decomposition. Replacement of the
electrolyte with spiro-MeOTAD (2,2,7,7-tetrakis(N ,N-di-p-methoxyphenylamine)-
9,9-spir0biﬂu0rene) in the solid-state DSSC structure increased both the perfor-
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1.4 Halide perovskites in optoelectronic applications

mance (PCE 9.7%) and stability [90]. Further improvement to above 12% efficien-
cies was also achieved by employing mixed halide perovskite CH3NH3PbI;_,Cl, for
its better stability when processing in air and under light exposure [21, 91, 92].
Within the last years, the architecture of perovskite-based photovoltaic devices de-
veloped from DSSC to thin film planar heterojuntion (See Figure 1.4). In a conven-
tional DSSC, the sensitizing dye coats a wide band gap semiconductor (like TiO5)
and absorbs the photon which consequently generates an electron-hole pair. The
electrons are transported to the electrode by transferring to the conduction band
of the TiO», leaving the dye in oxidized state. Simultaneously an electrolyte reduces
the oxidized dye to its neutral state and transports the holes to the other electrode.
This mechanism is different than conventional inorganic solar cells with p-njunc-
tion architecture [93]. Due to the higher dielectric constant of inorganic semicon-
ductors, the electron-hole pairs are generated, separated and transported directly
within the semiconductor. When the mesoporous n-type TiO, in the perovskite-
based solar cell was replaced with the insulating Al, O3 scaffold [21], it was observed
that the open circuit voltage (Voc) and therefore the efficiency was improved .
Moreover, transient absorption spectroscopy [92] showed the charge separation
is absent in both perovskite/TiO, and perovskite/Al,O3 interfaces. These reports
demonstrated that perovskite itself can sufficiently transport both electrons and
holes and enables charge collection in a planar heterojunction, similar to inor-
ganic semiconductors. This was a breakthrough in this field which led to a split
of perovskite solar cells from conventional DSSCs and proved the high potential of
perovskite solar cells beyond laboratory demonstrations. Today, the international
contribution to the progress of this field resulted in the record efficiency of 22.1%
in photovoltaic devices. [20]

Despite the high efficiency and relatively simple fabrication of halide perovskite
solar cells, several fundamental issues such as performance instability and
durability have to be improved. Perovskites in nature consist of ions and evidence
ofionic conductivity was reported in inorganic oxide and halide perovskites already
many years ago [94, 95]. In hybrid halide perovskites also conduction of ions,
known as ionic migration, is proposed to be relevant to the long-term device issues
such as degradation[96], and short-term performance issues such as slow response
time and hysteresis in current-voltage (I-V) curves [84, 97, 98]. [-V measurement is
the typical method to determine the photovoltaic characteristics of solar cells by
sweeping the voltage from short circuit to open circuit and recording the current
response. In most solar cells, such as Si and organic photovoltaic, the I-V curve does
not depend on the direction of the scan, if it is not done too fast [93]. A mismatch
between the I-V curves of a perovskite solar cell in forward direction scan (from
short circuit to open circuit) and reverse scan is reported since the early stages of
perovskite solar cells development [98]. This effect is known as hysteresis. Apart
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Figure 1.4: Evolution of perovskite solar cells from DSSC to planar heterojunc-
tion structure a) DSSC structure, with perovskites coating a porous wide band
gap semiconductor (like TiO2). The perovskite here serves only as an absorber,
while TiO» transports electrons and a liquid or solid electrolyte transports holes
to the respective electrodes. b) In meso-superstructure architecture, perovskite
coats a mesoporous metal oxide scaffold. The metal oxide can be a wide band
gap semiconductor, or an insulating oxide like AlO3 which only has a role as a
scaffold. Perovskite is capable of not only absorbing light, but also transporting
charge carriers. ¢) The planar structure is realized with a thin film of perovskite
sandwiched between electrodes, or with extra charge transport layers, but without
a metal oxide scaffold.

from ionic migration, ferroelectricity and charge carrier trapping in perovskites
have been also proposed as a mechanism behind hysteresis [4]. Ferroelectricity was
initially suggested because of the observed ferroelectric behavior in some oxide
perovskite compounds such as BiFeOs and BaTiOs. Although some early studies
hypothesized the rotation of organic cations in hybrid halide perovskites could be
responsible for ferroelectricity [99] later more detailed simulations and theoretical
work disproved that [100]. Another hypothesis for the cause of hysteresis is
charge carrier trapping, which was proposed that occurs due to the migration of
mobile ions [101] or the interaction of photogenerated charges with the lattice
forming deep trap states, known as small polarons [102]. It is also possible that
a combination of all mentioned factors are involved in device-related issues or
they are inter-related, but how much each factor is involved is still under debate.
Whether the ionic migration can be prevented by tuning processing conditions, or
if it can be utilized effectively in the design of novel optoelectronic devices beyond
photovoltaics, such as memresistors and switchable diodes, remains as an open
question in this field. [103]

Application of direct band-gap perovskite semiconductors in light emission devices
(such as LEDs, lasers and light-emitting field effect transistors) has been also widely
examined [80, 104, 105] . According to detailed balance in the Shockley-Queisser
(SQ) limit [106], when only the radiative bimolecular recombination is considered,
an ideal light absorber is an ideal LED as well. The tuning of the band gap by
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mixing and substitution of the ions in the perovskite makes it possible to access
the full visible light color spectrum for light emission applications. The narrow
emission spectra (full width at half maximum =<20nm) [107] of halide perovskites
gives them high color purity. These special emission characteristics, in addition to
their high radiative recombination rates, long carrier mobility, and defect tolerance
[103] attracts many scientists to study halide perovskites for colorful solid-state
lighting [85, 86, 108, 109] . The light emission capability of perovskites, especially
their 2-D form, was demonstrated in the 1990s, even before their emergence in
photovoltaics [110-112]. However, these early perovskite-based electrolumines-
cence devices were only applicable upon charge injection at very low temperatures.
Soon during the first years of development of perovskite solar cells, the incorpo-
ration of perovskite nanoparticle emitters in a host (alumina) has been realized
[113]. A couple of years after, Tan et al [114] demonstrated green, red and infra-
red LEDs with mixed halide hybrid perovskites thin films ( CH3NH3PbI;_,Cl, and
CH3NH3PblIs_,Bry). The broad spectral tunability of perovskites led to the first
demonstration of white light emission (blue, green, red) by blending perovskite
nanocrystals [115] and perovskite CsPbX3 quantum dots [116] in a polymer host. So
far, a lot of efforts have been put together to increase external quantum efficiency
of perovskite LEDs up to 3.5% in the near infrared [117] and 8.5% in the green
[104], through improving the hole and electron blocking interlayers [117-121] and
perovskite film uniformity [104, 122]. Although these efficiencies have improved
since the early demonstrations of perovskite LEDs, they are still below those of the
well-established organic and colloidal quantum dot LEDs [40]. The main reason
is the dominance of trap-assisted non-radiative recombination of carriers at the
normal LED carrier injection densities [85]. Thus, further efficiency improvement
towards commercialization of perovskite LEDs should be focused on decreasing
the monomolecular recombination through methods such as surface passivation,
confinement of the injected carrier within perovskite nanograins [104] and synthe-
sis of trap-free perovskite quantom dots [116], as well as improving carrier-selective
injection layers [109].

Apart from applications in LEDs, halide perovskites are considered as potential
candidates for low-cost solid-state lasers since the demonstration of amplified
spontanous emission of CH3NH3PblIj; films at room temperature [43]. The optically
pumped lasing of halide perovskites has been presented both in the polycrystalline
thin films [80] and single crystal micro and nanostructures, such as nanowires
[123], microdisks [124] and nanoplatelets [125]. Realizing electrically injected
perovskite lasers, suitable for commercialization of lasing devices, still remains as
a challenge in this field [40].

Halide perovskites show also remarkable potentials in a new generation of low-
cost light detection devices applicable in several areas such as imaging and opti-

23



1 Introduction

cal communication due to their solution processability, high photoconductivity,
wide absorption spectral tunablity and large charge carrier mobility [87, 88]. The
direct band gap nature of perovskites potentially can bring a higher performance
for perovskite PDs in comparison to the common Si ones [88]. Following the first
demonstration of CH3NH3Pblj; thin film photodetectors, perovskite light detection
devices (including photodiodes, photoconductors and phototransistors) with high
responsivity (= 10*A.W~1) [126, 127] and detectivity (= 10'%) [128, 129], large linear
dynamic range (< 150dB) [127, 130], low noise equivalent power (< 50fWHz‘1/2)
[131, 132] and small response time (< 1ns) [133, 134] have been realized. Especially,
improved crystallinity of perovskites and interfacial engineering have led to low
dark current in the thin film based devices [135-137]. Besides the perovskite thin
film photodetectors with standard vertical and lateral device configuration [88],
PDs based on bulk single crystals and nanostructures (nanosheets and nanowires)
have been successfully demonstrated [87].

The perovskite optoelectronic devices had an unprecedented progress in many per-
formance aspects to date, however their further commercialization depends tightly
on solving issues like long-term stability of both the material and the device, and
the toxicity of lead. A full understanding of the degradation mechanism upon ex-
posure to moisture, light, heat and electric field is required to design long lasting
devices. Exploring an alternative divalent cation to replace the toxic lead while
maintaining the high efficiency of devices, or offering well-established protocols
for recycling the lead without environmental damage are the perspectives for the
future advances in this field.

1.5 Perovskites single crystals and nanostructures

The development of the halide perovskites for optoelectronics has not been only
devoted to the thin films, but also single crystals and various nanostructures of this
class of semiconductors. The monocrystalline perovskites benefit from the lack of
grain boundaries and low defect density compared to the polycrystalline perovskite
films [138, 139]. In addition to the superior properties like longer carrier diffusion
length and lifetime [76, 140], perovskite single crystals are an ideal platform to study
the intrinsic photophysical properties [141-144] and crystallographic-dependent
characteristics such as facet-dependent degradation [145]. The first demonstra-
tions of the organic-inorganic halide perovskites by Weber [11, 12] was on the single
crystals grown from solution temperature lowering - a classical chemistry method
to make large single crystals. During the emergence of the halide perovskite field
in the past few years, this method (also known as seeded solution growth [132,
140, 146, 147]) along with others, such as inverse temperature [143, 148-152] and
anti-solvent vapor assisted [76, 144, 153] crystallization has been revisited to grow
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bulk milimeter to centimeter size perovskite single crystals. Although these crystal
sizes are suitable for laboratory investigations, methods such as Czochralski and
Bridgmann [154, 155], which are common for making wafers of Si and other semi-
conductor crystals, are not fully developed for halide perovskites. This could be
due to the high vapor pressure and instability of organic compounds. Although
Stoumpos et al [156] fabricated an all inorganic CsPbBr3 single crystal ingot with
the Bridgmann method, there is a lot of room for development of large halide per-
ovskite single crystal growth methods. In addition to the bulk crystals, a few re-
cent studies reported large-area single crystal film growth with innovative methods
such as cavitation-triggered asymmetrical crystallization [157], modified inverse
temperature crystallization [158, 159], space-confined solution-processed strategy
for on-substrate growth [160] and wafer-sized geometrically confined lateral crystal
growth [161]. So far, the application of bulk single crystal perovskites in highly
efficient devices has been limited to the light detection devices [132, 146, 150, 152],
due to the unfavorable thickness of them. Incorporation of single crystal thin films
into devices such as solar cells and LEDs will be a breakthrough in this field.
Decreasing the dimensions of the perovskite semiconductors tunes their optical
band gap further via quantum-size effect. Moreover, nanomaterials can be used for
studying the dimension-dependent properties (for example surface effects) as well
as building blocks for future optoelectronic devices. Hence, the synthesis and ap-
plication of various low-dimensional perovskite structures have been investigated
extensively in the literature [162], as schematically shown in Figure 1.5. A wide
variety of nanostructures are reported in the literature such as 0-D quantum dots
and nanoparticles [46, 163-166], 1-D nanowires and nanorods [167-172] and ultra-
thin 2-D nanosheets and nanoplates [173-177]. Their application is demonstrated
in nano-scale devices including optically pumped lasers [45, 123, 178-180], waveg-
uides [181], whispering-gallery-mode nanocavity [125] and also in large-scale de-
vices such as solar cells [170], LEDs [171], photodetectors [182] and field-effect
transistors [168] based on nanowire arrays, or solar cells [183-185] and LEDs [46,
115, 186-188] based on quantum dots and nanocrystal assemblies.

1.6 Outline of this thesis

The fabrication and characterization of micro- and nanostructured monocrys-
talline halide perovskites with optoelectronic applications in mind forms the
core of this thesis. ~CH3NH3PbBr; is chosen as a representative of halide
perovskites family, because of the ideal cubic structure, longer stability and
less sensitivity to preparation and characterization in the ambient condition.
Moreover, CH3NH3PbBr3 has a band gap in the visible, between the high band gap
energy of CH3sNH3PbCl; in the UV and the band gap energy of CHsNH3Pbls in the
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Figure 1.5: Halide perovskite nanostructures’ synthesis and application a) Low-
dimensional perovskite nanostructures. b) The application of nanostructures in
optoelectronics. Reproduced from Ref. [162] with permission from The Royal
Society of Chemistry.

near-IR.

The first half of this thesis focuses on thin single micro-crystals of CH3NH3PbBr3.
Most of the common techniques for making perovskite single crystals from solution
suffer from long preparation time and non-ideal bulk size of the crystals, resulting
in crystals too thick for most device applications. In chapter two we present a
method based on confining the solvent evaporation to fabricate relatively large per-
ovskite crystals with sub-micron thickness from solution. The well-faceted crystals
are proven to be monocrystalline using electron back-scatter diffraction (EBSD)
microscopy. This method can be generally extended to other perovskites of the
halide family. We also introduce a back-contacted electrode configuration to make
simple devices for further optoelectrical characterization.

Ionic migration has been proposed as the main mechanism causing short and long-
term degradation in halide perovskite devices. In chapter three we aim to study
ionic migration and its effect on the performance of back-contacted CH3;NH3PbBr3
single crystals. We use the introduced platform to map the elemental composition
and photoluminescence in-situ while the crystals are under applied electric field.
The direct observation of halide migration in the single crystals is provided with
synchrotron-based nanoprobe X-ray fluorescence (nano-XRF) mapping of the per-
ovskite crystal. We show that ionic migration across the crystal changes the optical
properties of the crystal locally and causes superior optoelectronic performance
where it is bromide-rich.

The second half of this thesis focused on CH3NH3PbBr; nanowires. In chapter four
we describe a template-assisted method to fabricate single crystalline perovskite
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nanowires via extrusion through anodized aluminum oxide (AAO) pores. With this
method single and arrays of free-standing perovskite nanowires are produced with
a simple and fast solution-processed technique. The high optical quality of per-
ovskite single nanowires is tested by measuring photoluminescence quantum yield
using the integrating sphere microscopy technique.

In chapter five we study the photophysical properties of perovskite nanowires em-
bedded in an AAO template. The surface plays a major role in non-radiative re-
combination channels for charge carriers. In this chapter first we investigate the
dynamics of excited states using transient photoluminescence spectroscopy. Then
we provide a model to relate the charge carriers’ lifetime to the surface to volume
ratio of nanowires with various diameters. Using this model, we quantify the sur-
face recombination velocity at the perovskite/alumina interface to understand the
role of alumina passivation on the surface of perovskite nanowires.
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Growth and characterization of PDMS-stamped
halide perovskite single microcrystals

Recently, halide perovskites have attracted considerable attention
for optoelectronic applications, but further progress in this field
requires a thorough understanding of the fundamental properties
of these materials. Studying perovskites in their single-crystalline
form provides a model system for building such an understanding.
In this chapter, a simple solution-processed method combined with
PDMS (polydimethylsiloxane) stamping was used to prepare thin
single microcrystals of halide perovskites. The method is general for
a broad array of materials including CH3 NH3PbBr;, CH3NH3PbCls,
CH3NH3Pb(BI'().5CI().5)3, CHgNHng(BI'().75 C10.25)3, CSPbBI'g, CSgBigBI'g
and Cs3Bixly. Electron back-scatter diffraction (EBSD) was used to
investigate the microstructure of the crystals. In order to characterize
the microcrystals of CH3NH3PbBrs electrically, the crystals were
grown on pre-fabricated electrodes creating single-crystal devices
contacted from the back. This back-contacted platform circumvents
the incompatibility between halide perovskites and the aqueous
chemistry used in standard microfabriation processes. It also allows
in situ characterization of the perovskite crystal while it operates as a
microscopic device.
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2.1 Introduction

Since the introduction of organolead trihalide perovskites as the light-absorbing
semiconductor in solar cells [19] much effort has been devoted to the development
of these materials for optoelectronic applications [4, 13, 23, 108]. This is due
to their high efficiency and inexpensive, solution-based processing. So far the
efforts in this field have led to power conversion efficiencies exceeding 22% [20].
The perovskites with formula ABX3 are crystalline materials in which A and B are
cations of different sizes, and X is an anion. To date, most of the work on organic-
inorganic hybrid perovskites has focused on materials with A=methylammonium
(CH3NH3), B=lead (Pby), and X=CI~, Br~, I", or a mixture of these halides. Mixtures
of neighboring anions (e.g. I-Br and Br-Cl) can be produced to tune the band gap
from that of pure CH3NH3PblI3 (~1.5 eV) to CH3NH3PbCls (~3.1 eV) [24, 57, 189].
CH3NH3PbBr3 (~2.2 eV) sits in the middle of this range, making it and mixtures
of it with CH3NH3PbCl; suitable for light-emission applications such as lasing
[43] and light-emitting diodes (LEDs) [114, 118]. Mixtures of CH3NH3PbBr; with
CH3NH3Pbl3 are appropriate for solar cells with high open-circuit voltage (V)
[190-193] and the upper cell in multijunction photovoltaics. Apart from hybrid
organic-inorganic perovskites, all-inorganic halide perovskites such as CsPbBrj
(with a band gap of ~ 2.4 eV) have also shown promise for photovoltaics and
light-emitting diodes [194, 195].

Because the microstructure and crystallinity of hybrid perovskites are known to
affect their properties [196] and performance in solar cells [197], it is important
to study single crystalline perovskites free of grain boundaries [198]. Only a few
previous studies have examined the growth and properties of single crystalline
hybrid perovskites [76, 140, 141, 144, 199-203]. In these works the perovskite
crystals were formed by slow crystallization processes, such as antisolvent vapor-
assisted crystallization [76], top-seeded-solution-growth [140] or solvothermal
growth [199]. These processes are unlike the rapid crystallization that occurs
during the drying of the spin-coated films commonly used in solar cells. Also,
the crystals’ thicknesses of several millimetres were far from those relevant for
optoelectronic devices. Therefore these previous studies focused primarily on the
photophysical and optical properties of single crystals [141, 199] although Shi et al.
[76] and Dong et al. [140] did fabricate electrodes on the top and bottom of their
thick single crystals to investigate charge carrier dynamics.

Here we fabricated single-crystalline halide perovskites by applying the typical
method of spincoating from solution used to make polycrystalline thin films. A
PDMS-stamping step confined the solution during evaporation of the solvent
and resulted in the formation of individual crystals. The typical thickness of the
crystals grown by this method (500 nm to a few um, depending on the processing
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conditions) is much closer to what is commonly used in high-performance
optoelectronic devices and can be reduced further to 100 nm by adjusting the
deposition conditions [204] This method is general and can be applied to form thin
single crystals of a variety of hybrid, inorganic, and lead-free halide perovskites.

2.2 Fabrication of perovskite microcrystals using
PDMS-stamping method

Flat and smooth halide perovskite crystals were produced by combining solution
deposition with a PDMS-stamping technique. To form the crystals, a stoichiometric
solution of the perovskite precursors in relevant solvent (details in Section 2.6) was
spin-coated onto the substrate. Prior to deposition of the solution, the substrate
was cleaned with an O, plasma, which made it hydrophilic. Immediately after
the deposition of the solution, the substrate was pressed face down into a piece
of PDMS heated on a hotplate (100-200 °C) until the solvent had evaporated (Fig-
ure 2.1a-b). Individual crystals formed randomly on the substrate, and crystallizing
in contact with the flat surface of the PDMS created faceted, smooth crystals with
thicknesses of a few micrometers to hundreds of nanometers, depending on the
deposition conditions (Figure 2.1c).The morphology of the crystals, including their
size and thickness, was influenced by several parameters, such as the concentration
of the precursor solution, additives to the solution such as hydrobromic acid, and
the method of deposition of the solution before stamping (e.g. drop-casting or
spin-coating). The crystals, however, were not produced uniformly over the entire
substrate, likely because pressure was applied non-uniformly across the substrate;
therefore, in each sample at least five crystals were measured on the substrate us-
ing either a profilometer or an atomic force microscope (AFM). Because of this
sampling procedure, the chart boxes that compare the thicknesses of the crystals
fabricated by different parameters are not necessarily representative of the thick-
ness variations over each substrate. In general, however, a lower concentration of
solution gave a majority of thinner crystals (below 1 um), but the lateral dimensions
of the crystals decreased as well. Addition of HBr or using DMSO as the solvent 30
decreased the thickness of CH3NH3PbBr3 crystals. Spin-coating also provided a
more uniform size distribution than drop-casting.

If the PDMS-stamping step was not applied, rapid evaporation of the solvent in the
absence of PDMS produced unshaped crystals with very rough surfaces, as shown
in the optical image of the CH3NH3PbBr;3 crystals in Figure 2.2a-b . AFM images of
the surface of several CH3NH;3PbBr3 crystals indicated that the root-mean-square
(rms) roughness was 7.1+4.6 nm as compared to 79.1+43.3 nm for crystals formed
without stamping (Figure 2.2c-d).
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Figure 2.1: PDMS-stamping technique for fabrication of smooth and thin halide
perovskites. a) Spin-coating of solution on top of the prepared platform. The
solvent was not allowed to evaporate fully. b) Pressing the substrate face down into
PDMS on a hotplate (100°C) until the crystals formed. ¢) Controlling the thickness
of CH3NH3PbBr3 crystals. All samples were prepared by deposition of freshly
prepared CH3NH3PbBr3 precursor solution in DMF with varied concentrations
onto a glass substrate via the listed technique (drop-cast or spin-coated). For
Sample E, 10 vol% of hydrobromic acid (HBr) (48% in H20) was added to the
solution.

Figure 2.2: Comparison of the stamped and un-stamped CH3 NH3PbBr3 crystals.
a) Optical microscopy image of CH3NH3PbBr3 crystals formed by spin coating of
solution on a glass substrate without and b) with PDMS-stamping. ¢) Atomic force
microscopy image (AFM) of the surface of the crystal without and d) with PDMS-
stamping.
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2.3 Crystallinity of PDMS-stamped CH3NH3PbBr; microcrystals

This method is broadly applicable to produce smooth single crystals of a library
of halide perovskites. In addition to crystals of CH3NH3PbBr;, PDMS-stamped
microcrystals of CH3NH3PbCls and mixed halides (CH3NH3Pb(Brg 75Clp.25)3 and
CH3NH3Pb(Brg 5Cly 5)3) were also generated (Figure 2.3a-c). By varying the spin
conditions and annealing temperatures, this method also produced crystals of a va-
riety of other halide perovskites, including inorganic CsPbBrs; and lead-free hexag-
onal perovskites such as Cs3BizIg and Cs3BiyBrg (Figure 2.3d-f).

2.3 Crystallinity of PDMS-stamped CH;NH3;PbBr;
microcrystals

The individual crystals of CH3NH3PbBr3 formed by PDMS-stamping are typically
single crystals with a faceted, square-prismatic shape. The smoothness of their
surface allows the identification of the orientation and domains of the crystals by
electron backscatter diffraction (EBSD) (Figure 2.4). EBSD is a SEM-based tech-
nique that is well established to determine the crystallographic orientations of mi-
crostructures [205, 206] In this technique, the focused electron beam strikes the
surface of the crystal at a high angle (here, 70°). Electrons scattered from the sur-
face form a diffraction pattern, called a Kikuchi pattern because of its prominent

Figure 2.3: Optical microscopy image of variety of halide perovskite crystals in-
cluding a) CH3NH3PbCl3 b) CH3NH3Pb(Brg 75Clp 25)3 ¢) CH3NH3Pb(Bro 5Cly.5)3
d) CsPbBr3 e) Cs3Bixlg f) Cs3BizBrg . These crystals fabricated by spin coating of
solution on glass, followed by PDMS-stamping. scale bars in a-c are 20 ym and in
d-g are 50pum.
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2 Growth and characterization of PDMS-stamped halide perovskites

Kikuchi bands [206]. Several positions on the surface of each smooth crystal of
CH3NH3PbBr; were measured (Figure 2.4a). The Kikuchi patterns from these posi-
tions (Figure 2.4b) were similar, indicating that there are no grain boundaries within
the crystal. Indexing the Kikuchi patterns (Figure 2.4c) for fourteen different single
crystals showed that the surface plane is (100) (Figure 2.4d). Single-crystal X-ray
diffraction confirmed the single crystallinity of the square crystals (Section 2.6.6).
Although many of the crystals formed using PDMS-stamping were square prisms,
others displayed a line along their diagonal (Figure 2.5). EBSD patterns taken from
opposite sides of the line were dissimilar, indicating that the line is a grain boundary
between a <100> domain and a <110> domain. EBSD was also used to analyze
the microstructure of CsPbBrs PDMS-stamped crystals, which were also typically
single crystals (Figure 2.6).

2.4 Optical and electrical characterization of
CH;NH;PbBr; single crystals

Optical characterization of the PDMS-stamped single crystals of CH3NH3;PbBr3
was performed by diffraction-limited absorption and photoluminescence (PL)
measurements (excitation wavelength of 405nm) (Figure 2.7) on a 1-micron thick
crystal. The PL spectrum, which was collected in reflection, shows a narrow
emission peak centred around 540 nm (2.29 eV). The onset of absorption is red-
shifted and located at ~555 nm (2.25 eV). Controlling the thickness of the crystals
allowed the measurement of the material’s complex refractive index from 405-1100
nm, which agreed well with values measured on macroscopic single crystals.[30]

To characterize the CH3NH3PbBr3 single crystals electrically in a simple schottky
junction device, the crystals must be contacted to metal electrodes; however, stan-
dard lithographic techniques require processing substrates in aqueous solutions,
which will dissolve the ionic perovskite crystals. For this reason, electrodes were
fabricated on the substrate using photolithography prior to the growth of the crys-
tals (Section 2.6).The first requirement for the electrodes is their appropriate energy
band alignment relative to the bands of the perovskite. The valence and conduc-
tion band edges of CH3NH3PbBr3 have been reported as 5.9 eV and 3.6 €V, re-
spectively [207]. Based on these band positions several metals were candidates for
electron- or hole-selective electrodes.34 In the back-contacted geometry, however,
the perovskite crystals are deposited on top of the electrodes, so the metals of the
electrodes should be chemically inert in the solution containing the perovskite’s
precursors and in contact with the perovskite itself. TiO; is the common elec-
tron transporter material used in conventional planar perovskite solar cells [208],
therefore, titanium was a clear choice for the electron-selective contact. A thin
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2.4 Optical and electrical characterization of CH3NH3PbBrj single crystals

Figure 2.4: Electron backscatter diffraction (EBSD) of a CH3NH3PbBr;3 crystal.
a) SEM image of a CH3NH3PbBr3 single crystal. Numbers indicate the positions of
the electron beam where the EBSD patterns were collected. b) EBSD patterns from
four different locations on the crystal, which all show the same Kikuchi pattern
indicating the same crystallographic orientation. Each pattern is related to the
location with the similar number in a. ¢) Indexed EBSD pattern. d) The orientation
of the surface of the CH3NH3PbBr3 crystal is <100>, extracted from the indexed
EBSD pattern. Light blue spheres are bromide anions, while dark blue spheres are
the methylammonium cations.

titanium oxide layer forms on the surface of Ti metal and likely prevents chemical
reactions between the perovskite and the underlying metal. Palladium was chosen
as the hole-selective contact, and no damage to the electrodes were observed after
deposition of the crystals or during measurements. Further details regarding the
selection of electrode materials are given in the Section 2.6.7.

To produce solar cells, back-contacted devices with asymmetric contacts (Ti-Pd)
were fabricated, followed by deposition of the perovskite crystals (Figure 2.8a).
Current-voltage (I-V) curves of the devices were measured in the dark and under
illumination with a standard light source (AM 1.5G, 100 mW cm™? irradiance)
(Figure 2.8b). The devices displayed rectifying I-V curves both in the dark and
under illumination. A champion back-contacted single crystal solar cell had
an open-circuit voltage (V,.) of 1.04 V and 1.07 V in forward and reverse scans,
respectively, better than the V. of the first demonstration of planar CH3sNH3PbBr3
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Figure 2.5: EBSD of a crystal with two domains. a) SEM image of the crystal
of CH3NH3PbBr3. Numbers show the position of the electron beam where the
EBSD patterns were collected. The dashed line indicates the boundary between
domains, based on the crystal’s morphology and EBSD patterns. b) and d) EBSD
patterns from different locations on the crystal, as indicated by numbers on a).
Patterns 1 and 2 show similar kikuchi lines, whereas they are different from patterns
3 and 4, from points on the opposite side of the line. ¢) and e) crystal structure
of the CH3NH3PbBr3 extracted from kikuchi patterns in b and d. The crystal
orientations of the patterns are <100> (b) and <110> (c). Light blue spheres are
bromide anions, while dark blue spheres represent the methylammonium cations.
The yellow spheres are the lead cation.



2.4 Optical and electrical characterization of CH3NH3PbBr; single crystals

Figure 2.6: Electron backscatter diffraction of a CsPbBr3 crystal. a) SEM image
of a CsPbBrj3 single crystal. Numbers indicate the positions of the electron beam
where the EBSD patterns were collected. The inset shows the crystal structure
constructed from kikuchi patterns. Green spheres are Br anions, while blue spheres
represent the Cs cations. The yellow spheres are the Pb cation. b) EBSD patterns
from 5 different locations on the crystal as numbered in a), which all show the same
Kikuchi pattern indicating the same crystallographic orientation. Each pattern is
related to the location with the similar number in (a).
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Figure 2.7: Optical characterization of CH3NH3PbBr3 single crystal. Absorption
(red) and photoluminescence (PL) (green) spectra of a CH3NH3PbB13 single crystal
prepared by the PDMS-stamping technique
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perovskite solar cells in literature 14 (0.84V) but somewhat lower than cells
with more optimized hole-selective layers (1.3 V) [192] and later studies (1.4V
and 1.51V) [190, 191]. The single crystal CH3NH3PbBr3 solar cell exhibited a
short circuit current (Is.) of 0.93 nA and 1.96 nA in forward and reverse scan
directions, respectively, which is equivalent to 0.58 and 1.23 mA.cm~2 short circuit
current density (Jsc). The Js. was calculated by considering the overlapped area
of the crystal with the Ti electrode as the active area, according to photocurrent
mapping (Figure 2.9). Again, these values are comparable to those of early planar
CH3NH3PbBrs perovskite solar cells (1.08 mA.cm™2) [192] although later studies
[190, 191] with improved hole transporter layers [192] and improving surface
coverage of the CH3NH;3PbBr3 [190] demonstrated much higher J;c values (6.113
and 8.412 mA.cm~2). These reports show the importance of the hole transporter
layer and suggest that the back-contacted single crystal CH3NH3PbBr3 solar
cell performance will improve substantially with deposition of proper charge
transporter layers.
To investigate the spatial distribution of the photocurrent within the device, scan-
ning photocurrent mapping using laser illumination (power density ~250 W.cm ™2
at 540 nm) was applied on various CH3NH3PbBr3; single crystal devices(Figure 2.9)
The positions of the crystals and electrodes were correlated to the photocur-
rent maps by superimposing the reflectance map (Figure 2.9a) of the crystal taken
simultaneously with the photocurrent map and the optical image (Figure 2.9b).
This correlation shows that the photocurrent originates only from the region of the
crystal directly above the Ti electrode. Moreover, not all of the areas above this
electrode are equally active.
The observation of current localized to the electron-selective Ti contact suggests

b c

)0 } )

0.8 -
~151E00 f
<z -
£ g™ = Scan Voo 1y Je
= z Scal 2
510 coz direction (V) (nA) (mA.cm™)
55 o Forward 1.04 0.93 058
voteae ) Reverse 1.07 196 123
0
15 -1 -0.5 0 0.5 1 1.5

Voltage (V)

Figure 2.8: Electrical characterization of a back-contacted CH3;NH3PbBr3 single
crystal. a) Optical microscopy image of the single crystal prepared on a
pre-fabricated back-contacted electrode platform. b) I-V characteristic of the
CH3NH3PbBr3 single crystal device under 1-sun illumination. Inset shows the I-
V curve of the crystal in dark c¢) The photovoltaic performance of the device in the
forward and reverse scan directions (scan rate 0.1 V/s) .
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Figure 2.9: Scanning photocurrent map of CH3NH3PbBr; back contacted
crystals (A=540 nm, ~ 250 W.cm™~2). a) Over-laid optical microscopy image of the
same crystal in Figure 2.8 on its reflection map, used as a reference to correlate
the photocurrent map positionally with the crystal. b) Photocurrent map of the
crystal in Figure 2.8. Dashed lines indicate the position of the electrodes, drawn
from the superimposed reflection map and optical image. c) and e) Optical images
of two different back-contacted CH3NH3PbBr3 single crystals. d) and f) Correlated
Photocurrent maps of crystals in ¢ and e, with the lines indicating the position of
the electrodes and crystals driven from superimposed reflection maps and optical
images. The scale bars are 10 um.
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a short diffusion length for electrons in CH3NH3PbBr3;. In the case of illumina-
tion near the hole-selective electrode, electrons must travel laterally through the
width of the gap between the electrodes (few microns) to be collected by the Ti
contact. If their diffusion length is shorter than this width, they recombine before
being collected; therefore, regions of the crystal far from the Ti electrode appear
inactive. When the crystal is illuminated near the electron-selective contact, elec-
trons must travel only the vertical distance between their position of excitation
and the electrode. Since this crystal is relatively thin (~1um) and the energy of
the incident photons (2.29 eV) is close to the band gap of CH3sNH3PbBrs (~2.2
eV), some electron-hole pairs are generated close enough to the back contact for
the electrons to be collected. The lack of significant lateral current decay from the
edge of the electrode indicates that the carrier diffusion length is smaller than the
size of the optical spot, approximately 1 um. This short electron diffusion length
is consistent with predictions of p-type conductivity in CHsNH3PbBrs [209] and
reported electron diffusion lengths in polycrystalline films of ~100 nm (in dark) and
~360 nm (under 0.03-0.04-sun illumination), which were measured by electron-
beam-induced current (EBIC) [210] In millimeter-sized single crystals, Shi et al. [76]
reported much longer diffusion lengths (~3-17 um) determined by measuring the
mobility and photoluminescence lifetime of their crystals. These larger crystals
grown by slow precipitation over several days likely have fewer defects than the
perovskite deposited by rapid precipitation after spin-coating, yielding a longer
diffusion length.

The second observation in the photocurrent map of the CH3NH3PbBr3 single
crystal is the non-uniformity of the photocurrent over the Ti contact. The locations
of spots with highest current on the photocurrent map vary for different measured
crystals (Figure 2.9c-f). While most of the region on the Ti electrode produces
more than 3 nA of current, some regions produce as much as four times that
amount. Because the photocurrent map is a convolution of light absorption and
charge collection, the variations could arise from either process. For thin crystals,
changes in thickness can lead to dramatic variations in photocurrent because
absorption is enhanced or suppressed by thin-film interference; however, a simple
one-dimensional model (details in Figure 2.10) based on the AFM-measured
thicknesses in this crystal (Section 2.6) indicates that the observed variations are
too large to arise from interference effects alone (Figure 2.10). Variations in the
efficiency of charge collection could also contribute to this inhomogeneity and
might result from a non-uniform interface between the electrode and perovskite.
For example, the nucleation site of the crystal might produce the most intimate
contact with the electrode, which could locally enhance the efficiency of charge
collection. Differences in the thickness or chemical composition of the titanium
oxide layer on the surface of the electrode could also influence the local collection
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efficiency and yield the observed variations in photocurrent.

2.5 Conclusion

In summary, we have introduced a simple technique to create smooth, thin
halide perovskite microcrystals by combining single-step deposition of precursors
from solution with PDMS-stamping. This method is general for making a variety
of halide perovskites, including hybrid, all-inorganic, and lead-free hexagonal
perovskites. Because of the smooth surface of the crystals, EBSD could be used
to identify the microstructure of CH3NH;3PbBr3 crystals, which typically exhibited
a (100) surface facet. These single crystals are ideal for studying perovskite
optoelectronic devices on a fundamental level, as used in this chapter and further
in Chapter 3. To this end, the crystals were electrically contacted from the back
to avoid any post-growth fabrication steps that might damage the crystals. Here,
We used this back-contacted platform to investigate the photovoltaic performance
of single-crystal CH3NH3PbBrs and performed photocurrent mapping of the
device to understand the spatial distribution of its photogenerated current. The
photocurrent originated from the portion of the crystal directly above the electron-
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Figure 2.10: Calculation of the relative change in photocurrent (at A =540 nm)
expected with changes in the thickness of the crystal. Changes are estimated
relative to a 1000-nm-thick crystal and for three different diffusion lengths (L).
A thickness variation in the crystal can cause both increases and decreases in
photocurrent, but the total magnitude of the change (from minimum to maximum)
is always less than a factor of two.
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selective contact, suggesting these CH3sNH3PbBr3 single crystals are p-type and
have an electron diffusion length below 1 ym. This PDMS-stamping approach,
together with the back-contacted platform for electrical characterization, provides
a unique tool to investigate the optoelectronic properties of a variety of single-
crystalline halide perovskites.

2.6 Supplementary Information

2.6.1 Experimental methods

Preparation of methylammonium halide

(CH3NH3X, X=Br or Cl): CH3NH3X was synthesized by the addition of hydrobromic
acid (48% wt. in H20, Sigma-Aldrich) or hydrochloric acid (37% wt. in H,O, Sigma-
Aldrich) dropwise into methylamine (33% wt. in EtOH, Sigma-Aldrich) while it
was stirring in an ice bath. After stirring for 2 hours in the ice bath, the solution
was removed and heated to 150°C to evaporate off the solvents, while stirring was
continued. The resulting powder, either white or occasionally pale yellow, was
recrystallized from ethanol. The final white crystals of CH3NH3X were dried by
heating at 100-150°C in air.

Preparation of halide perovskite solutions:

All solutions were prepared at room temperature and in air. To prepare pure
CH3NH3PbBr3 crystals, PbBr, (Sigma-Aldrich, purity <98%) was mixed in a 1:1
molar ratio with CH3NH3Br in dimethylformamide (DMF) (Sigma-Aldrich, anhy-
drous, 99.8%) or dimethyl sulfoxide (DMSO) (Sigma-Aldrich, anhydrous, purity<
99.5%). For pure CH3NH;3PbCl; crystals, PbBry (Sigma-Aldrich, purity <98%)
and CH3NH3Cl were mixed in a 1:1 molar ratio in DMSO at 1 M concentration.
To prepare mixed halide ( CH3NH3Pb(Br(5Cly5)3 and CH3NH3Pb(Brg 75Clg.25)3 )
solutions, pure 1 M solutions of CH3NH3PbBrs and CH3NH3PbCls in DMSO were
mixed in the desired stoichiometric ratio (1:1 or 3:1). For making the all-inorganic
CsPbBrs solution, CsBr (Sigma-Aldrich, 99.999%) and PbBr, precursors were
mixed in a stoichiometric ratio in DMSO (0.33 M solution). Cs3BizIg and Cs3BiyBrg
solutions were made by mixing CsBr with BiBr3 (Sigma-Aldrich, purity <98%) and
Csl (Sigma-Aldrich, 99.9%) with Bil3(Sigma-Aldrich, 99%) in a stoichiometric ratio
in DMSO (concentrations well below 1M). The fresh solutions were ultrasonicated
for 5 minutes to ensure full dissolution of the precursors prior to deposition.
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Fabrication of single-crystals:

The perovskite solution was spin coated on fused silica substrates. The substrates
were cleaned with acetone, isopropanol, and O, plasma prior the deposition. A
RIE/ICP plasma etcher from Oxford Instruments (Plasmalab 80 plus) was used to
remove the contamination and treat the surface of the substrates. The process
parameters were as follows: O flow of 25 sccm, pressure of 30 mTorr, and forward
power of 50 W for 2 minutes. The spinning speed and time were adjusted to prevent
the full evaporation of the solvent (10 seconds at 500 rpm for DMF solutions and
30-60 s at 2000-4000 rpm for DMSO solutions). The wet substrate was immediately
pressed face down onto a piece of PDMS on a hot plate held at 100°C (for DMF
solutions) or 150°C (for DMSO solutions) for 2-5 min, until the crystals formed
and the substrate changed color. Inorganic perovskites in DMSO were annealed at
150-200°C. After the crystals were formed on the substrate in contact with PDMS,
the sample was removed from the PDMS and annealed for about 10 min face up
to ensure the evaporation of excess solvent. The PDMS stamp was fabricated by
mixing the monomer and curing agent (10:1 ratio, SYLGRAD 184, Dow Corning)
and curing on a piece of clean Si wafer. The side formed in contact with the Si was
always used to stamp the crystals. PDMS stamps were reused after cleaning the
surface by ultrasonication in water and a rinse in isopropanol.

Electrode fabrication:

The electrodes were fabricated on glass substrates by a two-step photolithography
process. Glass substrates were cleaned in acetone and isopropanol prior to spin
coating with photoresist. In the first step, one set of electrodes was patterned, and
the metal was deposited by electron-beam or thermal evaporation, followed by lift-
off in acetone. The second lithography step was repeated as the first one, using
alignment markers to adjust the gap between the electrodes. Another metal was
then deposited. In the case of symmetric devices, the lithography was done in one
step. The thickness of the metals was 100 nm. The geometry of electrodes is shown
in Figure 2.11.

Device fabrication:

To make CH3NH3PbBrs; back-contacted devices, the same procedure of spin
coating the precursor solution followed by PDMS-stamping was applied using
substrates with pre-fabricated electrodes. To fabricate the devices, O, plasma
cleaning of substrates was necessary to form consistent contacts. Using a table-top
plasma cleaner to prepare the electrodes resulted in inferior devices. Atomic force
microscopy: AFM images were taken by a Veeco Dimension 3100 in tapping mode.
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2 Growth and characterization of PDMS-stamped halide perovskites

Figure 2.11: Configuration of electrodes of CH3NH3PbBr3 back contacted
devices. a) Full device image. The large pads on the edges of the sample
and electrode lines are made in 2 separate lithography steps for devices with
asymmetric electrodes. b) Enlarged image of the electrodes’ configuration in the
red box in a. The gap between the electrode pad and lines is 2um

2.6.2 Scanning electron microscopy

SEM images were taken by a FEI Verios 460 at 5 kV accelerating voltage, in sec-
ondary electron mode, and under a 30° tilt.

2.6.3 Electron Backscatter Diffraction (EBSD)

The EBSD setup was built in a FEI XL30 S FEG. The patterns were collected using
20 kV accelerating voltage and 6nA beam current. The exposure area was 1um?
and exposure time for hybrid perovskite crystals 10 seconds and for inorganic per-
ovskites 3-6 minutes. The sample was tilted 70°. The patterns were indexed using
Delphi 2 software from EDAX. The system was calibrated prior to indexing with Si
(100).

2.6.4 Device Characterization

I-V curves were measured with an Agilent B2902A source-measure unit. To sim-
ulate solar illumination, an Oriel Sol2A Class ABA Solar Simulator from Newport
was used. 1-sun intensity was calibrated using a silicon reference cell (Newport
91150V).

2.6.5 Scanning Photocurrent Mapping

The photocurrent maps were taken using a home-built optical setup (similar to
Section 4.6.2, without using integrating sphere in the setup) consisting of a super-
continuum Fianium WL-SC390-3 laser, sent through an acousto-optic tunable filter
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(Fianium AOTF-V1-N1). The beam was focused through the objective (Mitutoyo
M PLAN APO NUV 50X, NA 0.42) onto the mounted substrate. The spot radius
was 650 nm. The sample was electrically wire-bonded to a printed circuit board
specially designed for the setup and scanned spatially with the focused laser beam
using a piezoelectric stage (Piezosystem Jena Tritor 400 CAP). The photocurrent
was measured with the same source-measure unit as used for I-V measurements.
The voltage on the sample was scanned from zero up to 2V and then returned to
zero prior to measuring the photocurrent map, and the mapping was done while
the sample was kept at the short-circuit condition. The reflected beam power was
measured simultaneously with a Thorlabs amplified photodiode (PDA100A) to cor-
relate the position with the current in the superimposed maps. A silicon photode-
tector (Newport model 818-UV-L) was used to measure the absolute beam power
in each measurement.

2.6.6 Single-crystal X-ray diffraction of CH;NH3;PbBr;

To confirm the single-crystalline character of the grown CH3NH3PbBr; crystals, the
unit cell parameters of several randomly selected crystals were measured using
single crystal X-ray diffraction. In all cases the cubic unit cell was found (a = b
=c=5924 ), which is in accord with previous reports [11, 76, 211]. Solution of
the crystal structure of one of the selected crystals confirmed the Pm3m space
group (no. 221). As pointed out by Knop et al. [211] in this space group, the
CH3NHj cation has to be positionally disordered over at least 6 equivalent C-N
orientations. This should also lead to a small intensity of diffraction compared to
the contributions of Pb®* and Br~. Indeed, due to this disorder, determining the
precise location of the N and C atoms was difficult; however, a model with the
CH3NHj cation being disordered over 12 positions led to a satisfactory R-value.
The assignment of the N versus C atoms was based on the expectation that the
NHJ group should be directed towards the negatively charged Br~ atom. During
an unconstrained refinement, due to the positional disorder, the C and N atoms
tended to shorten their distance to values close to 1 A; therefore, their distance was
constrained to 1.50 A and these atoms were refined isotropically. As a result of the
disorder, no satisfactory positioning of the hydrogen atoms of the CH3NHJ cation
could be obtained, as after refinement they tended to occupy chemically wrong
locations; therefore, for the final solution the hydrogen atoms were not included.
The above results are in agreement with the structure recently reported by Shi et
al.[209] (Figure 2.12). The crystal structure of CH3NH3PbBr3 achieved from single
crystal XRD measurement is shown in Table 2.1 . The full data set is presented
elsewhere [212]

Data was collected on a Bruker D8 Quest Eco diffractometer, equipped with a TRI-
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Table 2.1: Single Crystal XRD Data of CH3NH3PbBr3

Temperature 296 K

Wavelength 0.71073 A

Crystal size 0.026 x 0.187 x 0.227 mm
Crystal system cubic

Space group Pm3m

Unit cell dimensions a=5.92 A, a=90°
b=5.92 A, f=90°
c=5.92 A, y=90°

Volume 207.71 A3
Z 1
Density (calculated) 3.829

g/cm3
Absorption coefficient  34.633 mm™!
F(000) 206

Figure 2.12: Crystallographic structure of CH3NH3PbBr3 derived from single
crystal XRD study. a)Asymmetric unit of CH3NH3PbBr3 b) positional disorder of
the CH3NH§' cation. Visualization was made with ShelXle

UMPH monochromator and a CMOS PHOTON 50 detector, using Mo-Ka radia-
tion (A = 0.71073 A). The intensity data were integrated with the Bruker APEX2
software [213]. Absorption correction and scaling was performed with SADABS
[214]. The structures were solved with SHELXT. Least-squares refinement was per-
formed with SHELXL-2014 [215].A relatively thick orange crystal of CHsNH3PbBrs,
approximate dimensions 0.026 mm x 0.187 mm x 0.227 mm, was used for the X-
ray crystallographic analysis. The X-ray intensity data were measured. A total of
86 frames were collected. The total exposure time was 0.24 hours. The frames
were integrated with the Bruker SAINT software package using a narrow-frame al-
gorithm. The integration of the data using a cubic unit cell yielded a total of 496
reflections to a maximum 6 angle of 26.16° (0.81 A resolution), of which 68 were
independent (average redundancy 7.294, completeness = 100.0%, R;nt = 5.49%,
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Rsig =3.85%) and 68 (100.00%) were greater than 20 (F2). The final cell constants
of a=5.9222(18) A, b =5.9222(18) A, c = 5.9222(18) A, volume = 207.71(19) A3, are
based upon the refinement of the XYZ-centroids of 75 reflections above 20 o (I) with
6.818°<260< 52.30°. Data were corrected for absorption effects using the multi-scan
method (SADABS). The ratio of minimum to maximum apparent transmission was
0.215. The calculated minimum and maximum transmission coefficients (based on
crystal size) are 0.0470 and 0.1780. The final anisotropic full-matrix least-squares
refinement on F? with 9 variables converged at R1 = 3.52%, for the observed data
and wR2 = 10.26% for all data. The goodness-of-fit was 1.349. The largest peak in
the final difference electron density synthesis was 2.540 e~/ A% and the largest hole
was -1.561 e~/ A3 with an RMS deviation of 0.290 e~/ A3. On the basis of the final
model, the calculated density was 3.829 g/cm?® and F(000), 206 e~.

2.6.7 Materials selection for the electrodes of the back-contacted
platform

In order to make solar cells with CH3NH3PbBr3 ,first the electrodes were fabricated
on glass substrates using two steps of photolithography prior to the deposition
of the perovskite crystals (as explained Section 2.6.1). Because the electrodes are
fabricated before deposition of the crystals, this platform avoids the difficulty of
finding a process for layer deposition that will not damage the perovskite. Stan-
dard processes for thin-film deposition - such as those requiring high temperature,
plasma, incompatible solvents (e.g water), or oxidizing environments - can be used
to fabricate the underlying contacts. Also, if no surface reactions occur between the
electrodes and the perovskite, this structure is also a reusable test platform because
the crystals can be removed using a suitable solvent. After the solution deposi-
tion and PDMS stamping, crystals were distributed randomly on the substrate so
that some bridged the gaps between the electrodes. The large size of the crystals,
whose edges often exceed 50 um, enables optical imaging and facilitates in-situ
characterization of the devices (as later presented in Chapter 3). In this chapter and
Chapter 3 Ti, Pd and Pt were chosen as electrodes for back-contacted perovskite
devices based on the following criteria.

In order to choose the correct carrier-selective electrode for CH3NH3PbBr3 back-
contacted devices,first a list of metals with higher work function than the valance
band and lower work function than the conduction band of CH3NH3PbBr; was
considered (Figure 2.13). Next requirement for selecting the electrode material
is chemical stability of the electrode in the perovskite precursor solution. Ti
electrodes were stable upon the deposition of the perovskite solution. When the
CH3NH3PbBr3 devices with symmetric electrodes (Ti-Ti) were fabricated, they had
linear I-V curves, indicating the ohmic nature of the contact (Figure 2.13b). Other
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metals with similarly small work functions, such as aluminium and silver, were also
tested; however, severe corrosion of the metal was observed immediately following
deposition of the perovskite solution.

Devices with Pd-Pd contacts were fabricated to test Pd as a hole-selective elec-
trode for CH3NH;3PbBr3 solar cell devices. They were stable and conductive but
showed saturation in their current (Figure 2.13c). While the cause of this saturation
is unknown, similar behavior arises in other semiconductors when scattering with
phonons or impurities imposes a limit on the drift velocity of the carriers at high
fields. Alternatively, saturation can also appear when the conduction channel of the
device becomes restricted, as is the case in transistors [217]. Gold and nickel were
also tested as hole-selective electrodes; however, Au electrodes were disregarded
according to a recent study showing the diffusion of gold atoms into perovskite
layer [101]. In the case of devices with symmetric Ni-Ni electrodes, although no
damage to the electrodes was visible after deposition of the perovskite crystals, run-
ning current through the devices caused them to break down electrically, and the
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Figure 2.13: Electrical characterization of CH3NH3PbBr3 single crystals using
the symmetric back-contacted device platform a)Energy band diagram for
CH3NH3PbBr3 [216] and metals with appropriate work functions for extracting
holes and electrons. b)I-V curves of CH3NH3PbBr3 single crystals in the dark (gray)
and under 1-sun illumination (colors) with symmetric electron-selective electrodes
(Ti-Ti) and ¢) symmetric hole-selective electrodes (Pd-Pd).
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2.6 Supplementary Information

appearance of the nickel electrode was altered. Rather than Palladium, Platinum
was also selected as an appropriate contact and showed behavior similar to that
of palladium. This electrode platform was used later for the devices presented in
Chapter 3.

2.6.8 One-dimensional model to calculate relative changes in
photocurrent based on changes of the thickness

In general, the photocurrent (I) at a particular wavelength in a crystal of thickness
d is given by:

da
sz G(x).C(x)dx (2.1)
0

where G(x), is the generation profile as a function of depth (x), and is calculated
numerically using a transfer-matrix model that accounts for thin-film interference
and back reflection from the Ti electrode [218]. Values of the refractive indices for
the perovskite[204] and Ti [219] were taken from the literature. The refractive index
of the TiO, was measured by ellipsometry. The collection efficiency was modeled
as an exponential decay from the perovskite-electrode interface:

C(x) = CpeX DL 2.2)

in which Cy is a constant that describes the collection efficiency at the perovskite-
metal interface, d is the thickness of the crystal, and L is the minority carrier dif-
fusion length. Based on this calculation, the changes in photocurrent in Figure 2.9
(a factor of four increase) cannot arise solely from a local change in the crystal’s
thickness (d), assuming that the local collection efficiency at the contact (Cy) and
diffusion length (L) remain constant. AFM (Figure 2.14) shows that the crystal’s
thickness over the Ti electrode varies in the simulated range, from 760 to 1000 nm.
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Figure 2.14: Atomic force microscopy of the CH3NH3PbBr3 single crystal device
presented in Figure 2.9a
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Halide migration and its effect on the
photoluminescence of single crystal
perovskites

Single crystal perovskites are the simple structures to study perovskites
to their most fundamental properties. In this chapter we varied
the electric field applied to single crystals of methylammonium
lead bromide and mapped changes in both their elemental com-
position and photoluminescence. Synchrotron-based nanoprobe X-
ray fluorescence (nano-XRF) with 250 nm resolution revealed quasi-
reversible field-assisted halide migration, with corresponding changes
in photoluminescence (PL). We observed that higher local bromide
concentration was correlated to superior optoelectronic performance
in CH3NH;PbBr3, while regions with lower bromide concentration
showed decreased PL intensities . A lower limit on the electromi-
gration rate is calculated from these experiments, and the motion is
interpreted as vacancy-mediated migration based on nudged elastic
band density functional theory simulations. The XRF mapping
data provides direct evidence of field-assisted ionic migration in
a model hybrid perovskite thin single crystal, while the link with
photoluminescence proves that the halide stoichiometry plays a key
role in the optoelectronic properties of the perovskite.
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3 Halide migration and its effect on the PL of single crystal perovskites

3.1 Introduction

Halide perovskite materials have shown promise for a wide range optoelectronic
applications including light-emitting diodes [114], photonic lasers [123], and solar
cells [220, 221] . Despite their impressive potential demonstrated in laboratory de-
vices, questions remain regarding many of the fundamental properties that govern
their performance limits, especially their stability under hot [222], humid [223],
illuminated [224] and biased operating conditions [225]. Understanding both the
origin of this instability and its connection to performance is key to developing
perovskite optoelectronic devices beyond the laboratory.

Many groups have suspected ionic migration under an electric field and illumi-
nation as an important limiting mechanism in hybrid perovskite devices, particu-
larly in regard to current-voltage sweep hysteresis [97, 226-229]. Assuming thermal
equilibrium and non-interacting defects, perovskites are predicted to have a high
concentration of vacancies (107 — 102%cm ™3 for CH;NH3Pbls) [230]. Evidence of
vacancy-mediated diffusion of X-site anions (in the ABX3 structure) with low acti-
vation energy through the conventional hopping mechanism along the anion octa-
hedral edge has been determined for oxide [231] and inorganic halide perovskites
[94]. In the analogous hybrid halide perovskites, extensive computational investi-
gations, particularly in the methylammonium lead iodide (CH3NH3PbI3) system,
have shown that I is likely the most mobile ion because it exhibits a lower energy
barrier to migration in comparison to Pb%* and CH3NH§r [226, 228, 232]. Sev-
eral groups have observed ionic migration of both organic cations and halide an-
ions and in CH3NH3PblI3 and CH3NH3Pbl;_,Cl, using techniques such as energy-
dispersive X-ray spectroscopy (EDX) [233, 234], time-of-flight secondary-ion-mass
spectrometry (tof-SIMS) [235], X-ray photoemission spectroscopy (XPS)[236] and
IR microscopy mapping techniques [234]. These analytical techniques each have
their own specific limitations. For instance, tof-SIMS involves sample fragmen-
tation and physical destruction of the investigated area [237]; IR microscopy can
detect bond stretches of the organic components in perovskite films but is gen-
erally not sensitive to the low-frequency vibrations of the inorganic components
[238]; and XPS is sensitive only to the first few nanometers near the surface and
requires high-vacuum conditions. EDS must be applied with caution to halide
perovskites because of their sensitivity to electron beam damage [224, 239]. Fi-
nally, the nanoprobe X-ray fluorescence (nano-XRF) technique maps heavy ele-
ments throughout the bulk of the sample with higher spatial resolution and sen-
sitivity than XPS, tof-SIMS, EDS, or IR microscopy.

Recently, synchrotron-based nanoprobe X-ray fluorescence (nano-XRF) mapping
has been shown to be an effective probe of local composition in CH3NH3Pbl;_,Cl,
devices without affecting the elemental distribution[240]. During nano-XRF mea-
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3.1 Introduction

surement, a focused X-ray beam excites core-shell electrons from the atoms in the
sample. When a core-hole is filled by relaxation of an outer shell electron, a fluo-
rescent photon is emitted, and its energy identifies the element from which it came
due to the characteristic energy of electronic transitions. As a photon-in, photon-
out process, nano-XRF is dose efficient, critical for radiation-sensitive materials like
the hybrid perovskites and enables nanoscale elemental mapping with part per
million sensitivity for elements heavier than sodium [241]. The many-millimeter
working distance at hard X-ray energies also facilitates in situ and in operando
studies [242]. More details of XRF technique is discussed in the Supplementary
Information (SI) (see Section 3.6).

The best way to provide a direct link between composition and performance is to
combine spatially-resolved elemental or chemical detection methods with tech-
niques that probe the material’ s local optoelectronic properties. Luminescence
spectroscopy and imaging are versatile techniques to probe recombination mech-
anisms and dynamics in semiconductors. For example, recently researchers have
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Figure 3.1: schematic of nanoprobe X-ray fluorescence and spatially resolved
photoluminescence (PL) measurement. A 250 nm FWHM X-ray beam excites
elemental fluorescence that reveals the local perovskite stoichiometry in single
crystals bridging Pt-Pt electrodes. Subsequently, a laser beam excites optical
luminescence to elucidate local optoelectronic quality. Note XRF and PL were not
performed at the same time, but sequentially in a correlative microscopy approach.
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3 Halide migration and its effect on the PL of single crystal perovskites

used spatially-resolved luminescence to reveal the role of Cl in CH3NH;3PbI3_,Cl;
[220], to correlate contact resistance with morphology (243, 244], and to under-
stand the degradation of the perovskite layer [245] and its interfaces [244]. Despite
the importance of ionic migration, open questions remain as to how stoichiometric
changes affect to photoluminescence a property directly linked to device perfor-
mance [78, 246].

In this study, we identify a direct relationship between halide migration and
local optoelectronic quality. Direct elemental evidence of halide migration in a
CH3NH3PbBr3 single crystal is detected using nano-XRE Thin single crystals of
CH3NH3PbBr3, which are tens of micrometers wide and ~500 nm thick, are used
as a model system (fabricated according to the method presented in Chapter 2) to
study the fundamental properties of ionic migration in hybrid perovskites, avoiding
complications from grain boundaries that are present in perovskite thin films. In
response to an applied electric field, local stoichiometric variations appear along
the crystal, which are correlated to local changes in the PL intensity. PL intensity
increases in halide-rich regions and decreases in halide-poor ones, with quasi-
reversible variation observed over multiple voltage biasing cycles. Furthermore,
nudged elastic band (NEB) density functional theory (DFT) computations confirm
that Br~ ions experience a low energy barrier to migration within the CH3NH3PbBr3
structure. The direct link between local stoichiometry and optoelectronic quality
also clarifies that halide migration is a challenge that is intrinsic to the absorber
and one that may play a determining role in the ultimate performance limits of
perovskite devices.

3.2 Nanoprobe X-ray fluorescence mapping

Nano-XRF mapping is used to identify the spatial distribution of elements within a
CH3NH3PbBr3 single crystal under applied bias. The crystals bridge Pt electrodes,
and the voltage is applied laterally across the device as shown in Figure 3.1. Pt
electrodes prevent any driving force from a difference in the work functions of two
different metals and also minimize chemical reactions or diffusion [247] of metallic
atoms at the metal/perovskite interface [101]. Although, some small variations due
to slightly different surface of Pt, like surface roughness variations or impurities
may exist. Prior to the XRF measurement, electrical contact between the perovskite
crystal and Pt electrodes was confirmed by current-voltage (I-V) scans (Figure 3.2).
Fluorescence spectra were collected at each point during the XRF mapping using
a synchrotron X-ray beam with a 250 nm full-width half maximum. Figure 3.3a
shows the corresponding optical micrograph of the CH3NH3PbBr; crystal studied
by XRE To check the stability of the crystals under the X-ray beam and also the re-
productivity of the XRF experiment, first a repeated x-ray mapping was performed
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Figure 3.2: The I-V test under AM1.5G illumination of CH3NH3PbBr3 crystals
on Pt-Pt electrodes to ensure electrical contact and photoresponse prior to a) X-
Ray exposure for XRF and b) laser exposure for PL measurements. Insets in both
a and b show I-V curves under dark condition. Both IV curvers show the crystals
were electrically contacted to the electrodes and their current enhances by light
illumination.

on a crystal without electrical contacts. As expected, the spatial distribution and
elemental composition of the crystals are uniform on the 250-nm length scale of
measurement during repeated X-ray mapping under the focused 13.6 keV X-ray
beam with a flux of 2.37x109 photons/sec ( Section 3.6.1). The same conditions
then were used to map a crystal on the electrodes with and without electrical bias.
Note that the light elements in the methylammonium cation are not detectable by
XRE but the major heavy elements Pb and Br are detectable with sensitivity down
to parts per million.

The local Br:Pb stoichiometry within the CH3NH3PbBr3 single crystal is initially
homogeneous across the crystal, prior to applying the bias, but changes systemat-
ically during application of an external electric field (Figure 3.3b). The seven XRF
maps of the Br:Pb atomic ratio in the 30 x 30 um? crystal are arranged from left
(Map 1) to right (Map 7) based on the chronological sequence of applied bias. Map
1 is the initial scan showing the Br:Pb atomic ratio. As expected, the initial area-
averaged Br:Pb ratio across the crystal was 3.08+0.2. An arrow above each XRF map
measured under bias indicates the direction of the electric field. In this experiment
the left electrode is held at ground and the right electrode has the applied voltage
bias V) (orange arrow (Vgpp =-2V) and blue arrow (Vqp), = +2V)). The Br:Pb ratio
is plotted because it removes the effects of small spatial variations in thickness, but
the shift in Br:Pb ratio seen in Figure 3.3 results entirely from a change in the Br
distribution, as the Pb distribution remains constant throughout the XRF mapping
(Figure 3.9).
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Figure 3.3: anoprobe X-ray fluorescence (Nano-XRF) measurement of the
changes in elemental distribution in a CH3NH3PbBr3 single crystal under bias.
a)An optical image of the CH3NH3PbBr3 crystal characterized by nano-XRE
Regions A and B where the crystal covers the two different electrodes are indicated.
The electrode under region A is grounded and the other electrode is biased. Scale
bar is 15 um. b)X-ray fluorescence maps of the Br:Pb elemental ratio with 250 nm
step size and 100 ms dwell time per point under a sequence of +/- 2V biases. The
direction of the corresponding electric field for each map under bias is denoted by
an arrow above the map (-2V orange and +2V blue). ¢)The mean Br:Pb ratio of Area
A and Area B as measured by X-ray fluorescence during the bias sequence with the
corresponding bias condition (top). Time spent at -2V is shaded in orange and +2V
in blue. d) Average Br:Pb ratio with respect to time over the entire crystal
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3.2 Nanoprobe X-ray fluorescence mapping

To examine the migration of ions under electric field, the perovskite crystal under-
went a total of three poling cycles, from unbiased to +/- 2V bias to unbiased. After
collecting the initial unbiased map (left of Figure 2b), a -2V DC bias was applied.
After 30 minutes of bias applied without X-ray irradiation, we collected an XRF map
( 25 min duration) with the bias still applied to observe the effect of the electric
field. The change in the Br:Pb atomic ratio between Maps 1 and 2 clearly indicates
depletion of Br above the electrode at lower potential (right Pt pad). This depletion
is consistent with the direction that Br~ anions would migrate. The bias was then
removed, and after a 30 min relaxation period, a third XRF map was taken to visual-
ize any diffusion along the Br concentration gradient. The Br concentration is then
slightly depleted over the left-hand electrode as Br~ diffuses back in the absence of
bias.

When the direction of the bias is reversed (+2V), the Br shifts toward the positively
biased electrode, also consistent with migration of Br™. A significant Br shift away
from the left-hand negative electrode is observed in Map 4, while the Br concentra-
tion recovers slightly on the right-hand electrode (Map 2 vs 4). Upon subsequent
relaxation in Map 5, a small recovery in the Br distribution is again seen. The last
cycle seen in Maps 6 and 7 repeats the same -2V and 0V bias condition as Maps 1
and 2, respectively. It confirms that the observed changes in the Br:Pb distribution
are partially repeatable.

The lower bound for mobility of Br ions is estimated at room temperature using
Equation (3.1).

u=v/E 3.1)

where p is the mobility, v is the velocity and E is the applied electric field. The
applied electric field is 2000 V/cm given the applied voltage of 2V and the gap space
between electrodes of 10 yum. Knowing the 1800s duration of applied bias, the drift
velocity (v) is calculated to be 5.56 x10~7 cm/s . This estimates the lower bound of
Br drift mobility at room temperature as 2.78 x 10719 cm?/V.s.

To assess the migration of Br~ within the crystal more quantitatively, the changes
in average Br:Pb atomic ratio above each of the two electrodes are presented in
Figure 3.3c. The average ratio is plotted with respect to time and applied bias. As
Br:Pb increases on one electrode, a decreasing ratio is seen on the other, providing
additional support for an ion migration mechanism. The largest Br concentration
change occurs above the lower potential electrode (Electrode B) right after the first
bias is applied, when the Br:Pb ratio drops from 3.0+0.03 to 2.6+0.07 . All subse-
quent changes are smaller, and the Electrode B area never recovers fully its initial Br
concentration. On the other hand, Electrode A exhibits a more reversible response
to applied bias and largely recovers from the smallest Br:Pb ratio near 2.84+0.09 to
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3 Halide migration and its effect on the PL of single crystal perovskites

2.9+0.06 after final relaxation. Small, severely Br deficient regions evidenced by
localized dark spots in Figure 3.3 develop above both electrodes over time. These
regions indicate local degradation of the perovskite phase and possible formation
of PbBr,. After biasing the crystal for 4 hours, the area-averaged Br:Pb ratio in the
last XRF map (rightmost) is 2.69. The loss of Br occurs predominantly during the
first negative bias of each electrode, after which the total average concentration
of Br was fairly stable (Figure 3.3d). Given what appears to be nanoscopic local
formation of PbBr; in some regions, one could speculate that trace amounts of
CH3NH3Br leaves the sample in an electrochemical reaction in regions of negative
bias under X-ray irradiation. On the other hand, little change of the Br:Pb ratio
away from 3.0 is observed between the electrode gap throughout the biasing cycles.
Overall, the Br:Pb distribution shifts in the direction opposite the applied field at all
time points.
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Figure 3.4: Photoluminescence mapping of CH3NH3PbBr3 crystal. a)Optical
image of a hybrid perovskite crystal on Pt electrodes with labeled regions of interest
A and B. b) and ¢) Overlaid photoluminescence spectra in Areas A and B after -2V
and after +2V biasing, respectively. Black curves in each figure represent the initial
PLintensity before any biasing in areas A and B. Plots with empty and filled markers
correspond to average PL spectra of areas A and B, respectively. The corresponding
spatially-resolved relative PL intensity maps are shown in (d) for -2V bias and (e) for
2V bias relative to the initial unbiased PL map. Scale bars are 15 um.
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3.3 Photoluminescence mapping

3.3 Photoluminescence mapping

A fresh CH3NH3PbBr; microcrystal, (optical image shown in Figure 3.4, I-V scan
in Figure 3.2b), from the same sample chip is used to explore how the local opto-
electronic properties vary in response to similar bias sequences as were used in the
nano-XRF experiments. The crystal was excited using a 15 uW, 405 nm continuous-
wave violet laser while performing PL mapping before, during, and after bias as
presented in Figure 3.5a-g. Each map took ~30 min to be collected. PL emission
spectra were collected for each point of the crystal by moving the stage in the X and
Y directions by 333 nm steps, and PL maps were constructed from the integration
of the total emission intensity over the wavelength 500-580 nm.

Enhancement of PL intensity under bias at the forward biased electrode and its
reduction at the reverse biased electrode area is attributed to the change of the
depletion region width at each contact. Similar changes in PL emission intensity
with the variation of DC bias were reported in other semiconductors such as InP,
GaAs, and CuGaSe2 [248-250]. To compare crystals at the same bias condition, the
PL emission spectra averaged over the area of each electrode (area A and B) were
collected at zero bias after applying and removing the electric field as shown in
Figure 3.4b-c. An increase in PL intensity relative to its initial value was observed
in the region above the electrode previously held at higher potential. A decrease
was observed over the contact at lower potential. According to the XRF maps in
Figure 3.3, the contact with the higher potential is where the Br concentration is
higher; therefore, the Br™ rich regions exhibit enhanced PL after removal of the
electric field.

Figure 3.4d-e show the spatial variation of PL intensity across the crystal in re-
sponse to biasing as the percentage change of PL intensity (APL%). Each map rep-
resents the percentage change of PL after removing the electric field and returning
the crystal to the initial 0V condition. (Details of the calculation are in Section 3.6.)

a)Initial ~ b)-2V  ¢)-2V d) oV e)+2V  f)+2Vv NV o
3
2
1
- 0
o e <« <«

Figure 3.5: Spatially-resolved PL intensity maps. Each pixel of the each map is
the integration of PL intensity at 500-580 nm. The bias condition is indicated above
each map, and the direction of the electric field is indicated below with arrows if
applicable. Scale bar is 15 pm.
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3 Halide migration and its effect on the PL of single crystal perovskites

The orange and blue arrows on figures 3d and 3e, respectively, show the electric
field that the crystal experienced before collecting the PL maps. Comparing the
relative changes with the direction of the electric field, one sees that the PL intensity
increases in the region that experienced higher potential (see the red regions at left
side Figure 3.4d and right side Figure 3.4e), and decreases in the region that was
previously at lower potential (see the blue regions at right side Figure 3.4d and left
side Figure 3.4e). This anti-correlation between electrodes A and B after bias mir-
rors the trend seen in XRE The bias-dependence of the local photoluminescence
is confirmed in CH3NH3PbBr3 crystals deposited onto different electrodes (Au-Au
and Au-Ti electrodes) as shown in the SI (Figure 3.11), indicating that the changes
in PL are independent of the particular metal/perovskite interface. In all cases,
the peak of the PL spectrum does not shift in energy significantly (less than 2 nm)
between the Br-rich and Br-poor regions (see SI, Figure 3.12 ).

The changes in PL intensity may be explained by vacancy-mediated halide migra-
tion. Initially, the PL intensity was inhomogeneous across the single crystal as seen
in Figure 3.5 suggesting that surface or bulk defects dominate the PL response.
Upon applying bias across the crystal, it is observed that Br~ moves opposite to
the direction of the electric field and the local PL increases where Br increases. This
enhanced PL in bromide-rich regions may originate from three distinct but related
mechanisms, triggered by the ionic migration as seen in the XRF maps (schematic
of mechanisms in Section 3.3). First, bromide migration will lead to local changes in

a) Point defect passivation b) Interface passivation ¢) Remnant field-effect
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Figure 3.6: Schematic of mechanisms that can explain the observed PL intensity
variation. At the positive (negative) electrode, Br~ migration may a) reduce
(increase) a vacancy-related, recombination active point-defect concentration, or
b) passivate (expose) surface states at the contact interface. Alternatively, c) the
remnant field due to slow ionic back-diffusion after the electric field is removed
may leave a narrower (wider) depletion region.
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3.4 DFT calculations of ionic migration energy

the bromide vacancy concentration, which has been proposed to play an important
role in the photoluminescence quantum yield [104, 233, 251]. Crystal point de-
fects such as vacancies may act as non-radiative recombination centers; therefore,
a higher Br~ vacancy concentration could lead to lower radiative recombination
efficiency, causing the band-to-band PL intensity to decrease. Second, bromide
stoichiometry may play a role in the density of interface states at the contacts. The
migration of the bromide away from the contact interface at the lower potential
electrode may lead to a higher density of interface states, and at the other con-
tact, the higher Br content may passivate interface states. Finally, ionic migration
will cause some residual change in the potential at the perovskite/metal contact
interface even after the electric field is removed, due to slow ionic diffusion. At
the lower-potential contact the perovskite/metal interface behaves as in reverse
bias: the residual change in potential increases the depletion region, which helps to
split the photogenerated carriers and prevents them from recombining radiatively,
suppressing PL intensity. At the higher-potential contact the interface behaves as in
forward bias: the depletion region becomes smaller and PL intensity is enhanced.
Further studies are necessary to quantify the relative importance of each mech-
anism. Self-trapped carriers in the crystal lattice (strong-coupled polarons) have
been suggested to play a role in charge carrier dynamics of hybrid perovskites and
affect the radiative recombination rate [252]. In the case of polaron formation, a
red-shift in the energy of the PL peak is expected, but no red-shift was resolved
within the detection limit of the PL setup in this study (see Figure 3.12, SI). Con-
tinued detailed study of ionic migration is critical because vacancies, as inherent
material defects, may act as mediator or direct participants in non-radiative recom-
bination centers in CH3NH3PbBrj3.

3.4 DFT calculations of ionic migration energy

The experimentally observed changes in Br concentration in the CH3NH3PbBr3
single crystal are substantiated by the low energetic barrier to migration of Br~
- found by DFT climbing-image nudged elastic band (CI-NEB) calculations. To
elucidate the ionic migration mechanism under applied bias, CI-NEB calculations
were performed using 2 x 2 x 2 supercells (computational details in SI). CI-NEB is
a common method for finding minimum energy paths for ion migration [253-255].
A single positively-charged Br~ vacancy (V3,) was introduced, and overall charge
neutrality was achieved via a compensating background charge. We find that the
lowest energy configuration for pristine CH3 NH3 PbBr3 is in which the polar methy-
lammonium cations are aligned, which is the expected orientation under an ap-
plied bias [228, 234]. This alignment of the MA cations breaks the cubic symmetry,
resulting in three distinct migration paths for Br~, which are shown in Figure 3.7.
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3 Halide migration and its effect on the PL of single crystal perovskites

The energy-migration coordinate diagram and the corresponding pathways viewed
in a supercell are presented in the SI (see Figure 3.14). The paths where the Br~
moves with a component in the direction of the C-N bond alignment, denoted as
B-C-B and B-A-B, show the lowest migration energy barriers of 227 meV and 306
meV, respectively. The other hop, C-A-C, shows a migration energy of 425 meV. The
alignment of the CH3NH; cations under bias appears to create a channel with a
lower energy of Br~ vacancy migration along the field direction. In the absence
of an electric field, this lowered barrier will be averaged out as methylammonium
ions are randomly oriented at room temperature per CHsNH3PbBr3 single crystal
shown by neutron diffractometry [256]. Halide migration appears to benefit from
CH3NHj alignment that results in a lower migration energy barrier under an ap-
plied bias. The migration, in turn, is correlated with the density of recombina-
tion active defects as evidenced by the changes seen in the photoluminescence
response under bias.

CH3NH4
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Migration Barrier
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425 C-A-C
306 B-A-B
227 B-C-B

Figure 3.7: Schematic of Br~ diffusion pathways in CH3NH3PbBr3; by nudged
elastic band (NEB) The PbBrg octahedron becomes distorted after NEB relaxation.
Primitive cell has lattice constants 0f6.017, 6.041, and 6.115 rA, along the a-, b-, and
c-axis, respectively. The geometrically distinct Br atoms are labeled as A, B and C
and the corresponding migration energy barriers between Br atoms are shown in
the table. White spheres represent the interpolated Br trajectories along pathway
B-A-B and C-A-C, while yellow spheres indicating the smallest barrier migration for
pathway B-C-B.
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3.5 Conclusion

In summary, we systematically manipulate the halide concentration laterally
within a thin CH3NH3PbBrj3 single crystal by applying a voltage bias. We observe
the changes of Br distribution at the nanoscale by means of Nano-XRE The halide
migration is directly correlated to variations in PL response. As Br~ migrates
away from the negatively biased electrode and the perovskite becomes locally
sub-stochiometric, the PL intensity decreases. NEB calculations indicate that
the alignment of the methylammonium cation under bias forms channels that
facilitate halide migration along the field direction. Combining the quantitative
analysis of ion migration with local optoelectronic characterization provides
insight into the fundamental operation of halide perovskite devices. The link
between intrinsic point defect migration and photoluminescence intensity makes
it clear that controlling the crystal chemistry is paramount. Possible strategies to
mitigate the effects of Br migration and improve optoelectronic performance in the
perovskite include growing perovskites in halide-rich conditions [257] or applying
post-growth treatments to lower the concentration of halide vacancies. Future
work is needed to understand the defect kinetics of ion migration as a function of
the absorber chemistry and to reveal the nature of the optoelectronic defects that
arise under bias to achieve the full potential of the hybrid perovskite materials for
optoelectronic devices.

3.6 Supplementary Information

3.6.1 Experimental details

In this study, we used the same method for the fabrication of perovskite precursors,
solution and PDMS-stamped CH3NH;3PbBr3 single crystal devices as explained in
Chapter 2 (See Section 2.6.1 for more details)

Synchrotron-Based XRF Characterization

In order to determine the elemental distribution in the absorber, the perovskite
crystals were investigated by synchrotron-based nano-XRF with a 250 nm full-
width half-maximum focused beam at 13.6 keV with a 50% aluminum absorption
filter in place at beamline 2-IDD in a helium environment of the Advanced Photon
Source at Argonne National Laboratory.

Fly-scanning was used with a dwell time per point of 100 ms. Using the beamline’s
nanopositioning stage, we scanned the sample in front of the focused X-ray beam
and precisely mapped the local Pb and Br chemistry with a step size as small as 200
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Figure 3.8: XRF maps of a CH3NH3PbBr3 crystal with full beam illumination
without electric bias. The Br XRF maps with the corresponding histograms are
shown. The length of the scale bar is 5 um. The mean and standard deviation for
Map a, b and c are 1.82+0.12, 1.83+£0.12, and 1.84+0.11 ,umol/cmz, respectively

nm. An SRS 570 current pre-amplifier at the beamline was used to bias the sample
in-situ +/- 2V.

CH3NH3PbBr3 stability was examined under focused X-ray beam at 13.6 keV with
no filter in place (Figure 3.8). Br:Pb elemental ratio XRF maps indicate good sta-
bility of the material with no systematic change in its elements spatial distribution
upon repetitive scanning with 100 ms dwell time per point. In our analysis, we
focus on the quantitative Br:Pb ratio. NIST standard reference material 1832 and
1833 standards were used to quantify the XRF data, correcting for the uncertainty in
the extrapolation of the fluorescence yield to the Br line using the initial perovskite
stoichiometry. Additional XRF maps of quantitative Pb:Pt and Br:Pt mass ratio are
presented in Figure 3.9. Linear color scale is applied to each elemental ratio, where
yellow indicates high mass ratio and red indicates low mass ratio.

Analysis of spatially resolved PL maps of different CH;NH3;PbBr; crystals

A WITec alpha300 SR confocal imaging microscope was used to collect photolumi-
nescence spectra of CH3NH3 PbBr; crystals while the crystal was being moved using
a piezostage. Sample was excited with a 405 nm diode laser (Thorlabs S1FC405)
through a NA 0.9 objective and the luminescence was collected in reflection using
a spectrometer. The calibration of the spectral response of the collection optics,
fiber, and spectrometer was done with a standard mercury light source, and the
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Figure 3.9: Pt:Pb and Pt:Br mass ratio XRF maps within the CH3NH3PbBr3
crystal. The elemental ratio in each row has the same linear color scale. The scale
bar is 33 um.

spectrum was corrected accordingly. The spatially-resolved PL maps are obtained
by integrating the PL intensity within the optical fluorescence peak width, from
500-580 nm. The relative changes of PL intensity (APL) is computed using Equa-
tion (3.2),

PLIX — PLIipitiatov
PLIinitialov

A (%) = 100 (3.2)

where PLI is the photoluminescence intensity and X indicates the number of map
according to Figure 3.5. All the relative PL maps of the crystal in the Figure 3.4 are
shown in Figure 3.10.

Additionally, the PL maps of MAPbBr3 crystals on Au-Ti and Au-Au paired elec-
trodes are shown in Figure 3.11. These maps display similar trends of PL intensity
shifts under the influence of bias to the Pt-Pt electrodes shown in Figure 3.4.

The PL mapping experiment was also done on the crystal that was exposed to the
X-ray beam during XRF mapping, and its the PL spectra were comparable to those
of a fresh crystal (Figure 3.12k and 1) with the PL peak being blue shifted by 10 nm.

Figure 3.10: Relative PL maps of the crystal in different bias conditions compared
to the initial OV map. APL; and APL; are the same as maps shown in Figure 3.4d
and e, respectively. The dashed arrows show the direction of the electric field that
the crystal was under priorly. The total time to collect each map was 30 min. Scale
baris 10 ym.
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Figure 3.11: Series of relative PL maps for CH3NH3PbBr3 crystal on Au-Ti (a-c)
or Au-Au electrodes (d-f). The trend of an increase in PL intensity in the opposite
direction of electric field is independent of electrode material. a) optical image
of the crystal sitting on the gap between Au-Ti electrodes. b) relative PL intensity
map of the crystal after applying -2V bias. c) relative PL intensity map of the
crystal after applying +2V bias. d) optical image of the crystal sitting on the gap
between Au-Ti electrodes. e)relative PL intensity map of the crystal after applying -
2V bias.f)relative PL intensity map of the crystal after applying +2V bias. The arrows
on top of each column show the direction of electric field and expected direction of
Br~ movement. Scale bar is 10 pm.

A similar trend in PL intensity shift with electrical biasing is seen for this crystal,
although the change in PL intensity is not as clear as it is for the fresh crystals
(Figure 3.13). Synchrotron X-ray irradiation has been shown to degrade carrier
collection in hybrid perovskites within seconds of exposure at a single spot [242],
and it is thus not surprising that the PL changes are more clear in the fresh crystal.

3.6.2 Climbing-image nudged elastic band (CI-NEB) calculations

All DFT calculations were performed using the Vienna Ab initio Simulation
Package (VASP) [258] within the projector augmented-wave approach [259].
Spin-polarized calculations using the Perdew-Burke-Ernzerhof (PBE) generalized-
gradient approximation (GGA) [260] functional were used for structure relaxations
and all analyses were carried out using the Python Materials Genomics (pymatgen)
library [261]. We performed climbing image nudged elastic band (CI-NEB)
calculations using 2 x 2 x 2 supercells (8 formula units) of the lowest energy
structure obtained for cubic CH3NH3PbBr3; to minimize the interaction between
periodic images. To study Br~ vacancy migration, a single positively-charge Br~
vacancy (V) was introduced and overall charge neutrality was achieved by
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Figure 3.12: Normalized PL spectra of CH3NH3PbBr3 crystals with different
electrodes shows that the energy of PL peak does not vary upon applying electric
field. The first column shows the optical image of the tested crystals on different
electrode materials. Areas A and B are shown with dashed line on each figure.
Second column presents normalized PL spectra after -2V poling for selected regions
A and B. Third column shows normalized PL spectra after +2V poling for selected
regions A and B. Scale bar is 10u m.
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Figure 3.13: Percentage changes of PL intensity of the of CH3NH3PbBr3 crystal
after XRF measurement. (a optical image of the crystal. b) and c) are relative PL
maps after -2V and +2V poling respectively Scale bar is 10 m.

compensating background charge. A 2 x 2 x 2 k-point grid and energy cutoff of 520
eV were adopted for NEB calculations. The forces were converged to 0.05 eV/ A.
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Figure 3.14: PBr- migration barriers from nudged elastic band (NEB) calcula-
tions. (i The migration paths depicted in the 2x2x2 super cell with paths labelled
as B-A-B, B-C-B and C-A-C (labelled as in Figure 3.7 The energy vs migration
coordinate of each path is shown: ii) B-C-B, iii) B-A-B iv)C-A-C



Perovskite nanowire extrusion

The defect-tolerance of halide perovskite materials has led to ef-
ficient optoelectronic devices based on thin-film geometries with
unprecedented speed. Recently, ordered vertical arrays of perovskite
nanowires have been realized, which can benefit from nanophotonic
design strategies allowing precise control over light propagation,
absorption, and emission. An anodized aluminum oxide template is
used to confine the crystallization process, either in the solution or in
the vapor phase. This approach, however, results in an unavoidable
drawback: only nanowires embedded inside the AAO are obtainable,
since the AAO cannot be etched selectively. The requirement for a
support matrix originates from the intrinsic difficulty of controlling
precise placement, sizes, and shapes of free-standing nanostructures
during crystallization, especially in solution. Here we introduce a
method to fabricate free-standing solution-based vertical nanowires
with arbitrary dimensions. Our scheme also utilizes AAO, however,
in contrast to embedding the perovskite inside the matrix, we apply
a pressure gradient to extrude the solution from the free-standing
templates. The exit profile of the template is subsequently translated
into the final semiconductor geometry. The free-standing nanowires
are single crystalline and show a PLQY up to ~29%. In principle,
this rapid method is not limited to nanowires but can be extended
to uniform and ordered high PLQY single crystalline perovskite
nanostructures of different shapes and sizes by fabricating additional
masking layers or using specifically shaped nanopore endings.
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4 Perovskite nanowire extrusion

4.1 Introduction

Solution-based halide perovskite materials have attracted tremendous attention
over the last five years. They show great potential for optoelectronic devices, such
as solar cells and light-emitting diodes among other applications [84, 262]. While
most research efforts have focused on thin-film geometries, highly ordered nanos-
tructure array geometries have attracted less attention, even though nanophotonic
design strategies could allow precise control over light propagation, absorption,
and emission[263-271]. For example, while several reports exist on the formation
of perovskite nanowires [45, 123, 127,167, 170, 171, 178, 182, 272-278] , only a few of
them show highly ordered vertical array geometries, which are of prime importance
for large-scale device applications [182, 276-278].

Only recently, ordered vertical perovskite nanowire arrays inside anodized
aluminum oxide (AAO) templates have been realized [182, 276-278]. In these
studies, the AAO confines the crystallization process in either solution or vapor
phase and therefore completely determines the cross-section and length of the
final nanostructures. Since the AAO cannot be removed selectively, because of the
sensitivity of perovskites to etchants, the nanowires remain embedded inside the
AAO and are not free-standing arrays. Also, the geometries achievable with this
approach are limited to what can be obtained in AAO.

In general, synthetic methods for making free-standing solution-based nanostruc-
ture arrays with arbitrary cross-sectional shapes and sizes are currently lacking.
This limitation can be explained by the intrinsic difficulty of controlling the precise
placement and form factors of free-standing nanostructures during crystallization
from solution.

In this chapter we introduce a method to fabricate nanostructure arrays with
arbitrary dimensions directly from solution. As proof of this concept, we show
the fabrication of vertical free-standing CH3NH3PbBrs perovskite nanowires.
The scheme utilizes AAO templates to confine the precursor solution into highly
ordered nanopores with narrow size distributions. In contrast to techniques that
embed the perovskite inside the AAO, the solution is extruded from the free-
standing templates, driven by a small pressure gradient of 50-100 mbar versus atm.
At this stage the formation of the nanowire-shaped intermediate crystal phase
is initiated by more rapid evaporation of the solvent near the pore exits and the
confinement of the solution. The pore exits therefore determine the dimensions
of the nanostructures. After annealing, highly uniform free-standing perovskite
nanowires with a wide variety of dimensions are obtained. Transmission electron
microscopy (TEM) diffraction shows single crystallinity along the nanowire length.
Photoluminescence quantum yield (PLQY) measurements on single nanowires
reach values of ~29%, which are in line with values for the respective CH3NH3PbBr3
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4.2 Fabrication of nanowires via AAO templates

thin-films [44, 104, 279].

In principle, this novel method is not limited to nanowire arrays but could be ex-
tended to a large variety of highly uniform and ordered high PLQY single crystalline
perovskite nanostructures. Different shapes and sizes could be obtained by fab-
ricating additional masking layers or using specifically shaped nanopore endings
[280]. The concept of the fabrication process is very similar to macroscopic profile
extrusion in the plastics industry, however, for a nanoscale optoelectronic material.
The unprecedented simplicity and high speed make it therefore a highly promising
approach for the industrial fabrication of novel optoelectronic devices based on
high PLQY nanostructured arrays.

4.2 Fabrication of nanowires via AAO templates

Figure 4.1 shows the fabrication scheme. In the first step the CH3NH3PbBr3 solu-
tion (3M in dimethyl sulfoxide, DMSO) is dropcast onto a free-standing AAO tem-
plate (30-50 pum thick), which rests on an O-ring on top of a PDMS block. AAO is
a well-known template for nanostructuring and allows control over pore size and
shape from hundreds of nanometers down to around 5 nm on a wafer scale and
even in binary array geometries [280-285]. By selectively etching the supporting
aluminum substrate, free-standing AAO templates with double-sided pore access
can be obtained [286, 287]. To facilitate the filling of the AAO pores with the per-
ovskite solution, a low-pressure region is formed in the sealed air compartment
between the AAO and the PDMS. We used a simple syringe connected via a plastic
tube to establish the pressure gradient of 50-100 mbar versus atm when pulling
the piston of the syringe. In general, any method to control the pressure can be
utilized. Driven by the pressure gradient across the membrane, the perovskite solu-
tion rapidly fills the AAO pores and extrudes out of the AAO template on the bottom
(inset in Figure 4.1a). The time of extrusion depends directly on the pressure gradi-
ent applied and the dsired length of final nanowires. In the next step, the template
is carefully transferred onto glass spacers positioned on a hotplate and annealed at
120 °C to form the perovskite crystals (Figure 4.1b). Figure 4.1c shows schematically
the final AAO template with the extruded free-standing nanowires. Finally, we dry-
transfer the single perovskite nanowires to different substrates (glass, silicon, TEM
grids) for subsequent characterization. We have used the same AAO templates
numerous times, simply by dissolving the residual perovskite inside the pores with
DMSO and rinsing in acetone and isopropanol followed by prolonged annealing.
Therefore, the requirements for a reusable substrate scheme, e.g. by embedding
the array nanostructures into a polymer layer followed by mechanical peel-off, are
easily met.

In order ot understand the mechanism of nanowire formation and determine if
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a) solution
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Figure 4.1: Perovskite nanowire extrusion scheme. a) CH3NH3PbBr3 solution
(3M in DMSO) is dropcast onto an AAO template placed on an O-ring on top of
a PDMS block. A low pressure region is formed in the sealed air compartment
between the AAO and the PDMS block with a glass syringe connected via plastic
tubing. After a short time the perovskite solution fills the AAO pores and extrudes
out of the AAO template on the bottom (inset). b) The template is carefully
transferred to a hot stage and annealed. c) The final AAO template with extruded
free-standing nanowire arrays.

the nanowire shape formed before or after the final annealing step, we carefully
break off the nanowires and transfer them to a different substrate before annealing.
Figure 4.2 shows the resulting structures which is an intermediate crystal phase
probably consisting of CH3NH3PbBrs and DMSO formed in the nanowire shape
right at the extrusion stage. Such intermediates have been reported previously
[288-291]. The crystallization of the intermediate is likely due to preferential evap-
oration of the solvent from the pore exit and the solution confinement inside the
AAO pores. The wires of the intermediate appear to have largely varying diameters.
We ascribe this fact to merging of multiple nanowire during the break-off process.
Figure 4.2b shows a part of the substrate which was still partly covered in DMSO.
Interestingly, the wire-like intermediates are clearly visible in the bottom part of the
image, even though they are embedded in DMSO. At the solvent front on the upper
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4.2 Fabrication of nanowires via AAO templates

part in the image, cubic perovskite crystals can be seen. After a short annealing for
5 min at 120°C we find the complete transformation of the wire-like intermediate
into cubic crystals, as can be seen in Figure 4.2c. As has been noted before, due
to the interaction with the substrate, the intermediate crystal structure rearranges
into cubic crystals during the final perovskite formation. Therefore, the AAO tem-
plate not only guide the shape of the intermediate into the nanowire form, but also
stabilizes the structure during the final transformation from the intermediate phase
into the perovskite crystal.

Figure 4.3 shows extruded free-standing vertical perovskite nanowires covering a
wide area of the AAO surface. The length of the nanowires is dictated directly by
the time and magnitude of applied pressure gradient to the template. As shown in
the inset of Figure 4.3a nanowire are shorter when applying the pressure gradient
for a shorter time. While our current results serve as a proof-of-concept, further
optimization is necessary to improve the wire-to-pore ratio, diameter distribution
and nanowire length. In this study, two different types of AAO templates were used:
custom-made ordered templates with pore size of 250 nm (pitch 1 pm) (Figure 4.3a
and b) and commercially available semi-ordered templates with average pore sizes
of 200 nm (pitch 470 nm) (Figure 4.3c and d). The pitch-to-pore ratio serves as
a crucial parameter in realizing nanowire arrays; for ratios smaller than ~4 the
extruded nanowires coalesce (see Section 4.6). In order to increase the initial ratio
the pore sizes of the semi-ordered templates were shrunk down by subsequent
atomic layer deposition of alumina (see supporting information). We observed an
increase in diameter compared to the AAO pore exit, which we attribute to a non-
ideal contact angle between the pore wall and the back surface of the template,

Figure 4.2: Optical microscopy images of intermediate crystal phase. a) Dark-
field image of intermediate crystal phase in nanowire shape. b) Dark-field image
of the wire-like intermediate broken off after extrusion through AAO template and
before annealing. A few perovskite crystals formed already at this stage. ¢) Dark-
field image after annealing of the same region than in b). As has been noted before,
the nanowire shape of the intermediate is unstable on a glass substrate, in contrast
to cubic crystals (compare upper parts of b) and c)). Scale bars are 10 um, 20 ym
and 20 um for a)-c), respectively.
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4 Perovskite nanowire extrusion

which leads to partial surface wetting around the pore instead of immediate ex-
trusion. With increasing time of mechanical polishing to obtain a 90° angle, we
observed a decreasing discrepancy between pore exit and the final nanowire diam-
eter. The single nanowires were transfered to other substratets such as silica, TEM
grid and silicone for furthere characterization by sliding carefully the substrate on
top of the template (Figure 4.4). The thin wires were used for TEM studies, while
the thick nanowires fabricated from ordered AAO templates were used for PLQY
measurements, as described further. Figure 4.4a,b show a nanowire with a length
of ~20 um, originating from a template which was exposed for a longer time to the
pressure gradient. The SEM images demonstrate high geometric uniformity and
absence of any apparent surface disorder on the nanowires. Figure 4.3b and d show
optical dark-field images taken from the vertical nanowire arrays fabricated with
ordered and semi-ordered AAO templates respectively. In Figure 4.4c an optical
dark-field image of single nanowires is shown, which supports the high uniformity
of the wires by absence of strong optical variations along the length or in between
nanowires, e.g. due to changing optical resonances because of variations in diam-
eter [292, 293].

4.3 Single crystallinity of perovskite nanowire

To obtain crystallographic information, we performed transmission electron
microscopy (TEM) diffraction on single perovskite nanowires and X-ray diffraction
(XRD) measurements on a whole template. Figure 4.5a shows a bright-field image
of a wire with the green marked regions (I, II, III) indicating the locations of
selected-area diffraction measurements, as shown in Figure 4.5b-d, respectively.
The same diffraction spot pattern can be clearly seen along the length of the wire,
confirming it is a single crystal. Furthermore, all the measured wires via TEM
diffraction showed a <100> growth direction for the cubic symmetry. The obtained
lattice constant of a=5.85(5)A is in agreement with previously reported values
for CH3sNH3PbBrs perovskite (a=5.92 A) [189, 233]. Besides the 0.5-1% difference
between the measured and the literature value of the lattice constant we observe
a set of symmetric diffraction spots not originating from the perfect cubic lattice,
but which can be explained by a slight tilt of the octahedra in the crystal structure
[294, 295]. Therefore, we attribute the difference in lattice constants to a deviation
from the perfect cubic crystal phase [295].

During electron beam exposure we observed degradation of the perovskite crystal,
as already noted by others [239]. The exposure resulted in a continuous conversion
to polycrystallinity, i.e. the evolution of diffraction rings from distinct spot patterns
with increasing exposure time which prevented perfect alignment to the zone axis.
Figure 4.6a-c show bright field images of the same nanowire with marked regions
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4.3 Single crystallinity of perovskite nanowire

Figure 4.3: Electron and optical microscopy images of extruded perovskite
nanowires. a) SEM image of vertical nanowire array made with ordered AAO
template. Inset shows shorter nanowires that have been obtained by exposing the
template for shorter times to the pressure gradient. b) Optical top view dark-field
microscope image of the array in (a) under white light illumination. ¢) SEM image
of extruded nanowire arrays from semi-ordered arrays. d) Optical top view dark-
field microscope image of the array in (c).

Figure 4.4: Electron and optical microscopy images of single perovskite
nanowires. a) Higher magnification SEM images of single horizontal perovskite
nanowires with different wire lengths. b) Optical dark-field microscope image of
single nanowires.
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4 Perovskite nanowire extrusion

Figure 4.5: TEM single nanowire diffraction. a) Bright-field image of a single
perovskite nanowire. b-d) Diffraction images of the regions I-III marked in a),
respectively. The same diffraction spot pattern can be clearly seen along the length
of the wire, confirming a single crystal phase. The obtained lattice constant for
the wire, a=5.85(5) 4, is in agreement with the literature value of CH3NH3PbBr3
perovskite (a:5.921§) [189]. The scale bars in a) and b)-d) are 2 um and 2 nm-1,
respectively.

d-f for which the diffraction is shown , respectively. Figure 4.6g-i present bright
field images of another nanowire and the formation of a granular contrast with
prolonged exposure. The granular contrast is likely due to the observed polycrys-
tallinity, as shown in f. Noteworthy, the transformation from the single into the
polycrystalline structure is mostly initiated at the contact points with the Au TEM
grid which points towards a charge-assisted degradation mechanism.

The X-Ray diffraction (XRD) measurements confirm the dominance of the <100>
growth direction over the whole template, as showin in Figure 4.7. When XRD is
conducted on assembles of nanowires extruded with ordered AAO, the (100) and
(200) crystal planes present the strongest diffraction peaks, in agreement with the
<100> growth direction of nanowires obtained from single wire TEM diffraction.
Other diffraction peaks might originate from residual perovskite microcrystals
formed on the AAO top surface during fabrication or slightly tilted nanowires.
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Figure 4.6: Electron beam-induced damage of perovskite nanowires. a-c) Bright
field images of the same nanowire with marked regions d-f for which the diffraction
is shown in Figure 4.5 d-f) The initially distinct diffraction spots change into
rings during electron beam exposure. g-i) The initially distinct diffraction spots
change into rings during electron beam exposure. h) the change originates from
contact points with the TEM grid, as shown in i, which indicates a charging related
degradation mechanism.

These results prove that highly uniform and single crystalline perovskite nanowires
can be obtained with this novel nanowire extrusion method.

4.4 Optical properties of nanowire

To study the electronic and optical properties we performed photoluminescence
quantum yield (PLQY) measurements .The PL spectrum in Figure 4.8a shows a
peak centered at 535 nm, which is in agreement with previous reports for thin
films of CH3NH3PbBr3 [251]. To obtain spatially resolved PLQY measurements of
single nanowires, we used integrating sphere microscopy [296, 297]. This tech-
nique allows us to determine quantitatively the spatially resolved absorptance, by
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Figure 4.7: X-ray diffraction (XRD) pattern of perovskite nanowire array after
extrusion through AAO template.

using an integrating sphere to measure all non-absorbed light and a glass sample
holder on a piezo-stage to scan the sample across the laser beam. Additionally,
by placing filters in front of the integrating sphere and reflection photodetectors,
we can measure the photoluminescence quantitatively, as well. As a result, we can
calculate the spatially resolved PLQY, i.e. how many photons are emitted per ab-
sorbed photon (see Section 4.6.2 for more details). As can be seen in Figure 4.8b, the
PLQY has the highest value of 29.5% at the center of the nanowire while the average
along the whole length is ~20%. The Average PLQY values were calculated from the
PLQYs along the nanowire axis, and error bars are standard deviation from average.
The PLQY experiment details is explained in Section 4.6.2. TEM measurements
in Section 4.3 confirm the single-crystalline nature of these wires, while the PLQY
shows deviations from the average value along the nanowire length Figure 4.8b.
Given that the single-crystalline wire has no grain boundaries we suspect surface
recombination and defect recombination from slight variations in stoichiometry
or point defect density to be the main factors limiting the performance [104]. As
discussed in Chapter 3 the inhomogeneous vacancy distributions in perovskite sin-
gle crystals lead to inhomogeneous PL [298]. Given the emission of single crystal
CH3NH3PbBrs nanowire here (Figure 4.8) we attribute the non-uniform PLQY map
to the local variations in stochiometry.

To study the degradation behaviour of the nanowires in ambient conditions we
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Figure 4.8: PLQY measurements of a single perovskite nanowire. a) Nanowire
photoluminescence (PL) spectrum at the center of the nanowire with a peak
centered at 535 nm. b) PLQY map at 1000 suns illumination intensity. c) Relative
PLQY change from day 1. After 10 days the PLQY decays by ~70% from its initial
value. The error bars are the standard deviation of the PLQY values along the
nanowire.

measured the PLQY maps over a period of 10 days (Figure 4.9). The average PLQY
decays within 10 days by ~70% from the initial PLQY of fresh nanowire at day 1.
(Figure 4.8¢)

The PLQY of the nanowire as a function of incident laser intensity (Suns) or gen-
eration rate was measured 3 days after fabrication (Figure 4.10) and shows a lin-
ear dependence with laser intensity (between 100 and 1000 suns), which can be
explained by monomolecular recombination ( Shockley-Read-Hall (SRH) or sur-
face recombination)as the main limiting mechanism rather than radiative or Auger
recombination (for detailed explanation of recombination mechanism please see
Section 4.6.3 ) [297]. Therefore, we can extrapolate the PLQY down to 1 sun, which
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Figure 4.9: PLQY intensity maps (in %) as a function of time at 1000 suns
intensity.

The scale bars are 2 um
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4 Perovskite nanowire extrusion

results in a value of ~1% for the measured wire, comparable to reported values of
3 for CH3NH3PbBrj thin-films with a 1:1 ratio (CH3NH3Br:PbBry) [104]. Given that
the wire decayed from its PLQY value on day 1 we expect the PLQY at 1 sun to be
initially higher.

We have observed lower PLQY values for nanowires extruded from freshly prepared
solutions, while the higher values shown here come from extrusion of aged solu-
tions. Such a variation suggests that the nanowire extrusion process has the same
strong dependence on the exact preparation conditions of the precursor solution
as has been observed in thin-films. Thin-film studies have concluded that prepa-
ration details including aging [299] and temperature [300] of the solution, solvent
and precursors [301], precursors ratio [233], and ambient conditions [223, 302], all
strongly influence the resulting material properties.

4.5 Conclusion and Outlook

In conclusion, solution-based nanostructure extrusion enables the fabrication of
free-standing perovskite nanowire arrays. Our crystallographic and optical mea-
surements show single crystallinity along the lengths of the nanowires and PLQY
values of up to 29% for freshly made nanowires. This novel method can be general-
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Figure 4.10: PLQY of the nanowire discussed Figure 4.8 as the function of incident
laser intensity at day 3 after fabrication.
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ized from nanowire arrays to other nanostructured shapes by altering the extrusion
mask (Figure 4.11). Furthermore, provided the stability issues for perovskite based
systems are resolved, e.g. by embedding the material in a flexible polymer encap-
sulation, the application extends potentially beyond research. The unprecedented
simplicity and high speed of this novel nanostructure extrusion technique might be
suitable for the industrial fabrication of nanostructured optoelectronic devices.

4.6 Supplementary Information

4.6.1 Experimental details

Preparation of Methylammonium Lead Bromide solution

The solution was prepared at room temperature and in ambient conditions.
CH3NH3PbBrs was synthesized and recrystallized using a previously reported
protocol [204]. The precursor PbBr, (Sigma-Aldrich, purity= 98%) was mixed with
CH3NH3Br in a 1:1 molar ratio with DMSO (Sigma-Aldrich, anhydrous, purity=
99.5%) to obtain the 3M solution. The fresh solutions are heated up to 60 °C and
stirred with a magnetic stirrer for 1l h. The solution could be used for the extrusion
right away resulting in nanowires with PLQY < 5%, but was typically aged for 10-20

days at ambient conditions to allow for PLQY values of up to ~30%. Prior to use the
solution was heated to 70°C while stirring.

Preparation of AAO templates

Two types of AAO templates were used for this study. The commercially available
free-standing AAO templates were purchased from InRedox with pore size of 200
nm and pitch of 470 nm. Atomic layer deposition of 50 nm Al,O3 was performed
on these templates to narrow down the pore diameter to about 100 nm. This way,

Figure 4.11: Various nanostructures fabricated with extrusion method, using a
mask on top of the AAO template to change the shape of exit profile.
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4 Perovskite nanowire extrusion

the spacing between two neighboring pores increased to avoid coalescence of indi-
vidual nanowires into bundles. The final nanowire diameter is strongly influenced
by the shape of the pore exit. Therefore, we mechanically polished the templates
with polishing paper (4000, 6000 and 8000 grit) followed by a 10s HF (1%) etch and
rinse in deionized to remove residual Al O3 clogging the pores, with the side effect
of slightly increasing the average pore diameter by about 20 nm. After the H»O
rinse, the templates were annealed for 2-3h at 250°C in air on clean glass slides.
The final AAO templates had pore sizes of about 120 nm and provided nanowires
with diameters of about 160 nm. This process unavoidably clogs some of the pores.
Therefore custom-made ordered AAO templates were prepared. Specifically, Al foil
was cut into 1.5 cm by 2.5 cm pieces and cleaned in acetone, isopropyl alcohol and
deionized water with sonication, respectively. The foils were then electrochemi-
cally polished in a 1:3 (v:v) mixture of perchloric acid and ethanol for 150 s at 12.5
V and 10°C. The polished Al foils were then imprinted by 5 mm by 5 mm home-
made silicon master (hexagonally ordered pillar array with height of 200 nm and
pitches of 866 nm and 1000 nm) with a pressure of ~2x10% N.cm™? to initiate the
perfectly ordered AAO growth. Thereafter, Al chips were anodized with a home-
built anodization setup with voltage equal to pitch (nm)/ 2.5, and the anodization
solution was made by mixture of 4 w.t% citric acid, ethylene glycol and 0.1 w.t%
sulfuric acid with a ratio of 115: 115: 10 (v: v: v). The anodization was continued for
36 h to give an AAO thickness of ~40 pm. After that the AAO film was delaminated
from the remaining aluminum by immersing the sample in over saturated HgCly.
After aluminum was completely etched away, the sample was rinsed by acetone
and then baked at 80°C. Then the bottom side of the freestanding AAO film was
opened by ion milling with 85° tilted angle at 750 V for 2 h.

Pressure gradient and nanowire extrusion

To facilitate the filling and extrusion of the AAO pores by the perovskite solution, a
pressure gradient of 50-100 mbar was applied across a 1 cm? AAO template, using
an O-ring, a PDMS block and a syringe. A 5 ml syringe was connected via a plastic
tube and hole in the PDMS block. Then the solution was dropcast onto the AAO
top surface and the syringe was slowly pulled outwards at a rate of about 0.5 ml/s to
maintain a pressure gradient. The extrusion took about 30s. While this procedure is
suitable for a simple lab setup, a more controlled environment can be easily created
with standard vacuum techniques. Due to the pressure gradient with the ambient,
the perovskite solution slowly fills the whole AAO template until it reaches the AAO
pore exit on the back. Subsequently, the templates were carefully transferred to
glass spacers on a hot stage and annealed at 120°C for 10-90 min, depending on
the amount of residual perovskite solution on the AAO top surface. We note that
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the perovskite crystal structure is rapidly formed during the first few minutes of
annealing, due to the evaporation of DMSO from the nanowire intermediate, and
most of the annealing time is required to remove enough solvent from the template
to avoid complication during the subsequent handling. To transfer the nanowires
to different substrates (glass, silicon, TEM grid) for subsequent characterization,
the wires were broken off by sliding the respective substrate over the AAO template.

TEM diffraction

The TEM diffraction measurements were done on a 300 keV TEM (FEI 80-300 Titan)
at the Center for Advanced Materials Characterization in Oregon (CAMCOR). The
selected-area diffraction aperture was 40 yum. A Au TEM grid was used to avoid
chemical reactions of the perovskite nanowires with the grid.

4.6.2 Integrating spehere microscopy

Integrating sphere microscopy on single nanowires presents an ideal tool to study
the influence of novel surface treatments and compositional variations on the elec-
tronic and optical performance of nanostructures, because it excludes inhomo-
geneity at the array level [296, 297]

In this study and also in Chapter 5 we measured the PLQY in a home-built inte-
grating sphere microscopy setup, as depicted in Figure 4.12. The detail of the setup
and measurement procedures are explained elsewhere [296]. In the IS microscopy
all the light interacted with the sample can be measured quantitatively, and the
absorptance of the sample is measured via the following equation:

A=1-——-— (4.1)

where A is absorptance, R, and IS; are the signals detected by reflection photode-
tector and IS photodetector respectively, when the beam probes the sample and R,
and IS, are the signals for reflection and transmission (IS) reference measurements
respectively.

To distinguish between absorption and photoluminescence in the PLQY experi-
ment we used short- and long pass filters with a cut off wavelength of 500 nm (Thor-
labs FELH500 and FESH500) to measure the absorption and emission respectively.
The filters were placed in front of the photodetectors as shown in Figure 4.12 and
the scanning of the nanowire was repeated twice with each filters. The PL is then is
then calculated from following equation:

Ry IS
e A}

PL=
R, IS,

4.2)
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Figure 4.12: Optical setup

Reference measurements were performed here with the long pass filters in front
of the photodetectors, where as reference measurements for absorption were done
with the of shortpass filters. PLQYs were obtained by dividing the scanned map of
emitted photons by the maximum number of absorbed photons, represented by
following equation:

PLQY = PL 4.3)
= .

4.6.3 Intensity-dependent PLQY

In Figure 4.10 we showed that PLQY linearly increases with increasing the gen-
erated carriers in perovskite nanowires. The generation rate (G) is equal to total
recombination rate in equilibrium. Three mechanisms contribute to the recom-
bination dynamics of charge carrier in semiconductor [67]: (i) Monomolecular or
trap-assisted recombination which involves one carrier (hole or electron) being
trapped in the localized energy states within the bandgap. These localized states
or deep-level traps are created by either impurities and lattice defects (Shockley-
Read-Hall (SRH) process) or dangling bonds at the surface (surface states). (ii) Bi-
molecular recombination which associates with the band-to-band recombination
of electrons and holes and emission of photons. Thus this mechanism is known as
radiative recombination. (iii) Many-body process or Auger recombination in which
an electron and hole recombine and give their energy to a third particle (electron
or hole). Therefore G is:

G=R=An+Bn*+Cn® (4.4)

Where n is charge carrier density, A is the monomolecular recombination rate co-
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efficient, B is the radiative recombination rate, and C is the Auger coefficient. Ac-
cording to Equation (4.3), PLQY can be rewritten as:

Bn?
An+Bn?+Cn
If monomolecular recombination is dominant, we can simplify the above equation
as:

PLQY = (4.5)

PLQY = B_nz = En (4.6)

An A
Thus, linear relationship of PLQY with excitation intensity or generated carrier den-
sity reveals the dominance of monomolecular recombination, including SRH pro-

cess and surface recombination.
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Charge carrier dynamics at the
Perovskite/Alumina interface

In the past few years, hybrid halide perovskites have been prominently
used as active semiconductors in optoelectronics. However, like
any other semiconductor, their high performance depends on the
alleviation of the defects, especially on the surface. Passivation of
the surface defects with metal oxides such as alumina is a common
strategy in semiconductors to reduce the trap states at the surface.
In this work we used perovskite nanowires embedded in anodized
aluminum oxide templates as a well-controlled platform to study
the charge carrier dynamics and effect of surface passivation with
alumina. These CH3zNH3PbBrs/alumina nanowires had high charge
carrier lifetimes of more than 20 ns. We developed a model to relate
the charge carrier lifetimes with the nanowire radii. Using this model,
we extracted a remarkably low surface recombination velocity (SRV) of
37.2420 cm.s™! for the perovskite/alumina interface which confirms
the passivation role of alumina. Due to the ease of fabrication and
excellent photophysical properties, the perovskite/alumina nanowires
can be considered as a candidate for integration in optoelectronic
device structures.
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5 Charge carrier dynamics at the Perovskite/Alumina interface

5.1 Introduction

Shockley-Read-Hall (SRH) recombination at the surface and in the bulk of semi-
conductors is detrimental for the performance of devices, especially at low charge
carrier injection levels. The bulk and surface defects should be treated separately
because the strategies to mitigate them in semiconductor technologies are differ-
ent. Hybrid halide perovskites are also not an exception in this important matter
and their efficient performance is tightly bound to tackling the right approaches for
identifying and confronting their defects. The remarkable performance of halide
perovskites is attributed to long charge-carrier diffusion length and lifetime, high
absorption coefficient and high emission yields [13, 87, 108]. These characteristics
are strongly dependent on the photophysical properties, specifically the charge
carrier generation and recombination dynamics. Thus, it is crucial to provide in-
depth understanding of how fast and via which channels the charge carriers re-
combine within the perovskite light-absorber. This knowledge assists in develop-
ing strategies to minimize the structural imperfections, such as bulk and surface
lattice defects for designing highly efficient devices. In perovskite solar cells in
particular, many interfaces exist in mesoscopic or planar device structure such as
the interfaces of perovskite within mesoporous TiOy or Al,O3 scaffold, and with
electron/hole transport layers (ETL/HTL). Interfacial defects and undesired doping
at these interfaces facilitate the charge recombination processes and impact the
overall performance of the device negatively[303].

Dangling bonds and interrupted lattice induce high density of charge traps at the
surface. The presence of undercoordinated ions also causes the accumulation of
excess charges which capture minority carriers and increase the recombination
at the surface [304, 305]. Ultraviolet Photoemission Spectroscopy (UPS) measure-
ments exhibited the presence of below-gap excitonic and hole traps on the surface
of CH3NH3PbI3 thin films[73]. In other studies, the electron trap states, especially
at the perovskite/TiO, interface, were suggested to cause the inferior performance
of perovskite devices without passivation [221]. Since facets with low Miller indices
have lower density of dangling bonds[306], it is suggested that the growth of large
crystals may decrease the recombination at the surface[73]. Indeed, the trap den-
sity estimated for single crystals of CH3NH3PbBr3 ( 10° cm™3) and CH3NH3Pbl;3
(101° cm™3) is much lower than trap densities in perovskite thin films ( 1018 cm™3)
[76, 303]. The surface-sensitive Kelvin probe (KP) techniques were used widely in
the literature to study the effect of trap states on the electronic structure of the
surface[75, 307]. Adinolfi et al [75] showed that the Fermi level shifts to 0.12 eV
from the conduction band at the surface of CH3NH3Pbl; in comparison to the
intrinsic bulk. Although the strong recombination of excess charges at the surface
is commonly considered detrimental, this effect has been used advantageously to
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make devices for narrow-band light and environmental gas detection [132, 308]
with single crystal perovskites.

It is common to passivate the surface of inorganic semiconductors through sat-
urating chemical bonds (chemical passivation) to reduce the density of traps or
formation of internal electric field below the surface [309] to reduce the concen-
tration of charge carriers or a combination of both [310]. The chemical passiva-
tion is usually done by growing an appropriate thin film such as SiN on the sur-
face of c-Si [311, 312].The field-effect passivation is also conducted by either dop-
ing the surface or growing an insulator layer such as Al,Os on Si [313] or III-IV
semiconductors[314]. Growing thermal SiO, film on Si is an example of a passi-
vation method which functions by both reduction of surface traps and providing a
built-in field near the surface[310].

In halide perovskites similar passivation methods have been investigated by incor-
poration of external materials as well as new approaches according to their spe-
cial chemical structure. Chemical treatments have been used to passivate surface,
interface or grain boundaries of halide perovskites via halogenated organic com-
pounds [305], lewis bases [304], fullerene [221, 315-317] and graphene [318]. DFT
calculations and experimental observations explained the mechanism of the chem-
ical passivation through binding of the introduced chemicals to certain defects. For
example, fullerene suppresses the surface defects through interaction with iodide-
rich trap sites at the grain boundaries[221]. Halogenated compounds behave simi-
larly by forming halogen bonds with the excess halides [305]. On the other hand, the
lewis bases and graphene interact with undercoordinated Pb ions and neutralize
the excess charge caused by halide ions vacancies presented at the surface [304,
318]. The unique chemical structure of perovskites enables specific surface treat-
ment strategies such as self-formation of chemical compounds through ambient
exposure. In several studies it has been reported that the formation of Pbl, dur-
ing thermal annealing of CH3NH3PbI3 films self-passivates the surface and grain
boundaries and subsequently improves efficiency of devices [257, 304, 319-322].
In other studies [307, 323] thermal annealing was found beneficial to reduce the
traps at the surface, although existence of Pbl, at the grain boundaries was not
speculated. In contrast, Wei et al [324] found formation of PbBr;, at the surface of
CH3NH3PbBr3 single crystal due to the stoichiometric precursor ratio harmful for
the emission properties. They further decreased the surface trap states by a UV-O3
treatment. Brenes et al [325] performed a combination of light and atmospheric
treatment to remove the shallow surface trap states of the CH3NH3PbIj3 thin films.
This unique passivation method resulted in an extremely low surface recombina-
tion rate (SRV) of 0.4 cm.s™ L. Fang et al [308, 323] also employed an air treatment
approach which led to the physisorption of water and oxygen on the surface of
CH3NH3PbBr3 single crystal and reduction of surface trap densities.
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Many research groups investigated the application of ultra-thin metal oxide films,
such as ZnO [326-329], SnOy [328] and Al,03[327, 329-334] by atomic layer depo-
sition (ALD) on the halide perovskites as passivation layer in solar cells. More than
passivating role, these films behave as promising encapsulation layers to overcome
longterm stability issues of the devices at the ambient condition. Note that this
is considered different than the common use of ALD metal oxides as the ETL or
HTL in planar perovskite solar cells [335]. In most of these studies, comparing the
photovoltaic parameters with and without oxide layer showed the improvements of
device performance and stability. However, little details about the physical mecha-
nism behind the passivation and its effect on recombination dynamics is known.
For example, in a study by Adhyaksa et al[333], the recombination reduction is
linked to the nearly threefold increase of diffusion length after ALD of Al,O3 on
CH3NH3PbBrj thin films. In general very little is known about the exact role of
metal oxide passivation and properties of passivated perovskite. Particularly, the
recombination rates at the perovskite/metal oxide interface (SRV) have not been
quantified previously.

Previously, semiconductor nanowires such as Ge [336], Si [337, 338] and InP [339]
were studied to quantify the dynamics of charge carriers and/or investigate the
effects of surface passivation. Mainly nanowires are interesting geometries for ap-
plications in electronic and optoelectronic devices [293, 340, 341] and also for case
studies of dimension-dependent properties. They provide a well-controlled plat-
form to manage and quantify the contribution of surface and bulk precisely by
controlling their surface to volume ratio.

Here we employ a similar approach to study the recombination dynamics at the
perovskite/alumina interface using perovskite nanowires embedded in anodized
aluminum oxide (AAO) templates. The nanowires were fabricated via extrusion as
introduced in Chapter 4, but the wires were kept within the template and were
not extruded out (Figure 5.1a). Fabrication from perovskite solution directly into
the pores of AAO template, without deposition of an extra ALD passivation, avoids
high instrumental costs, slow deposition time, variations of film quality due to pre-
cursors’ purity, and the possible degradation of perovskite film [333] in the ALD
technique. We find that the surface of perovskite nanowires is well-passivated by
alumina according to the low calculated surface recombination velocity (SRV) at
perovskite/alumina interface. By using templates with various pore sizes from ~150
to ~ 350 nm, we systematically changed the surface to volume ratio of the final
CH3NH3PbBr3 perovskite nanowires. Assuming the bulk quality and radiative rates
stay constant, the changes in total recombination rates should be directly con-
nected to the recombination at the perovskite nanowire surfaces. We used time-
resolved PL (TRPL) spectroscopy to obtain the dynamics of photoexcited carriers
in the perovskite nanowire arrays. This technique is a suitable contactless method
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to probe excited states’ dynamics at room temperature with picosecond resolu-
tion and has been used in the literature widely to study the charge carrier life-
time in perovskites [342, 343]. The recombination rates were extracted from fit-
ting of the PL intensity decay to a rate equation that includes radiative and non-
radiative recombination. The obtained lifetime increases slightly from 24.3+2.3 ns
to 28.3+1.5 ns when increasing the diameter by more than a factor of two. This
shows the weak dependence of PL lifetime on nanowire surface to volume ratio. By
fitting these TRPL results to a simple recombination model, we extract a low sur-
face recombination velocity of 37.2+20 cm.s~!. This SRV is very low compared to
the value measured for unpassivated surfaces of single crystal CH3NH3PbBr3 per-
ovskites (~10% cm.s™1) [132, 344, 345], indicating alumina provides excellent passi-
vation for CH3NH3PbBr3 perovskite nanowires. This structure can be extended to
incorporation into the future device structures.

5.2 Fabrication of Perovskite/Alumina nanowires

In this study we used a suction process similar to the extrusion method explained
in Section 4.2 to prepare CH3NH3PbBr3 nanowires embedded in an AAO template
(perovskite/alumina nanowires). We dropcast the CH3NH3PbBrs solution (3M in
dimethyl sulfoxide, DMSO) onto an AAO template (50 pm thick) with pores open on
both sides. The template is placed on an O-ring on top of a PDMS block with a hole
connected to a low-pressure line. The low pressure in the sealed air compartment
between the AAO and the PDMS is created by a simple syringe connected via a
plastic tube to the hole. When pulling the piston of the syringe, 50-100 mbar ver-
sus atm pressure difference is formed which sucks the perovskite solution through
AAO pores. By adjusting the time of the applied pressure gradient, the perovskite
solution can either form extruded nanowires or (for shorter times) simply fill the
template. In the next step, the template is annealed at 120 °C to remove the sol-
vent and form perovskite nanowires embedded in the AAO template (schematic in
Figure 5.1a). The SEM images from the bottom surface and the cross section of
the filled templates indicate the filling of pores with CH3NH3PbBr3 as presented in
Section 5.7. The apparent breaks in the cross-section image can be explained by a
cleavage plane that is not perfectly aligned with the pores. This can be seen from
periodic breaks as expected from a tilted cleave with continuous nanowires.

Further evidence of pore filling comes from the conductivity and photoconduc-
tivity of the perovskite/AAO samples measured through the template thickness.
In principle, if the nanowires are continuously expanded from top to the bottom
of the AAO templates, the vertical conductivity of the templates should increase
dramatically. To check the top-to-bottom conductivity of the templates, we coated
thin films of Ti on the both sides of an empty and a perovskite-filled template.
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The edges were masked during the coating to make sure that the only electrical
pathways between the two bottom and top surfaces is the bulk template in between
the Ti electrodes. Current-voltage (I-V) measurements revealed that the empty AAO
is insulating as expected (the small current comes from capacitive charging) and
the conductivity of the filled template is a thousand times more than the empty
one. Moreover, the filled template generated photocurrent under 1 sun AM1.5 il-
lumination as an indication of photocunductivity of perovskite nanowires (figure
Figure 5.1b and c).

This simple method provides highly ordered arrays of long perovskite nanowires
embedded in a transparent medium with surface passivation potential. The
optical properties of perovskite/alumina nanowires were characterized with
steady-state PL (405 nm excitation) and absorption measurement (Figure 5.2a).
The emission peak at 540 nm (2.29 eV) matches the band gap of CH3NH3PbBr3.
The nanowire arrays with different diameters, but same sample thickness (50 ym),
had similar PL and absorption spectra. The finite-difference time-domain (FDTD)
simulation was performed to study the light intensity distribution and absorption
in perovskite/alumina nanowire arrays with various diameter, as presented in
Section 5.7.5. The electric-field intensity (|E %) upon the excitation with short-
wavelength light (485 nm) decays quickly within the first 5 nanometers away from
the surface for all the nanowire arrays with different diameters. The simulated
absorption spectrum is in agreement with the experimental data.

5.3 Charge-carrier recombination dynamics at the
perovskite/alumina nanowires

We used three templates with average pore diameters of 150.4+35.7, 208.2+34.8
and 361.7+20.4 nm and filled them with CH3NH3PbBr; nanowires to study the
charge carrier dynamics and the contribution of the perovskite/alumina interface
in the recombination mechanism. By increasing the aspect ratio of the nanowires
(I/d) we expect to observe more contribution of the surface to overall recombi-
nation process, if bulk recombination stays constant. Since all the samples were
prepared from the same solution batch at the same time, and also measured at the
same time, we expect the bulk quality and defect densities to be comparable for
all of them. Therefore changing nanowire diameters would affect the non-radiative
recombination because of the higher density of trap states on the surface. Here
we assume that there is no radiative channel in trap-assisted recombination and
the only radiative process leading to emission is bimolecular recombination of two
charge carriers[67]. Therefore the decay of PL as a function of time can be written
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Figure 5.1: CH3NH3PbBr3; nanowires embedded in AAO template. a) Schematic
of AAO template before and after filling with perovskite. b) The IV test of a filled
template with thin electrodes coated on the top and bottom of it. ¢) The IV curves
of an empty AAO template with electrodes on the bottom and top. dark and light
blue lines represent the IV curves with and without illumination respectively. The
similar curves under both conditions in panel c¢ indicate the insulating and non-
photoconductivity nature of the empty AAO template.
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as:

PL(t) = Akan()® + beg (5.1)

Where A is the collection efficiency, k» is the bimolecular recombination coeffi-
cient, n(t) is the charge carrier densities as a function of time and bcg is the back-
ground.
We measured PL(t) of nanowire arrays with time-correlated single photon counting
(TCSPC) over more than 8 different spot on each sample (details in Section 5.7.2). A
blue laser (485 nm) with fluence of 8.3 uJ.cm~2 excited the samples and generated
initial carrier density of 3.2x10'7. The calculation of carrier density is explained in
detail in Supplementary Information (Section 5.7). At this carrier density, the role
of Auger recombination is considered negligible ([67, 71, 346]). The representative
PL decay curves of each sample are shown in Figure 5.2b.
We solved the differential equation in Equation (1.3), disregarding the Auger term,
to achieve n(t) and replaced the solution in Equation (5.1) as shown below:

k1 ng

PL(t) = Aks( )2 + be (5.2)
2 (k1 + kong)exp(kyt) — kong §

Where ny is the initial carrier density at t=0 and k; is the trap-assisted recombina-
tion coefficient.

By global fitting of Equation (5.2) to the experimental data from TRPL, we extracted
the trap-assisted and radiative recombination coefficients k; and k, and the aver-
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Figure 5.2: Steady-state PL, absorption and transient PL of perovskite/alumina
nanowire arrays a) PL (405 nm excitation) and absorption spectra (measured with
integrating sphere setup) of the nanowire arrays with average diameter 361.7 nm.
The samples with smaller diameter had similar absorption and PL spectra. The
absorption spectra of other samples is presented in Figure 5.8. b) PL intensity
decay of nanowire arrays with various diameter. The black line is the fit to the data
according to the model in Equation (5.2)
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age values are shown in Table 5.1. For the fitting, we normalized the initial PL (at
t=0) and carrier density (np) to 1, and removed the background by subtracting the
average of data points before excitation from the PL decay data. More details of the
fitting procedure are presented in Supplementary Information (Section 5.7).

d (nm) k1 (x10%s™Y) | Ky (x 1070 cm®.s7)) ‘ 7 (ns)

150.4 +35.7 | 3.71 £ 0.58 1.32 +0.24 243+ 2.3
208.2 +34.8 | 3.99 +0.92 1.31 £ 0.19 26.9 + 3.5
362.7+20.4 | 2.10+0.29 1.06 + 0.06 28.3+1.5

Table 5.1: Recombination coefficients of CH3NH3PbBr3/AAO nanowires with
different pore size extracted from global fitting of Equation (5.2) to measured PL
decay, as shown in Figure 5.2. d is average diameter of nanowires measured
with SEM over ~40 nanowires for each sample and errors are standard deviations.
ky is trap-assisted recombination coefficient and k» is radiative recombination
coefficient. The errors are standard errors of the mean of the extracted coefficients
measured over more than 8 different spot for each sample. 7 is the charge carrier
lifetime calculated from Equation (1.5) and the errors are standard error of the
means.

As seen in Table 5.1, increasing the nanowire diameter enhances the lifetime of
charge carriers. The changes in k; can be attributed to the changes of surface
defect density due to different surface contribution of each nanowire array, as well
as sample-to-sample bulk defect density variations. The small deviation of the k; of
the sample with 208.2 average diameter from the trend of decrease in non-radiative
rate could be due to the later, although we expect such variations in bulk purity to
be small because the samples were prepared from the same solution batch. Nev-
ertheless, the decrease in k; follows a trend with increasing nanowires diameter
considering the error bars of the experiment. The variation of k, from sample to
sample is small, confirming the radiative processes comes from the band-to-band
recombination and therefore depends on the materials’ band structure and local
density of states. The k; values are in the same range as measured by Richter et
al [65] with Transient Absorption (TA) for CH3NH3PbBr3 thin films (2.5 x 106s71)
and by Wu et al [345] for CH3NH3PbBr3 single crystals with TRPL ((2.9 x 10%s71),
but one order of magnitude lower than values reported by Yang et al [346] from
TA measurement (2.7 x 10°s™!) of CHsNH3PbBr3 thin films. Radiative recombi-
nation coefficient is also comparable to references [345, 346], but 10 times lower
than reference [65]. Using the recombination coefficients, we calculated the charge
carrier lifetime from Equation (5.6) as presented in the last column of Table 5.1.
The lifetime is relatively stable, increasing only slightly with diameter. Thus the
surface contribution in charge carrier recombination can be considered as a small
perturbation. In the next section we developed a model to quantify the surface
recombination velocity.
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5 Charge carrier dynamics at the Perovskite/Alumina interface

5.4 Surface recombination velocity at the
perovskite/alumina interface

In long nanowires studied here, the diameter is essentially the identifier of surface
area to bulk volume. In order to discover the dependence of the recombination to
the surface, we developed a model to relate the rates (or lifetime) to the nanowire
diameter. Assuming the diffusion length of charge carriers in CH3NH3PbBr3 is
larger than the radius of the nanowires [333], we consider the surface plays a role
in the recombination process of charge carriers. For a certain geometry, the total
recombination is composed of two terms — bulk and surface — as shown below:

Ry =V.Rp+ AR, (5.3)

Where Ry is the total recombination rate , V is the volume, A is the surface area,
and R, and R; are the total recombination rates at the bulk per volume and at
the surface per area. Considering the geometry of the nanowire as a cylinder with
radius r and length [ Equation (5.3) can be written as:

RT:nrzl.B+2nrl.Salummu+nr2.Sa,-r (5.4)

Where B is the bulk recombination velocity and S;;ymina and S,;, are the rate at
which the charge carrier move towards the nanowire interfaces (SRV) with alumina
and air respectively. Since the contribution of the top surface (7?) in comparison
to the wall surface of the nanowires (2771) is insignificant (from 0.18% to 0.075%
for this diameter range) we can neglect the term S,;» and claim that mostly the
perovskite/alumina interface plays a considerable role in surface recombination
process. For simplicity, we call S;;,,ming as S, and rewrite Equation (5.4) as:
28

R=R,+ - (5.5)
where R is the total recombination rate given by R(n, t) = k3 n%+lkon+ k) (Equa-
tion (1.4)) and by definition is the inverse of charge carrier lifetime (7). Neglecting
Auger recombination at low carrier densities (<10'8cm™3), lifetime () is:

1
= 5.6
T ki+kon (5:6)
Therefore, Equation (5.5) is rearranged in the final form as below:
2§
1/r=1/Tp+ — (5.7)
r
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5.4 Surface recombination velocity at the perovskite/alumina interface

This equation shows the linear relationship of inverse of carrier lifetime with the
inverse of nanowire radii, where the slope of the line is 2S, and y-intercept is the
bulk recombination rate (1/7;, =B). This model tells that the lower the slope is, the
less the surface contributes to the recombination rates. Therefore if a perfect passi-
vation of the surface is provided, the line would be horizontal with slope zero, and
recombination coming only from the bulk. A similar approach using the continuity
equation was implemented before by Leonard et al[336] and Dan et al[338] and the
same linear relation of the recombination rate and nanowire diameter was derived
as also explained in Supplementary Information (Section 5.7).

Fitting Equation (5.7) to the inverse of average lifetime (calculated from Equa-
tion (5.6) for more than 8 experiments for each sample) versus inverse of nanowire
radii gives SRV of 37.2+20 c¢m.s~! and bulk recombination rate of 3 x107s™! at
the initial carrier density of 3.2 x10'"cm™3. The error is the standard deviation
of SRV extracted from 10° linear fits of the averages of 5 randomly selected data
points at each nanowire radius. This result shows that at this carrier density, the
recombination is dominated by bulk, and the surface is well passivated. This value
is considerably lower than SRVs reported in the various studies for the unpassivated
CH3NH3PbBr3 single crystals [132, 324, 344, 345] (1.6-6.7x10%cm.s 1) and lower
but in the same range as reported for the passivated surface of CH3NH3PbBrj single
crystals with UV-Og3 treatment (64 cm.s™ ') [324]. Fang et al. reported an unusually
low SRV of 4 cm.s™! for the CH3NH3PbBr; single crystals by controlling the
physisorption of oxygen and water molecules in their surface. We should note that
SRV is a facet dependent parameter. While single crystals of CH3NH3PbBrz have
(100) facets because of its cubic structure, the nanowire’s walls have higher index
facets. Most semiconductor nanowires, such as Si and Ge [336, 338], have SRVs
2-3 orders of magnitude higher than what is reported in this study. Obtaining the
incredibly small SRV values of 37.2+20 cm.s~! for high index facets of perovskite
nanowires confirms the good passivation that alumina provides.

SRV depends not only on the surface trap states (their type and density), but also on
the charge carrier density [310]. Therefore we expect increasing the carrier density
increases the SRV. We used the same recombination coefficients in Table 5.1, and
plot various total recombination lifetimes versus the nanowire radii in Figure 5.3b
for charge carrier densities from 10'° to 10'8cm=3. A higher carrier concentration
is not selected because in the higher excitation regimes Auger recombination is
playing arole [71], while it is not considered in our models. Fitting Equation (5.7) to
the lines of different carrier density gives us the SRV and bulk recombination, as in-
dicated on each line in Figure 5.3b and is summarized in Table 5.2. Considering the
total recombination rate as S/d + B, by increasing the carrier density although both
S and B increase relatively, the surface recombination plays even a more negligible
role compared to the bulk.
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Figure 5.3: Modeling the surface recombination velocity (SRV) of per-
ovskite/alumina using nanowires with various diameters a) Recombination
rate (1rau) versus inverse of nanowire radii. the lifetime is calculated from
Equation (1.5) for the initial carrier density as performed in the TRPL experiment.
The dashed line shows the linear fit of Equation (5.5) to the experimental data.
The equation achieved from the fit is written above the line. The slope is equal
to 2*SRV and the y-intercept is total bulk recombination. b) The estimation of SRV
and total bulk recombination for various carrier density from 10! to 1018 ¢cm=3.
With increasing the carrier density SRV increases, but bulk recombination stays
dominant.

n(em™3) | Sems™) | Bs™YH | S/B.dgy + S)(%)

101° 10.7 106 34.8
1016 12.3 2x10% | 235
107 27.7 107 12.2
10'8 182.2 9x107 | 9.2
Table 5.2: Surface (S) and bulk (B) recombination velocities for

CH3NH3PbBr3/AAO nanowires at different carrier densities. S and B are fit
parameters as shown in Figure 5.2b. S/(B.dgy + S) is the contribution of surface
recombination to the total recombination for a representative nanowire with
average diameter of dgy =200nm

5.5 Radiative efficiency of Perovskite/Alumina
nanowires

An important parameter defining the optical quality of a light-absorbing structure
is the radiative efficiency or as explained in Section 4.4 the photoluminescence
quantum yield (PLQY). PLQY is described as the ratio of radiated photons out of the
absorber to the total absorbed photons. Presumably the emitted photons are com-
ing from band-to-band recombination of charge carriers and the absorbed photons

98



5.5 Radiative efficiency of Perovskite/Alumina nanowires

create total charge carriers which decay through one of the recombination chan-
nels. Hence, the total recombination rate represents to the total absorption. We
can rewrite the PLQY based on the recombination mechanisms as:

]Cz n2

PLQY = ———
Q k1n+k2n2

(5.8)

Therefore, defining the rate coefficients reveals the PLQYs for CH3NH3PbBrz/alumina
nanowires. Based on the recombination rates listed in Table 5.1, we calculated the
PLQY of the nanowire arrays at various relevant charge carrier densities as listed in
the table below:

nem™3) | day(nm) | PLQY7gpr(%) | PLQY/5(%)
150.4 3.44 -
1 x10'° 208.2 3.18 -
361.7 4.80 -
150.4 91.94 -
3.2 x10'7 | 208.2 91.32 -
361.7 94.16 -
150.4 - 1.18 +0.46
1.5 x10'8 | 208.2 - 4.29 +2.67
361.7 - 4.49 +0.98

Table 5.3: PLQYs of CH3NH3PbBr3/AAO nanowires nanowires at different carrier
densities and various average diameters (dgy). PLQY7grpr are calculated from
Equation (5.8) and recombination coefficients from Table 5.1. PLQY g is directly
rnelgsure(g5 with integrating sphere setup with the initial carrier density of 1.5 x
10°%cm™".

The last column in Table 5.3 presents the PLQY directly measured with the inte-
grating sphere (IS) microscopy setup as presented in Figure 4.12 (excitation with
pulsed (repetition rate 40 MHz) 480 laser and 37.4 uJ.cm~? fluence). The box plot
in Figure 5.4 shows the measured PLQY values over more than 2500 points for each
perovskite/alumina nanowire array sample with = 500 x 500 size (details in Sec-
tion 5.7.4).

We observe a high mismatch between the experimentally measured PLQYs and the
ones calculated from Equation (5.8). This discrepancy have several contributing
factors: (i) The PLQY and TRPL are performed at different carrier densities. The
PLQY at higher carrier density (1.5 x 10'8cm~3) may suffer from Auger recombina-
tion, which is considered negligible at lower initial carrier density of TRPL (3.2 x
10'7cm™3). Taking Auger recombination into account will decrease the PLQYs cal-
culated from the rate coefficients at high carrier density; a reduction by nearly a
factor of 10 was seen in a previous study at these carrier density values [65]
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Figure 5.4: Statistics of PLQY values experimentally measured for perovskite
nanowire arrays with pore dimension 150.4, 208.2 and 361.7 nm. The dashed line
in each box is the median. The up and bottom edges of the boxes are 75% and 25%
percentiles respectively. The horizontal lines on top and bottom, out of the of the
boxes, show the upper and lower adjacent, and the black crosses are the outliers.

(ii) A second reason for the high mismatch between the experimental and calcu-
lated PLQY is that photon re-absorption plays a considerable role in the experimen-
tal PLQY measurement. Perovskite materials exhibit high photon re-absorption
because of the the overlap of the absorption and emission spectra (see Figure 5.2a).
When the absorber medium has high refractive index, the emitted photons from
radiative recombination reflect back from the surface due to the total internal re-
flection and get re-absorbed inside the material. The narrow cone for the emitted
light to escape the semiconductor (known as escape probability, pes.) causes a sig-
nificant deviation of externally measured quantum yield (PLQY) from the internal
one (n;,) according to:

Nin-Pesc
1-7in.(1 = pesc)
Nin is a material specific property, which is defined as the fraction of radiative
events to the total recombination. In planar semiconductors with high refractive
indices, the psc becomes very small, given by 1/2n? where n is the refractive index.
Our sample essentially consists of a photonic crystal, which may further reduce
escape probability by altering in-plane and out-of-plane emission probabilities.
Further work is needed to determine the effect of such photonic crystal effects.

We have evidence suggesting that photon re-absorption via in-plane emission and
waveguiding plays a major role in reducing the PLQY measured in our integrating

PLQY = (5.9)
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sphere, namely that the PLQY is strongly dependent on sample size. Decreasing
sample size reduces the distance that radiated photons have to travel to escape
out. Therefore it is expected that samples with larger size have lower PLQY. Indeed,
perovskite/alumina nanowire arrays with average diameter of 208 nm and larger
sample size of = 5x5 mm have experimental PLQY of 1.44 + 0.36%, ~ 3 times lower
than smaller samples (~ 500 x500um) with PLQY of 4.29 + 2.67% (See Figure 5.6 and
Figure 5.7). Further work must be done to understand the remaining contributions
of waveguiding and re-absorption to PLQY in the smaller samples.

This discrepancy between the experimentally measured PLQYs and calculated
PLQYs from recombination coefficients in halide perovskite thin films has been
reported previously by Richter et al [65] and is attributed to the existence of non-
radiative bimolecular recombination channel. The nature of this pathway is not
known. On the other hand, the integrating sphere method is initially developed
for measurement of small structures [347-349] and large area samples should be
measured with caution due to photon re-absorption effect. It is necessary to repeat
the TRPL and direct PLQY measurements at the same initial carrier intensity, as
well as further intensity-dependent study of PLQY, to achieve a comprehensive
picture of photon recycling effect and exact internal and external quantum yields.

5.6 Conclusion and Outlook

In this study we fabricated long CH3NH3PbBr; nanowire arrays embedded in
AAO template (perovskite/alumina nanowires) using a simple solution technique
by suction of the perovskite solution through the AAO pores. The charge carrier
recombination mechanism of the perovskite/alumina nanowire arrays was studied
with time-resolved PL spectroscopy. Fitting of the PL intensity decay to a rate
equation that includes radiative (bimolecular) and non-radiative (monomolecular)
recombination was used to obtain the recombination rate coefficients. We
estimated a charge carrier lifetime of more than 20 ns at the initial carrier density
of 3.2x10' cm™3 for nanowires with various diameters. The inverses of lifetimes
increase linearly with decreasing the nanowire diameters. This data was fitted to
a model to extract very low SRV of 37.2+20 cm.s™! at the CH3NH3PbBr3/Al, O
interface. The low SRV of passivated nanowires in comparison to unpassivated
CH3NH3PbBr3 single crystals (~ 103 cm.s™!) [141, 345, 350], ensures that despite
the large surface of perovskite nanowires, their surface was not dominant in
recombination processes. The presented results here confirm the passivation
effect alumina provides for hybrid halide perovskites and quantifies the surface
recombination velocity at the perovskite/alumina interface for the first time. This
study presents a simple method for the passivation of perovskite surface, without
the need for ALD deposition of Al,O3. Further studies to compare the perovskite
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5 Charge carrier dynamics at the Perovskite/Alumina interface

nanowires passivated with ALD and the ones embedded in AAO template will
provide a comprehensive picture of the similarities and differences of these two
methods.

Here we measured the PLQYs using IS microscopy technique which showed signif-
icantly lower values than what is expected from the calculated PLQYs using recom-
bination coefficients. The photon re-absorption effect, and involvement of Auger
process in the recombination at the high excitation density of the experiment may
be the reasons for this discrepancy. Future studies of the effect of photon recycling
by measuring the PLQYs at the lower excitation regime are required to estimate the
radiative efficiency of perovskite/alumina nanowire arrays more accurately. Per-
ovskite nanowire arrays in AAO templates have high potential for integration in
highly efficient optoelectronic devices as shown before for image sensors [182],
photodetectors [277] and semi-transparent solar cells [351]. The simple solution
fabrication and high quality photophysical properties presented here highlight per-
ovskite/alumina nanowires as promising candidates for future applications.

5.7 Supplementary Information

The perovskite precursor, solution and template preparations are the same as ex-
plained in Section 4.6. The filling of AAO nanopores with perovskite solution were
done in a similar condition as explained in extrusion of nanowires in Chapter 4,
only the pressure gradient was applied for a shorter time in comparison, to keep
the nanowires inside the template.

5.7.1 Scanning electron microscopy

SEM images were taken by a FEI Verios 460 at 5 kV accelerating voltage, with
through the lens detector (TLD) for the top view image (Figure 5.5a) and the mirror
high energy detector (MD) for the side view image (Figure 5.5b). The MD detector
highlights the compositional and topographical contrasts. The brighter lines are
attributed to the perovskite containing heavy Pb elements. Although these bright
lines may not seem continuous, the non-uniformity of perovskite nanowires within
the template’s pores could be due to the fracture of nanowires when breaking the
sample.

5.7.2 Time-correlated single photon counting

The time-resolved PL (TRPL) of nanowire arrays was measured with the time-
correlated single photon counting (TCSPC) technique. In this method, a pulsed
laser at 485 nm (PicoQuant PDL 828) is used to excite the samples and the
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Figure 5.5: SEM images showing the morphology of perovskite nanowires inside
AAO template poresa) Top-view image of the bottom side of the template after the
pores were filled with perovskite. The scale bar 2 yum. b) The cross section view
of the filled template taken with the MD detector of SEM. The bright lines show
perovskites. The scale bar is 5 um.

luminescence of the sample is collected over multiple cycles of excitation and
emission using a single photon counting detector (MicroPhoton Devices, MPD-
5CTD) and a picosecond time analyzer (PicoQuant HydraHarp 400). The repetition
rate of the laser can be tuned from 0.5 to 40 MHz using a PicoQuant LDH-D-C-485.
We chose the repetition rate of 1 MHz for this experiment. The excitation density
was controlled with adjusting the power of the laser and using a series of neutral
density filters. The power which the experiment was run at was 0.06 uW. A long
pass filter (ET500LP, Chroma Tech) blocked the laser and let the emission of the
samples to pass through to reach the detectors. The measurements were all done
at the ambient condition.

In each sample more than 8 different 20x20 um? regions were scanned over
256x256 pixel, where in each pixel the PL intensity decay was collected. The PL
decay curve was integrated over the whole scanned area and fitted with the model
presented in Equation (5.2) to extract the recombination coefficients for each
region. The recombination coefficients presented in Table 5.1 are averages over all
the measured regions for each sample, and the error bars are standard error of the
mean.

Calculation of initial charge carrier density
We calculated the initial charge carrier density according to:

N, h x A
ng= 22— 0“;"8 (5.10)
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Where Npporons is the number of photons per pulse calculated from repetition rate
(1 MHz), laser power density (8 W.cm™?) and energy of photons at 485 nm excita-
tion, ¢ is the effective thickness of the sample and A is absorption at the excitation.
A is considered 85% according to the absorption spectra measured for nanowire
arrays (Figure 5.2a). Since the sample thickness (AAO thickness 50 ym) is much
larger than expected diffusion lentgh of charge carriers, the effective thickness is
assumed as the longest distance the charge carriers may travel, i.e. diffusion length.
According to the reported charge carrier diffusion length of CH3NH;3PbBr3 coated
with alumina [333] we considered it as 500 nm as well. We assumed the initial
charge carrier density is consistent with all samples with different pore size.

The simulation of electric field distribution in perovskite nanowire arrays with dif-
ferent diameter (Section 5.7.5) showed that at the excitation wavelength (485 nm),
the light is absorbed within the first 5 nanometer of the sample. However, the con-
centration of electric field within the nanowires with small diameter may generate a
higher initial concentration. We calculated that even if the real initial carrier density
was 10 times higher (10'8cm~3), the SRV is the same as 37.2+20 cm.s~! at the initial
carrier density (although k» changes with initial carrier density, product of ngk;
and k; remains the same), which makes it subsequently lower at device relevant
carrier densities modeled in Figure 5.2b. We could fit the data with only taking
mono- and bimolecular recombination into account, therefore we believe Auger
recombination did not play a role in the recombination dynamics, even if we had

higher initial carrier densities up to 10'8cm=3.

5.7.3 Calculation of SRV from continuity equation

A diameter-dependent carrier lifetime has been modeled previously for nanowires
[336, 338, 339] based on the solution of continuity equation for an infinitely long
cylinder with diameter d :

on(r,1) _ DY nr, 1) — n(r, 1)

5.11
ot Tp ( )

Where n(r,t) is the photoexcited excess carrier density, D is the diffusion constant,
r is radial coordinate and 7, is carrier lifetime in the bulk. The boundary condition
for this equation is given by:

on(r,t)
or
Where electron and holes recombine with the velocity S at the surface. Solving
Equation (5.12) result in an exponential time decay of the carrier density given by:

-D(

Yr=d2 =S.n(d/2,1) (5.12)

VUt=1/Tp+ A (5.13)
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where A comes from:

DAJi(A.dI2) =S]y(A.d/2) (5.14)

Jo and J; are 07" and 157 order Bessel functions. If we assume S< D/d, it is valid to
use the small argument behavior of Bessel function:

]' n
In(@ = 2—a (5.15)

So A =48S/d . Substituting this into Equation (5.13), we have:

48
Ut=1/Ty+— (5.16)

Which is the same as Equation (5.7) as presented in Section 5.4.
In order to check the validation of the assumption S« D/d, we obtained D from
Lairf = (DTepp)''?, where Lgjfy is diffusion length and 7,ff is carrier effective
lifetime. The Ly;fy extracted from reference [333] for CH3NH3PbBrs coated with
ALD alumina as 500 nm and the carrier effective lifetime is considered as 20 ns™!
based on our TRPL experiment. Thus D=0.125 cm?.s~!. The largest perovskite
nanowire has the average diameter of 362 nm. Having S = 37.2+20 cm.s™!

D/d = (0.125cm?.s71)/(362 x 10~7 cm) = 3453 the assumption S <« D/d is valid.

and

5.7.4 PLQY measurement

The PLQY experiment is done using the integrating sphere microscopy as explained
in Section 4.6.2. The samples were excited with 480 nm laser with power density of
1.5x103W.cm™2. This power density generates 1.5 x10'%cm ™3 charge carrier den-
sity considering 85% absorption(Equation (5.10)). For each sample of perovskite
nanowire arrays, the absorption and PL is scanned in at least 4 random area of
12x12 um? with 0.5 um scan step. The PLQY maps in each of the samples are shown
in Figure 5.6. The Figure 5.4 represent the statistics of the PLQY values for these
sample over more than 2500 points.

PLQY of samples with large size

In order to check the photon re-absorption effect in the perovskite/alumina
nanowire array samples, we performed the PLQY experiment in the IS microscopy
setup with 5x5mm? large sample with 208 nm average nanowire dimatere in 3
different positions as shown in Figure 5.7. The PLQY average over in total more
than 3400 points is 1.44 +0.36%, ~3 times lower than average PLQY of the small
size sample, as presented in Section 5.5.
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Figure 5.6: The PLQY maps of samples with different nanowire (NW) diameter in
4 different areas. Below each map the histogram of the PLQY values are presented
to show the distribution of the data. all areas are 12x12 ym? with 0.5 ym scan step
except the scan of area 1 in the sample with nanowire diameter 208.2 nm, which is
15%12 um?.
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Figure 5.7: The PLQY study of nanowire array sample with large size 5x5mm?
a) Maps of 5 x 5mm? sample with average nanowire (NW) diameter 208 nm in 3
different areas. Below each map the histogram of the PLQY values are presented
to show the distribution of the data. The scale bar is 5 um.b) The statics of PLQY
distribution in each area.The red line in each box is the median. The up and bottom
edges of the boxes are 75% and 25% percentiles respectively. The horizontal lines
on top and bottom, out of the of the boxes, show the upper and lower adjacent, and
the red crosses are the outliers.
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5.7.5 Simulation of absorption and E-field distribution of
nanowire array

The optical simulations on perovskite/alumina nanowires were performed using a
commercial simulator based on the FDTD method (Lumerical, Inc) for nanowire
arrays. The nanowires were considered as CHsNH3PbBrs cylinders with average
diameter of 361.7, 208.2 and 150.4 nm and pitch 0f 977, 771 and 684 nm respectively
embedded in alumina. A plane wave light source with wavelength=450-600nm was
placed at z=3.8 ym with downward propagation. The nanowire surface was fixed
at z=4.8 um the x and y directions have periodic boundary condition (BC), while
perfectly matched layer BC was chosen for the z direction.
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Figure 5.8: The optical simulation of electric field and absorption in per-
ovskite/alumina nanowire arrays with FDTD method a-c) |E |2 distribution at
incident light wavelengths of 485, 535 and 550 nm for nanowires (NW) with
different diameter. 485 nm is the wavelength of the light excitation at TRPL
experiment, 535 is the perovskite bandgap and 550 is an example of below band
gap incident light. d) Simulated (dashed lines) and experimentally measured (solid
lines) absorption spectra for nanowires. The below band gap absorption probably
comes from in the experiments from a slight tilt in sample mount during the
experiment, and in the simulation from non-zero k optical constant of perovskite.
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Summary

Optoelectronic devices have changed human life tremendously. Lighting, energy
conversion and storage, communication and imaging are only a few examples of
the applications that rely on optoelectronics. Further advances in low-cost, effi-
cient devices requires investigating new materials and designs. Halide perovskites
are a promising class of materials for incorporation in optoelectronics with higher
efficiency and lower cost. The solution processability of these materials provides
unique opportunities for simple nanostructure fabrication. Integration of micro
and nanostructured perovskites will open up opportunities for approaching highly
efficient devices. In this thesis we explore the fabrication and characterization of
monocrystalline halide perovskite micro and nanostructures from solution.

Single crystals are the simplest form of a material and thus provide an ideal model
system to study the most fundamental properties of the material in the absence
of grain boundaries. Most previous work in this area involves perovskite single
crystals grown using lengthy chemical methods, which yield large crystals that are
far outside the range that is useful for most optoelectronic devices. In Chapter 2
we present a method based on confining the solvent evaporation to fabricate thin
halide perovskite single crystals that still have lateral dimensions large enough to
make microscale devices. The single crystallinity is confirmed by electron back-
scatter diffraction (EBSD). Simple back-contacted CH3NH3PbBr3 single crystal de-
vices are made by deposition of the crystals on pre-fabricated metal electrodes.
These devices show photovoltaic behaviour, and present a platform to study the
fundamental properties of single crystal perovskites in operando.

To have perovskite optoelectronic devices commercially available their working
principle and mechanisms, especially the ones that have led to performance
instability and degradation, should be fully understood. One of the main causes
presented for the short and long-term instability is ionic migration. Halide
perovskites as ionic semiconductors are not only electronic but also ionic
conductors. In Chapter 3 we employ the back contacted CH3NH3PbBr3 single
crystal devices to study the ionic migration in the presence of applied electric
field. The synchrotron-based nanoprobe X-ray fluorescence (nano-XRF) mapping
with 250 nm resolution is used to quantify the changes of bromide distribution
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at the nanoscale under applied electric fields. By systematically manipulating
the halide concentration laterally with applied voltage bias we observe a quasi-
reversible field-assisted halide migration. The photoluminescence mapping of
the crystals under the same biasing conditions reveals the corresponding changes
due to halide migration in the optical quality of CHsNH3PbBrs single crystals.
Higher local bromide concentration is correlated with superior optoelectronic
performance in CH3NH3PbBrs, while regions with lower bromide concentration
show decreased PL intensities. Density functional theory (DFT) computations
indicate that bromide ions experience a low energy barrier to migration when
the CH3NHJ ions are aligned in the presence of an electric field. In this scenario,
the migration of halide ions is expected to change the local stoichiometry and
therefore optoelectronic quality of perovskite devices during operation. This study
clarifies that halide migration is a challenge that is intrinsic to the absorber and one
that may play a determining role in the ultimate performance limits of perovskite
devices.

In Chapter 4 we present a method to fabricate free-standing solution-based vertical
perovskite nanowires. In this method, the perovskite solution is extruded out of the
pores of an anodized aluminum oxide (AAO) template by applying a pressure gra-
dient. Free-standing nanowire arrays are formed upon subsequent evaporation of
solvent during the annealing. Transmission electron microscopy (TEM) diffraction
confirms the single crystallinity along the nanowire length. The photolumines-
cence quantum yields (PLQY) of single perovskite nanowires measured using an
integrating sphere microscopy setup reach values up to ~29%. This technique can
be generally used to form perovskite nanostructures with arbitrary dimensions and
cross-sectional shape because the exit profile of the template is subsequently trans-
lated into the final semiconductor geometry. The concept of the fabrication process
is very similar to macroscopic profile extrusion used extensively in the plastics in-
dustry, but now applied to a nanoscale optoelectronics material. The simplicity and
fast speed of this technique make it as a promising approach for the large-scale in-
dustrial fabrication of optoelectronic devices based on perovskite nanostructured
arrays.

Highly efficient perovskite nanostructured optoelectronic devices will depend crit-
ically on the density of defects at the surface and in the bulk. Passivating the surface
defects with metal oxide such as Al,O3 has been introduced as a common strategy
to decrease the charge carrier recombination at the surface of perovskites. In Chap-
ter 5 we study the surface passivation effect of alumina on perovskite nanowires
embedded in AAO templates. A similar extrusion technique with shorter time of the
applied pressure gradient is used to fill the AAO pores with perovskite nanowires.
These perovskite/alumina nanowire arrays are used as a well-controlled platform
to study the charge carrier dynamics and effect of surface passivation with alumina.
A charge carrier lifetime of more than 20 ns is calculated from obtaining the recom-
bination rate coefficients. We develop a model to relate the charge carrier lifetimes
with the nanowire radii. Using this model, we extract a remarkably low surface
recombination velocity (SRV) of 37.2+20 cm.s™! for the perovskite/alumina inter-
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face which confirms the passivation role of alumina. Perovskite nanowire arrays in
AAO templates have high potential for integration in highly efficient optoelectronic
devices due to the ease of fabrication and excellent photophysical properties.
Overall, this thesis provides an insight into new solution-processed methods for
fabrication of high quality single crystalline halide perovskite micro- and nanos-
tructures. The fabricated perovskite microcrystals and nanowires are used as sim-
ple model systems to study the fundamental properties of halide perovskites by
asking questions such as: Which ions are moving in halide perovskites under elec-
tric field? How does ionic migration affect the optoelectronic properties of halide
perovskites? What is the potential for improving the surface properties of halide
perovskites by alumina passivation? The answers to these questions expands our
understanding of halide perovskite nanostructures and their potentials and limita-
tions for incorporation into future optoelectronic devices.
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Samenvatting

Opto-elektronische apparaten hebben de wereld om ons heen zeer ingrijpend
beinvloed. Verlichting, energieconversie en -opslag, communicatie en beeld-
vorming (imaging) zijn slechts enkele voorbeelden van toepassingen van de
opto-elektronica. Om de vooruitgang in nieuwe, betaalbare, opto-elektronische
apparaten met een hoge efficiéntie verder te stimuleren, is onderzoek naar
nieuwe materialen en ontwerpen noodzakelijk. Halogenide perovskieten zijn een
veelbelovende familie van materialen voor de incorporatie in opto-elektronische
apparatuur, met hogere efficiéntie, en lagere kosten. De mogelijkheid om deze
materialen te verwerken vanuit de oplossing biedt unieke mogelijkheden voor
eenvoudige fabricatie van nanostructuren. Daarnaast zal integratie van micro- en
nano-gestructureerde perovskieten mogelijkheden scheppen tot de fabricatie van
zeer efficiénte apparaten met nieuwe toepassingen. Dit proefschrift richt zich op
de fabricage, en karakterisatie, van deze monokristallijne, halogenide, perovskieten
nanostructuren, gefabriceerd vanuit de oplossing.

Monokristallen zijn de meest eenvoudige soort materiaal, en zijn daarom
bij uitstek geschikt om als modelsysteem te dienen voor het bestuderen van
fundamentele eigenschappen van het materiaal, zonder effecten van korrelgrenzen
(grain boundaries) te ondervinden. Het meeste voorafgaande onderzoek op dit
onderwerp heeft zich gericht op monokristalperovskieten, die volgens lange
(en vaak gecompliceerde) chemische methodes zijn gesynthetiseerd, waarbij
lange kristalstructuren ontstaan, die niet bruikbaar zijn voor de voornaamste
toepassingen in opto-elektronische apparaten. In hoofdstuk 2 wordt een methode
gepresenteerd waar door insluiten van vloeistofevaporatie dunne, halogenide,
perovskieten monokristallen worden gefabriceerd, waarbij de laterale dimensies
nog van een proportie zijn dat apparaten op microschaal kunnen worden
verwezenlijkt. De monokristalliniteit wordt bevestigd met de elektronterug-
strooidiffractietechniek (electron back-scatter diffraction, EBSD). Eenvoudige
'back-contact’ zonnecellen op basis van CH3zNH3PbBrs monokristallen zijn
gemaakt door middel van depositie van deze kristallen op een netwerk van
voorgefabriceerde metalen elektroden. Deze zonnecellen verdienen de naam,
doordat zij fotovoltaisch gedrag vertonen, en bieden daarmee een platform
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voor onderzoek naar de fundamentele eigenschappen van monokristallijne
perovskieten, in operando.

Om de commercialisatie van opto-elektronische apparaten van perovskiet te re-
aliseren, moeten de werkingsprincipes -en mechanismen volledig worden begre-
pen, met inbegrip van de stabiliteit- en degradatieprocessen, als grootste invloe-
den op de efficiéntie, en prestaties over tijd, van deze apparaten. Ionenmigratie is
een van de voornaamste oorzaken voor korte- en lange termijn instabiliteit. Ha-
logenide perovskieten zijn zowel elektronische -en ionische geleiders, als ionische
halfgeleiders. In hoofdstuk 3 worden de 'back-contact’ CH3NH3PbBrs monokris-
tallen apparaten gebruikt om ionenmigratie te bestuderen onder invloed van een
aangebracht elektrisch veld. Nanosonde X-ray fluorescentie metingen, gedaan in
een synchrotron, worden gebruikt om een afbeelding met een resolutie van 250
nm te realiseren, om de veranderingen in bromidedistributie op de nanoschaal in
kaart te brengen, onder invloed van een aangebracht elektrisch veld. Door sys-
tematisch de halogenideconcentratie lateraal aan te passen, door middel van een
toegepaste voorspanning, wordt een quasi-reversibele, halogenide migratie gere-
aliseerd. De fotoluminescentie -afbeelding van de kristallen onder dezelfde toe-
gepaste voorspanning toont de overeenstemmende veranderingen in de optische
kwaliteit van de CH3NH3PbBr3 monokristallen, ten gevolge van de halogenide mi-
gratie. Een hogere, plaatselijke, concentratie van bromide is gecorreleerd met supe-
rieure opto-elektronische prestaties, terwijl regio’s met lagere bromide concentra-
ties verlaagde fotoluminescentie-intensiteiten vertonen. Dichtheidsfunctionaal-
theorieberekeningen (density function theory, DFT) bepalen dat bromide-ionen
een lage energiebarriére ondervinden voor migratie, wanneer de CHsNHJ ionen
worden gealigneerd door aanbrenging van een elektrisch veld. In dit scenario is de
verwachting dat de migratie van halogenide ionen verandert door de plaatselijke
stoichiometrie, en daarbij de opto-elektronische kwaliteit van de perovskieten ap-
paraten tijdens gebruik. Deze studie verduidelijkt dat de halogenidemigratie een
uitdaging is, die intrinsiek is aan het absorberend materiaal, en een bepalende rol
kan spelen in de uiteindelijke prestatielimieten van perovskieten apparaten.

In hoofdstuk 4 wordt een methode gepresenteerd om perovskieten verticaal-
vrijstaande nanodraden te fabriceren, vanuit de oplossingsfase. In deze methode
worden de perovskieten in oplossingsfase uit een sjabloon met geanodiseerde
aluminiumoxide (AAO) porién geéxtrudeerd, door toepassing van een drukgra-
diént. Reeksen van vrijstaande nanodraden worden gevormd door herhaal-
delijke evaporatie van de oplossing, tijdens thermisch gloeien. Transmissie-
elektronenmicroscopiediffractie bevestigt de monokristalliniteit van de nano-
draden over hun gehele lengte. De fotoluminescentiekwantumopbrengsten
(photoluminescence quantum yields, PLQY) van monokristallen perovskieten
nanodraden, gemeten met behulp van een bol van Ulbricht microscoop, behalen
waardes tot 29%. Deze techniek kan algemeen gebruikt worden om perovskieten
nanostructuren te fabriceren met willekeurige dimensies en arbitraire transversale
vorm, doordat het uitgangsprofiel van het sjabloon leidend is in de uiteindelijke
geometrie van de vorm, die het halfgeleidermateriaal aanneemt. Het concept van
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het fabricatieproces heeft grote gelijkenis met macroscopische sjabloonextrusie,
zoals extensief gebruikt wordt in de plasticindustrie, maar nu toegepast op
een opto-elektronisch materiaal op nanoschaal. De eenvoud en snelheid van
deze methode maken dat het een veelbelovende methode is voor fabricatie van
opto-elektronische apparaten op industriéle schaal, gebaseerd op perovskieten
nanogestructureerde reeksen en matrices.

Perovskieten nanogestructureerde opto-elektronische apparaten met hoge effici-
éntie zijn sterk athankelijk van de mate en dichtheid van deficiénties in het kristal-
rooster, zowel aan het oppervlak alsmede in de bulk van het materiaal. Oppervlak-
tepassivering met metaaloxide, zoals Al, O3, is een welbekende strategie om lading-
dragerrecombinatie aan het oppervlak van perovskietstructuren tegen te gaan. In
hoofdstuk 5 wordt het oppervlaktepassiveringseffect van aluminiumoxide op per-
ovskieten nanodraden, ingebed in AAO sjablonen, bestudeerd. Een vergelijkbare
extrusietechniek wordt gebruikt om de AAO-porién te vullen met perovskieten na-
nodraden, waarin voor een kortere tijd een drukgradiént wordt aangebracht. Deze
reeksen van perovskiet-aluminiumoxide nanodraden worden gebruikt als een po-
dium om goed controleerbaar de ladingsdragerdynamiek te bestuderen, alsmede
de uitwerking van oppervlaktepassivering met aluminiumoxide. Een ladingsdra-
gerlevensduur van meer dan 20 ns wordt aangetoond, door middel van het verkrij-
gen van recombinatiesnelheidscoéfficienten, door fotoluminescentievervalsporen
aan te passen aan een reactiesnelheidsmodel (rate equation model). De ladings-
dragerlevensduur kan worden bepaald met behulp van informatie over de radii van
de nanodraden, door middel van een zelfontwikkeld model. Met hetzelfde model
wordt een opmerkelijk lage oppervlakterecombinatiesnelheid (surface recombina-
tion velocity, SRV) van 37.2 +20cm/s bepaald voor het perovskiet-aluminiumoxide
raakvlak, hetgeen de passiveringsrol van aluminiumoxide bevestigt. Perovskieten
nanodraadreeksen in AAO sjablonen hebben een grote potentie voor integratie in
opto-elektronische apparaten met hoge efficiéntie, doordat ze relatief makkelijk te
fabriceren zijn, en excellente fotofysische eigenschappen vertonen.

Samenvattend biedt dit proefstuk inzicht in nieuwe technieken om uit de
oplossingsfase verwerkte, hoge kwaliteit, monokristallijne, halogenide, perovs-
kieten, micro- en nanostructuren te fabriceren. De gefabriceerde perovskieten
microkristallen en nanodraden worden gebruikt als eenvoudige modelsystemen
om de fundamentele eigenschappen van halogenide perovskieten te bestuderen,
door vragen te stellen zoals: "Welke ionen migreren in halogenide perovskieten
onder het aanbrengen van een elektrisch veld", "Hoe beinvloedt ionenmigratie de
opto-elektronische eigenschappen van halogenide perovskieten", en "Wat is de
verbeterpotentie van oppervlakte-eigenschappen van halogenide perovskieten,
met gebruik van aluminiumoxide-oppervlaktepassivering?"De antwoorden op
deze vragen verbreden ons begrip van halogenide, perovskieten nanosctucturen,
en de potenties en limitaties voor de incorporatie van deze materialen in
toekomstige opto-elektronische apparaten.
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