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Abstract

Hybrid organic—inorganic halide perovskites have obtained world-wide attention due to
their high performance for photovoltaic and optoelectronic applications. The excellent
performance of perovskite devices is determined by their outstanding photoelectric
properties. However, many unresolved questions remain on the carrier diffusion in

special structured perovskites, including determining in-plane carrier diffusion in two-

dimensional (2D) perovskite nanoplatelets, the details of carrier diffusion in gradient

bandgap perovskites and the on-chip application of such perovskites.

Here, the fundamental carrier dynamics of perovskites is deeply investigated, and the
major achievements can be summarized as follows: (1) A novel method is developed
for determining in-plane diffusion length in 2D layered perovskites. The diffusion
length was obtained for an exfoliated nanoplatelet (NP) from a 2D layered perovskite
single crystal. This method can be applied to other 2D and three-dimensional (3D) thin
flakes, which is useful for the development and optimization of semiconductor
materials and their devices. (2) The carrier diffusion behaviors and halide segregation
phenomenon are investigated in gradient bandgap perovskites. In such structures,
photogenerated carriers can effectively transport and emit in the low bandgap region,
while irreversible and stable phases are formed by the halide segregation. The
investigation will greatly benefit their future optoelectronic applications. (3) Using
femtosecond laser direct writing technique, the luminescence color of such gradient
bandgap perovskites is spatially modulated. This straightforward technique allows the
possibility to develop a range of optoelectronic devices, such as micro-encryption,

multicolor display and light-emitting devices.
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Chapter 1

Introduction

1.1 Background

Perovskite was composed of CaTiOs in the history of minerals. It was first discovered
by a Prussian mineralogist in 1839 and named after the Russian mineralogist Count Lev
A. Perovskit.! Pure perovskite is clear, with a refractive index of approximately 2.38.
The crystal structure is orthorhombic, so the name perovskite was given to a family of
compounds with a general formula ABX3. Later, perovskite compounds are more
commonly known as metal oxides, and found use in various ferroelectric, piezoelectric,

dielectric, and pyroelectric applications.

The first perovskite solar cell was reported in 2009, with power conversion efficiency
(PCE) of 3.8%.? Since then, numerous investigations have been conducted in this field.
The PCE of perovskite solar cells increased to 25.2% in a short period of time, which
is comparable to commercial thin-film solar cells such as silicon and telluride.

(https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20200406.pdf)

Moreover, the solution-based synthesis process of perovskites is simple and of low-cost.
Thus, perovskite solar cell is regarded as the most promising photovoltaic technology

for the next generation of solar cells.

In addition, organic-inorganic perovskite materials have found position in photonic and
optoelectronic applications such as light-emitting diodes (LEDs), X-ray detectors,

lasers, photodetectors (PDs) and so on. For example, green LEDs based on perovskites


https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20200406.pdf

reached a current efficiency of 62.4 cd A™! and external quantum efficiency of 14.36%,

which were comparable to the state-of-the-art organic LEDs.?

A clear understanding of the fundamental photo-physics underlying perovskite
materials is essential for the further expansion of their applications and improvement
of their device performance. Both theoretical and experimental investigations have been
carried out in recent years, and some rare properties of perovskite materials are well
accepted to contribute to the superior performance and high efficiency of perovskite
applications. The important factors are the following: (1) a high optical absorption
coefficient (10° cm™!) that allows the use of a thin film, (2) a long carrier diffusion
length and suppressed recombinations (defect tolerance), and (3) a well-balanced
charge carrier transport. In photovoltaic applications, the defect-tolerant nature of

halide perovskites is especially important, as it leads to the generation of high voltage.*

However, the basic understanding of carrier transport characteristics is still limited, as
complex photophysical properties are shown in various organic-inorganic perovskite
materials. For example, two-dimensional (2D) perovskites are quantum-confined
materials, in which carriers are located and diffused within ordered structures that are
separated by long cationic lattices. In comparison to their three-dimensional (3D)
counterparts, the carrier diffusion length and coefficient are drastically reduced in the
direction of depth, while the in-plane direction diffusion of excitons are not limited.’
Careful consideration and optimization of these parameters are always needed, as they
are critical for the applications of 2D perovskites. A few methods have been reported
for determination of the diffusion length to date,®” such as space-charge limited current®
and PL quenching’. However, these techniques need a large-scale or a high PL-
efficiency of perovskite samples. The diffusion length detection of thin 2D perovskite

flakes with low luminescence is still a challenge.

Perovskite solar cells with efficient energy funneling can achieve higher PCE and
improved stability.!” Photogenerated carriers can transport from high-bandgap region
to low-bandgap region effectively in these perovskites, which can achieve long carrier
diffusion length and high PL efficiency.!! With the ability of continuous tuning of the
bandgap, the mixed organic—inorganic hybrid lead halide perovskites are of high

potential for bandgap engineering. For example, halide compositional gradient



CH;3NH;3PbBr«I3-x perovskite nanowires were successfully fabricated by a solid-to-solid
halide exchange reaction.!! By facilitating the transportation of charge carriers over a
few micrometers and accumulated carriers in the low-bandgap iodide-rich region, the
gradient-halide perovskite implies the applications in photon energy delivery and

nanoscale optoelectronics.

Although numerous efforts have been made on the bandgap engineering of mixed-
halide perovskites, some questions remain unclear to date. First, whether the downward
funneling of carriers is through photon recycle or carrier diffusion is unknown. Second,
PL shift in mixed-halide perovskites has been intensively observed and described as
phase segregation, while the mechanisms is still under debate. For gradient bandgap
mixed-halide perovskite, the detailed physical process of phase segregation has not

been discussed before.

Moreover, with the tunable bandgap and high PL efficiency, the gradient-bandgap
perovskites are of great importance for on-chip light-emitting applications, such as
multicolor displays, band-tunable PDs and nano-lasers.!? To pattern spatially resolved
multicolor on perovskites, the direct fabrication of precise micro-patterns is essential
on such single perovskite nanoplatelet (NP) with various halide compositions. However,
the currently available techniques are multistep methods based on nanofabrication and
additional anion exchange treatment. There are opportunities to develop
complementary processing techniques for patterning on perovskites to achieve device

integration and functionalization.

1.2 Preview of the thesis

The research work presented in this thesis explores experimentally the charge carrier
dynamics of perovskite materials, including the diffusion length detection in 2D
perovskite thin NPs, the bandgap engineering, and on-chip applications of gradient-

bandgap halide perovskite NPs.

This thesis is organized as follows. The updated optical properties as well as

applications of perovskite materials are reviewed in Chapter 2. First, the crystalline



structure of perovskites is introduced as it determined the properties of the materials.
The 2D perovskites and mixed-halide perovskites are then reviewed as superior optical
properties and applications are shown in these perovskites. Third, the detailed

perovskite applications in solar cells, optoelectronic and on-chip devices are introduced.

To provide a comprehensive understanding of perovskite materials, their charge carrier
recombination and diffusion processes are summarized in Chapter 3. After the basic
theory, some unsolved problems are discussed in this chapter. For the 2D perovskite
thin flakes, the method to determine the carrier diffusion length is quite challenging.
For the gradient-halide perovskites, the dynamics of carriers funneling process, as well
as the phase segregation phenomenon should make clear. The relevant spectroscopic

and nanofabrication techniques used in this thesis are also introduced in this chapter.

A novel technique for determination of in-plane diffusion coefficient/ length in 2D thin
perovskite flakes is demonstrated in Chapter 4. Utilizing this technique, both the
diffusion coefficient (53.6 cm?/s) and the diffusion length (1.82 pum) are determined in
a thin NP exfoliated from a 2D perovskite single crystal. The method is then applied to
a 3D thin perovskite NP. The precision and suitability of the method is further explored,

and it 1s appropriate for 2D and 3D thin films and low-luminescent samples.

The bandgap engineering of gradient-bandgap perovskites is studied in Chapter 5. A
mixed-halide perovskite NP with gradual halide composition along the depth is
fabricated firstly. The gradient-bandgap structure is confirmed by the energy dispersive
spectroscopy (EDS) and photoluminescence (PL) results. When the perovskite NP is
detected by the EDS with different e-beam energies, larger iodide peak was shown in
larger e-beam energy experiments as the penetration depth is deeper. Under laser
illumination, PL spectra with longer wavelength emission was detected in thicker NPs.
These results illustrate the effective carrier funneling from bromide-rich region to
iodide-rich region in such gradient-bandgap perovskite NPs. The phase segregation
phenomenon is observed, indicating stable and irreversible phases are formed under

continuous laser excitation.

Combined with the straightforward one-step femtosecond direct laser writing (fs-DLW)
fabrication technique, the spatial modulation of fluorescence color in gradient-bandgap

perovskite NPs is presented in Chapter 6. Under a controlled fs-laser pulse, the designed

4



amount of perovskites is evaporated and removed accompanied with halide ions
exchange, results in micro-scale multicolor emission. The ion-movement during this
process is studied. Moreover, arbitrary designed patterns can be achieved in these NPs,
implying the potential applications in multicolor displays, micro-encryption, and light-

emitting devices.

The thesis ends with a conclusion chapter (Chapter 7), which summarizes the research
outcomes presented in the previous chapters and the outlooks towards future work in

this field.






Chapter 2

Perovskite Structures and Applications

Perovskite solar cells are regarded as the most promising photovoltaic technologies for
the next generation of solar cells. Tremendous progress has been made in less than one
decade. At the same time, organic-inorganic hybrid perovskites are also confirmed with
a great potential for highly efficient optoelectronic applications such as LEDs,

nanolasers and photodetectors.

The success of halide perovskites in photovoltaic and optical-electronic devices has
triggered huge research interests, crossing from the fundamental knowledge to the
applications. The intrinsic physical and electronic properties of the perovskite have
been widely investigated. This chapter focuses on the intrinsic crystalline structures and

optoelectronic properties of perovskites as well as their various applications.

2.1 Organic-inorganic perovskite structures

2.1.1 Crystalline structure and compositions of perovskites

The general formula of a typical halide perovskite is ABX3, where the A site is a
monovalent cation (e.g., methylammonium, CH3NH3" or MA™), B site is a bivalent
cation (e.g., Pb**, Sn?") and X site is a halide (I", Br, CI"). The crystal structure is

illustrated in Figure 2.1,'* there are eight octahedra of lead halide with a cation at the
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center. The octahedra can be tilted or rotated by the replacement of different halide ions,
which directly adjusts the bandgap of this material.!® The size of cation A is the key
aspect for the formation of a close-packed perovskite structure. It is required to fit into
the space between the four adjacent octahedral, which are connected through corner-
sharing.'* For organic-inorganic perovskite, the A site is usually occupied by MA™ or
FA" (formamidinium, HC(NH2)2").

(b) o Anti-bonding

Pbop—15s*
Pbop—15p*

N ‘it — Bottom of CB

Direct transition E;=1.55¢V, 800 nm
(CH;NH.Pbl4)

Energy (arb.unils)

Anti-bonding
Pb6s—15p

e Top of VB

Figure 2.1 (a) Crystal structure of a typical cubic ABX3 perovskite.!* (b) Bounding
diagram of MAPbI; perovskite.*

Figure 2.1(b) shows the band-gap structure and energy levels of MAPDI; single crystals
based on the DFT calculations by Koutselas et al. and Brivio et al. These calculations
revealed the bandgap energy is determined by the [Pbl4]® network. The organic part
was not shown in the diagram as it has little influence on the bonding energy. The VB
maxima consists of Pb 6s-1 5p orbitals (lone pair), while the CB minima comprises a
mixture of Pb 6p-I 5s and Pb 6p—I 5p orbitals. This high symmetry and electronic
structure thus contribute to the direct bandgap and high absorption coefficient of
perovskites. Moreover, these unique bounding coupling, as well as ionic characteristics
of perovskite, have a great influence on their defect properties. The lead vacancies lie
between the I p atomic orbital and VB maxima, and the halide vacancies are formed
between the Pb p and CB minima. As these defects are shallow defects, carriers can

easily detrapped, leading to longer lifetimes and carrier diffusion lengths.

One fascinating property of ABX3 hybrid perovskites is their structural versatility to

incorporate different kinds of anions/cations, which results in a change in the physical



and chemical properties of the materials, including crystal structure parameters,
bandgaps, carrier behaviors, defect properties, phase stabilities, and moisture and/ or
thermal resistance.'>"!” For example, MAPDbI; is a classical perovskite material for solar
cells, which has a high PCE performance.'® With a slightly larger ionic size, the FA

cation based FAPbI; perovskite exhibits improved charge transport properties. '’

2.1.2 Two-dimensional perovskite materials

2D perovskites have been considered as emerging materials of significant potential for
optoelectronic applications. By inserting long organic spacer cations into the ABX3
frameworks, 2D perovskites are formed upon crystallization of 3D ABX3 perovskites.
Compared to their 3D counterparts, 2D perovskites are more stable to humidity and

ambient atmosphere, which offer new opportunities to design optoelectronic devices.

The Ruddlesden—Popper perovskites are the most widely investigated 2D perovskites.
Far more tunability and flexibility are offered by these materials, making the physical
properties able to be controlled.?’ The name of Ruddlesden—Popper perovskites
originated from their similarity in crystal with inorganic Ruddlesden—Popper
perovskites such as Sr;TiO7.2! These perovskites are achieved by slicing 3D perovskite
structure into layers of different n-values. The generic chemical formula of 2D
perovskites is (RA)2(A)n-1BXzn+1, where RA is the long-chain spacer between different
layers. A, B, X are cations and anions from the 3D perovskite framework. In most cases,
the long-chain RA cation is a primary amine such as phenethylammonium (PEA) or
butylammonium (BA), while the short-chain A cation is the organic cation such as MA,
FA or inorganic cation such as Cs. The value n represents the numbers of layers, as
shown in Figure 2.2. When n=1, the BX4" structure is sandwiched between two RNHj3
organic layers. With an increased n number, continuous layers with defined integral
number are sandwiched. When n equals to o, the perovskite has a near pure 3D
structure.?> By controlling the n-values, the optoelectronic properties can be managed
to get appropriate characteristics for each application. The control of the number n
would lead to different quantum confinement effects in 2D perovskite. Stokes shift in
absorption and PL, significant enhancement in photoluminescence quantum yield

(PLQY), larger exciton binding energy, and higher stability are induced by the quantum
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confinement, leading to various applications of 2D perovskites.?’

n=1 n=2 n=3
o006 - Il
PbBr, CH;NH, RNH,

Figure 2.2 The schematic layered structures of perovskites from 2D to 3D, i.e.

(RA)2(CH3NH3)n1PbaBrsni, n =1, 2, 3. . . 0.2

2.1.3 Mixed-halide perovskite materials

The flexibility of the ABX3 structure allows for a degree of ionic mixing on the crystal
lattice sites, these mixed perovskite materials can be used to tune the structural
properties of the perovskite.?* Despite the excellent properties such as long carrier
diffusion lengths®®, high optical absorption coefficients?® and high defect tolerance that
are ideal for highly efficient photovoltaic devices, pure perovskite materials suffer from
structural instability or non-ideal bandgaps for perovskite applications. By mixing up
the individual sites (A, B or X) or multiple sites, mixed perovskites have proven a

feasible solution for improved stability and better optoelectronic properties.

The A-site mixed perovskite materials are normally based on the mix of MA, FA, Cs,
and Rb cations. For instance, mixing FA™ with MA" would result in perovskite with
improved stability and optoelectronic properties.’*2” Another distinct benefit attribute
of mixed-cation perovskite materials is the ability to continuously tune the bandgap.

For example, the gradual replacement of the MA cation in MAPDI3 by the larger cation
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FA through the film was shown to be able to tune the bandgap between 1.57 and 1.48
eV, exhibiting superior optoelectronic properties and better thermal stability than that

of MAPbI;28.

For mixed halide perovskite, as the halide ion exchange reaction undergoes easily, the
substituted halide component offers the finest tuning of the optical properties.?’ By
altering the composition of the halide ions on the X-sites of the crystal structure, the
corresponding bandgaps of FAPb(IxBri.x)3 perovskite can be continuously tuned over
the range of 1.48 to 2.23 eV,*® while for MAPbX; (X = CI, Br, I) perovskite
nanocrystals, the bandgap range is 1.6 to 2.3 eV.3! The normalized photoluminescence

spectra of these mixed-halide perovskites are shown in Figure 2.3.

(a) —— e —————r——— 1.0
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Figure. 2.3 Normalized photoluminescence spectra of the (a) FAPblyBr3;-y and (b)
MAPb(Brxli )3 thin films.3%!

2.2 Recent progress in perovskite applications

2.2.1 Solar Cells

The global increasing consumption of energy, together with the decreasing supply of
fossil fuels have driven the development of energy from renewable sources.>? As the
most abundant energy resource, harnessing solar power would yield a never-ending
energy supply. Photovoltaic solar cells are thus the most promising avenue for directly
convert the energy of sunlight into electricity based on the photovoltaic effect and for

this reason they have been regarded as a very promising energy generation source.>?
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However, for photovoltaic energy to become competitive with fossil fuels and to
capture a significant share of the electricity market nowadays, it is always difficult to
convert solar energy in an efficient and cost-effective way. A number of different types
of solar cell technologies have been explored, including silicon solar cells and advanced
photovoltaic technologies like quantum dots solar cells, organic solar cells and dye-

sensitized solar cells.>*

Among these technologies, perovskites have attracted significant attention in the field
of photovoltaics recent years for highly efficient solar cell devices due to their high PCE
as well as the low-cost solution-based manufacturing method. Figure 2.4 (a) shows a
typical solar cell based on organic-inorganic halide perovskite. The PCE of the solar
cells have already exceeded 25% since the first reports of perovskite solar cells in 2009
(shown in Figure 2.4 (b)).* Miyasaka and co-workers were the first to report
photovoltaic results for perovskite solar cells. By replacing bromine with iodine, they
were able to fabricate a MAPbI3 based cell, realizing PCE of 3.8% and high
photovoltages close to 1.0 V. After the development of more than ten years, halide
perovskites are already competitive with commercial thin-film cells like silicon cells.
Currently, the highest PCE of perovskite solar cells (25.2%) is achieved by KRICT
(South Korea). They used nickel oxide (NiOx) as a highly efficient hole conductor layer,
which is deposited over a large area. NiOx is an inexpensive material and it has ability
to withstand high temperatures up to 70 °C. The layers were deposited by rotatory
coating method.* The high PCE recent years have demonstrated that these low-cost

perovskite materials are promising for commercial viability and applications.

(b) NREL certified perovskite solar cell performances
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Figure 2.4 (a) A photograph of MAPbI; based perovskite solar cell device.*® (b)

Perovskite solar cell performances certified by NREL.*

2.2.2 Optical applications

In addition to solar cells, organic-inorganic perovskites are expected to be promising
materials for next generation lighting and display, and other photonic applications.
Many interesting results have been observed recently, and the progresses in

optoelectronic devices and optical applications, such as LEDs and PDs.

A LED is an electronic component that is essentially a two-lead semiconductor light
source. According to the Shockley-Queisser limit, efficient solar cell materials are also
promising candidate for good light emitters such as LEDs.*” The LED is a p-n junction
diode that emits light upon activation by a voltage applied to the leads, which makes
electrons recombine with holes within the device, releasing energy in the form of
photons.*® This effect is called electroluminescence, and the color of the light is

determined by the energy band gap of the chosen semiconductor.

Organic-inorganic halide perovskites with good charge mobilities and high PLQEs in
visible and near-infrared range thus were also investigated in high performance LED
applications.* Layered 2D organic—inorganic perovskites were first used as perovskite
LEDs in 1990s. 3D halide perovskites-based LEDs were also demonstrated recently.
Figure 2.5 (a) shows a greenlight-emitting diode based on MAPbBr3 nanoparticles.*’
Moreover, by adjusting the ratio of different halides in mixed MAPbX3 (X = halide)
perovskites, the emission spectra of the products can be tuned from blue to red (Figure

2.5 (b)).40
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Figure 2.5 (a) Electroluminescence spectra of MAPbBr3 LED at a peak wavelength of
512 nm, and the image of the resulting device operating at a luminance.*’ (b) Digital
image of perovskite colloidal solutions in toluene under UV lamp with light emission

from 438 to 660 nm.*°

Photodetectors are important in optical communication, chemical sensing,
environmental monitoring, and many other industrial applications due to their ability to
detect light (visible or infrared) and to convert the light into electrical signals. Due to
their unique optoelectronic properties such as broad and tunable light absorption,
superior charge transport and efficient free electron-hole generation, organic-inorganic
halide perovskites have also shown great potential in the photo detectors.*! In 2014, Hu
et al. reported the first perovskite photodetector. This photodetector was designed on
MAPDI; thin films, with high sensitivity, high speed and broad photoresponse range.*?
Compared with other inorganic semiconductors normally used for photo detectors such
as Si and GaN, perovskites are more promising materials due to their low cost and high
quantum efficiency. Another example was a high-performance photodetector
demonstrated by Liu et al.*® As shown in Figure 2.6, the 2D MAPbIs-based
phototransistor devices were fabricated on a SiO2/Si substrate, the current can be
enhanced significantly by shining 405 nm and 532 nm lasers in their PDs, showing
photo responsivities of 22 and 12 AW ! with a voltage bias of 1 V respectively.** The
organic-inorganic perovskites are promising for further practical applications in PDs as
they are highly sensitive in detecting broad wavelengths of light, from UV to visible

light, as well as the near infrared light.
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Figure 2.6 Schematic image of a transistor device based on 2D perovskite.**

2.2.3 On-chip optical applications

In addition to the above-mentioned exciting applications, hybrid perovskites can
achieve further improvements by combining with nano structures. With the
developments of nanofabrication techniques, there are unprecedented possibilities for

on-chip optical applications of perovskites.

For example, the introduction of optical microcavities into PD devices is considered as
an approach to improve detection performance.*> With the field enhancement at the
selected wavelength by microcavities, and perfect light absorption by perovskite

materials, the detection performance can be significantly improved.

Various perovskite nano-lasers have been demonstrated as well, including microdisk
laser, distributed feedback laser and photonic crystals laser. These nano-lasers are
achieved in perovskite nanowires, microplates, quantum dots and single crystals. For
instance, Zhu et al. illustrates a wavelength-tunable lasing from single-crystal lead
halide perovskite nanowires with very low lasing thresholds (220 nJ-cm™) and high
quality factors (Q ~ 3600).% The emission spectrum and optical image of an MAPbBr3
NW is illustrated in Figure 2.7 (a). Shunemann et al. proposed a distributed feedback
laser based on a photonic crystal nanostructure with long-term operational stability and

low threshold.*” The excellent intrinsic optical properties, the smooth facets of the
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perovskite grains, as well as the advancements in device engineering, have replicated

their potential into nano-laser devices. The scanning electron microscopy (SEM) of a

MAPbBBT3 perovskite for distributed feedback laser is shown in Figure 2.7 (b).
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Figure 2.7 (a) 2D pseudo-colour plot of nanowire emission spectrum as a function of
pump fluences for a 7.5 um MAPbBr3; nanowire. The insert is the emission image of
the nanowire above the lasing threshold.*® (b) Cross-sectional SEM of a MAPbBr3

perovskite for distributed feedback laser. The scale bar is 2 pm.*’
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Chapter 3

Carrier Recombination and Diffusion Process in

Perovskites

This chapter focuses on the basic theories of charge carrier dynamics in perovskites,
including both carrier recombination and diffusion processes. Based on these theories,
some research questions are listed in this chapter, which will be solved at the following
chapters. The techniques used in this thesis are also introduced in this chapter. Generally,
a cascade of physical effects occurs over different timescales in perovskite materials
under a short laser pump pulse excitation. First, hot carrier cooling occurs usually
within few picoseconds for conventional semiconductors but could be slowed down in
perovskites due to phonon bottleneck effect.*® After this process, catrier recombination
occurs by several pathways: defect trapping, electron-hole recombination directly and
Auger recombination. Carrier diffusion and photon absorption also happens during this
timescale, making the carrier dynamics more complicated. The process is shown in

Figure 3.1.%

17



Optical
excitation

Figure 3.1 Schematic highlighting key charge carrier processes following

photoexcitation of the perovskite.*’

3.1 The carrier recombination properties of perovskites

3.1.1 Carrier recombination process in 3D perovskites

Upon photoexcitation, carriers can be pumped to a high energy state in the conduction
band (CB) that is determined by the photon energy of the laser. These excited carriers
quickly form Fermi—Dirac statistics that can be described by the carrier temperature.
Hot carriers are the carriers with extra dynamic energy, which is represented by a higher
temperature than the lattice. Within a few picoseconds, the hot carriers can rapidly relax
to the edge of the CB though electron-phonon scattering.® The hot carrier cooling
process is ultrafast, which occurs prior to the carrier recombination. Before laser
excitation, the perovskite lattice is under the thermal equilibrium state. The high-energy
photons are absorbed extremely fast and forms coherent carriers after laser excitation.>!
Then, the excited carriers will dephase and redistribute, and result in the formation of

Fermi-Dirac statistics, which is called the carrier thermalization process. Following the
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optical phonon scattering and acoustic phonon scattering, the hot carriers relax to the
edge of the CB in few to tens of picoseconds. Lastly, the acoustic phonon emission will

decay and lose energy within hundreds of picoseconds.

After the hot carrier cooling event, photo-carriers at the band edge undergo a
recombination process over the tens of picoseconds to microsecond timescales. The
recombination occurs via several pathways, including defect trapping, carrier radiative
recombination and Augur recombination. Photon recycling, diffusion and reabsorption

undergo at the same time, impacts the whole recombination process.

To understand these competing processes, the kinetics of the evolution of carrier density

are investigated by the rate equation:’>

S = G- 8(t) — kyn — kyn? — kyn® + DV? (3-1)

Where n represents the carrier density, t is the time, G - 6(t) is the charge generation
through pulsed laser injection. The Shockley—Read—Hall (SRH) recombination via sub-
bandgap trap states, free electron—hole recombination, and Auger recombination are
represented by kqn, k,n? and kyn3respectively.®? The term DV?n corresponds to the

charge carrier diffusion process. These competing pathways are explained in detail:

In general, the trap states are mostly located at the grain boundaries, perovskite surfaces
and interfaces due to a higher possibility of crystal-structure deformation. Chemical
composition also has an impact on the trapping densities. These defects are illustrated
in Figure 3.2.> MAPbI; perovskite structure is used as an example, point defects like
Pb" and I vacancies, interstitial I', Pby", and Pb-I antisite (Pby, Ipy) are the recombination
centers for trapping electrons and holes. These point traps are more likely to give rise
to deep levels in the bandgap. While grain boundary and surfaces, where the structure

is suddenly interrupted, will forming shallow levels with low forming energy.™
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Figure 3.2. Schematic illustration of typical defects in PSCs: (a) perfect lattice, (b)
Pb," vacancies, (¢) I” vacancies, (d) interstitial Pb,", (e) interstitial 137, (f) Pb-I

antisite substitution, (g) grain boundary, and (h) dangling bonds on the surface. 3

Ideally, without defect trapping or Auger recombination, all charge carriers will be
diffused and collected by electrodes when solar cell is under operation. In neat
perovskites, these carriers will undergo radiative recombination, which is responsible
for the PL emission. As the exciton binding energy (E») of bulk perovskites are lower
than the thermal energy (26 meV), free electrons and holes, rather than excitons,
dominantly exists in 3D perovskite structures. These free electrons in the CB radiatively

recombine with the free holes in the valence band (VB), leading to the photon emission.

Auger recombination involves three carriers: one electron—hole pair recombines

1.54

nonradiatively by exciting another carrier into a higher energy level.”” The energy and
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momentum required in the three bodies to finish the process is quite strict, which
depends on the electronic band structure within the perovskites. The Auger nonradiative
recombination process also depends on charge-carrier concentrations. It is only

reasonable when the excitation density is high.

Under low excitation fluence, Auger recombination is usually negligible. In this case,
defect trapping state and carrier radiative recombination process are dominant
mechanism for the carrier recombination. A simplified dynamics model can be

established:

— %% = An + Bn? (3-2)

where An indicates a first-order process via defect trapping and Bn? is the bimolecular
recombination. Figure 3.3 (a) gives an example of the time-resolved photoluminescence
(TRPL) of a perovskite film.>> At low excitation intensity (< 10" cm™), the TRPL
shows a single exponential decay, indicating the dominance of trap-assisted
nonradiative recombination. With larger excitation, more trap-states are saturated,
leading to the larger portion of radiative recombination. The scheme of the saturation

of the sub-bandgap trap states is shown in Figure 3.3 (b).>®
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Figure 3.3 (a) PL dynamics of a MAPbI; film under different excitation intensities.>

(b) Scheme of the saturation of the sub-bandgap trap states.>®
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The effective lifetime can be extracted by the biexponential function fitting of the TRPL

curves: I(t) = A, exp (— i) + Ayexp (— i). Where A, exp (— i) represent the fast
T1 T T1
decay and A,exp (— Ti) represent the slow decay. The decay lifetime (7, 7) and
2

weight ratio (44, A;) of each decay can be used for the calculation of the effective
lifetime:7,rr = A171 + A,7,. In this fitting model, the defect trapping is responsible
for the fast decay, while the electron-hole recombination is represented by the slow

decay.

3.1.2 Excitons recombination process in 2D perovskites

In 3D perovskites, the carriers are recombined via trap state, direct bimolecular
recombination and Auger recombination processes. However, the excitons, instead of
free electrons and holes, are dominant in the dimensionally controlled 2D perovskites,
because the electrons and holes are bound in an excitonic state due to quantum and
dielectric confinement effects. The Coulomb interaction in 2D perovskites is strictly
screened, because of the high contrast in dielectric constants of the organic layers and
inorganic layers. Therefore, the electron-hole interaction within the exciton is very
strong, resulting in huge oscillator strengths and very large exciton binding energies.>’
In this case, excitons will recombine after laser excitation, as illustrated in Figure 3.4.%
For instance, Blancon et al. have demonstrated properties of unexpectedly strongly
bound excitons (> 120 meV) experimentally and theoretically in (BA)2(MA)n-1Pbalzn+1
perovskite with n < 5. The exciton binding energy of different n-values is shown in
Figure 3.5(a). To make a comparison, the binding energy is extremely low in the case
of 3D perovskites (65 — 75 meV for MAPbBr3 vs 15 — 50 meV for MAPbI3), which

facilitates quick charge separation at room temperature.’®
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Figure 3.4. (a) Dimensionality effect on generation and recombination of charge
carriers and (b) energy landscape in the 3D and 2D perovskites. The electrons and
holes are dissociated in the 3D perovskites while bound in the 2D structures because

of quantum and dielectric confinement effects.*®

With the ultra-high binding energy and quantum confinement effects in 2D perovskites,
effective band gap and absorption characteristics are increased compared to the 3D
perovskites. Both the PL spectrum and the absorption band-edge peak blue-shift with
increasing RA fraction (decreased n-value) of 2D perovskites, indicating a decreased
dimensionality of the perovskite film. The normalized PL spectra and bandgap energy
of 2D perovskites with different n-values are illustrated in Figure 3.5(b, ¢).*>° In
addition, the reduced dimensionality leads to faster charge carrier recombination in 2D
perovskites (Figure 3.5(d)).>® The increased exciton binding energy makes the charge
separation less facile, at the same time the stronger quantum confinement results in
stronger interaction between the photogenerated carriers thus decreasing the carrier

lifetime.
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Figure 3.5. (a) The exciton binding energy and (b) photoluminescence spectra of
different n-values of (BA)2(MA)n-1Pbnlzn+1 perovskite, showing the enhancement of
the binding energy due to dielectric confinement.>® (c) Optical bandgap energy and (d)
bleach recovery and biexponential kinetic fits probing the bleach maximum of

(PEA)2(MA )-1PbaBr3n+1 perovskite with different n-values.”®

3.1.3 Mobile ions in perovskites

As the ABX3 perovskite materials show ionic crystal characteristics, a large number of
mobile ions such as A", X or A cation and X anion vacancies exist in organic—inorganic
halide perovskites. These mobile ions are observed as defects, as discussed in Chapter 3.1.2,

which will enlarge the proportion of nonradiative recombination of perovskites.

Despite carriers trapping states, ion migration and accumulation occur in perovskites under

light illumination. The ion migration can be observed by the PL wavelength change in
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mixed-halide perovskites, as the bandgap shows difference with the halide component
change in perovskites. Despite the improvement of photovoltaic performance by better
capturing the full solar spectrum, mixed-halide perovskites exhibit unwanted phase
segregation under continuous light irradiation. This phenomenon has attracted
considerable research interest recently because it is closely related to carrier extraction and
hence to the performance of perovskite solar cells. The PL spectra of hybrid perovskites
discretely blue-shift or red-shift, indicating halide ions segregate into separate bromide-
rich or iodide-rich domains. For instance, under continuous optical irradiation,
MAPDb(Io.5Bro.5)3 thin films was reported to show a decrease in the native emission at
Amix = 652 nm accompanied by a corresponding rise of emission features at 725 and 527
nm associated with MAPbIs-like or MAPbBr3-like photoluminescence.®® Another work
based on FAPb(Bro.6710.33)3 film shows that the original PL almost completely shifts to
a new dominant low-energy PL feature, in accordance with higher PL emissivity of the
iodide-rich phases.®! As depicted in Figure 3.6, Eric Hoke etc. showed that under
continuous illumination, the initial MAPb(Broslos)s PL spectra at 1.85 eV was
decreasing, while an additional PL peak forms and increases at 1.68 eV.®? Although
phase segregation in mixed-halide perovskites has been intensively observed, the
observations display much discrepancy, and the detailed physical process is still under
debate.?! 436 Mobile ion migration is one of the possible physical mechanisms: the mobile
ions are activated under laser excitation, and halide substitution occur during this

process, leading to the phase segregation in these perovskites.
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Figure 3.6 PL spectra of an MAPb(Bro.4lo.)3 thin film over 45 s in 5 s increments

under 457 nm, 15 mW cm™ light at 300 K.

3.2 The diffusion process of charge carriers

3.2.1 Carrier diffusion dynamics of perovskites

Carrier diffusion is a random motion of electrons and holes in space that leads to
spreading from the areas of high concentration to the areas of low concentration. The
diffusion process of perovskites is crucial for highly efficient solar cells. To make sure
photogenerated charge carriers in perovskite absorber films can be efficiently extracted
before recombining, a proper thickness of perovskite film should be consistent with the
diffusion length. Therefore, the estimation and calculation of the diffusion coefficient
(D) and diffusion length (L) is crucial for the optimization of perovskite solar cell

devices.

Basically, in neat perovskite films, the diffusion coefticient is described by the equation
3-1,%% 788 in which the term DV?2n corresponds to the ambipolar diffusion of charge

carriers, quantified through the diffusion coefficient D. The parameter D is normally
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calculated by fitting the PL decay trace of perovskite materials to equation 3-1. With a

given D, the carrier diffusion length can be calculated via L = vDt, where 7 is the
carrier lifetime. 3 %% For example, Tian et al. report the direct visualization and
quantitative characterization of the carrier diffusion process in individual single-crystal
perovskite NPs using TRPL and PL-scanned imaging microscopy (Figure 3.7).°® The
scheme of the diffusion process detection is shown in Figure 3.7 (a), after excitation
pulse from a fixed excitation spot, the change of carrier density at different positions is
monitored by the TPPL as a function of the delay time. This then constructs a PL
kinetics image that reflects the spatial distribution of charge carriers in the perovskite
sample. After been fitted by the diffusion model (equation 3-1), the diffusion parameters
can be extracted. Figure 3.7 (b, c) shows the PL image and PL kinetics of a MAPbBr3
NP as an example. The diffusion parameters can be quantitative determined by these

PL kinetics data.
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Figure 3.7 (a) Schematic presentation of the charge carrier excitation, diffusion, and
recombination processes in perovskites. (b) The PL intensity image, optical image
(inset) and (c) a set of PL kinetics collected at different diffusion distances of a

MAPbBr; NP. The scale bar is 5 pm.%®

Moreover, the electron diffusion length or hole diffusion length can be extracted alone
by the PL—quenching measurement. Topped with an electron/hole quenching layer, the
electron/hole will diffuse rapidly to the quencher, and the diffusion equation downsize
to one-dimension.®” The electron/hole diffusion parameters can be obtained by
modeling the TRPL dynamics of the original perovskite sample and the sample with
electron/hole quencher. For instance, both electron and hole diffusion lengths larger
than 1 pm are determined by this method in mixed halide perovskites, which is
consistent with superior performance in meso-superstructured solar cells and planar

heterojunction solar cells.®’

3.2.2 In-plane carrier diffusion in 2D perovskites

Upon laser excitation, excitons are promptly generated in 2D perovskites instead of free
electrons and holes in 3D perovskites. The few-atom thick anionic layers are isolated
from one another by means of the organic spacer cations,’® which suggests the diffusion
of excitons are suppressed in the in-plane direction in anionic layers, as illustrated in
Figure 3.8 (a). By changing the n-values, different optoelectronic properties were
observed by Milot et al., as shown in Figure 3.8 (b).”! As the n-value of 2D perovskites
increases (%PEA increases), quantum confinement effects and exciton binding energy
decreases, the charge carrier mobility increases while the direct recombination
decreases. The monomolecular recombination rate is affected by two counteracting
trends, decreasing first with increasing PEA content due to a trap passivation effect but

then increasing as excitonic recombination is enhanced.”!
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Figure 3.8 (a) Illustration of in-plane diffusion of excitons in 2D perovskites. (b)
Charge carrier diffusion length of MAPDI;, (PEA)>Pbls, and intermediate mixed
MA-PEA 2D perovskites.”!

3.2.3 Downward funneling in gradient-bandgap perovskites

A long carrier diffusion length is crucial for the perovskite-based devices. Beside the
polycrystalline and single crystals with diffusion lengths up to micrometers, the
perovskite structure whose carrier diffusion is driven by the gradient bandgap has been
reported recently. As the carriers will flow directionally from high-bandgap region to
the low-bandgap region in the sample, the carrier diffusion length is naturally long. For
example, Tian.et al. has reported halide compositional gradient MAPbBr«I3-x perovskite
nanowires with the gradually decreases density of the mixed bromide anion from one
end to the other.!" Driven by the energy funnel, the charge carriers transport in a one-
way direction over a few micrometers and accumulated carriers in the low-bandgap
iodide-rich region. In their gradient MAPbBrxI3—x nanowires, carrier transportation

driven by the energy funnel delivers ~60% of carriers over a distance of >2 um.!

A multicomponent multilayered PEA2MAn-1Pbnlzn+1 perovskite film exhibit record high
photoluminescence quantum yield (10.6%) under low excitation fluences was reported
by Sargent and co-workers.'? They attribute this advance to the conveyance of excited
carriers in a funneling mechanism that provides carrier concentration, enabling more
efficient radiative recombination and thereby overcoming the trap-mediated non-

radiative recombination at much more practical fluences. Figure 3.9 (a) illustrates the
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carrier transport in the n = 3 perovskite thin film. The film contains grains with a variety
of n-values (n = 2, 3). Similar structure was shown for the n =5 perovskite film (Figure
3.9 (b)), which contains n = 2, 3,4 and 5 perovskite phases in significant proportions.
As the bandgap of 2D perovskite is gradient modulated by the n-value, the
unidirectional diffusion of carriers can be driven by the energy difference and emit at

the lowest energy position. The scheme of energy funneling in shown in Figure 3.9 (¢).
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Figure 3.9 (a) The carrier transfer process in n = 3 perovskite. (b) Carrier transfer
process in n = 5 perovskite. (¢) Multi-phase perovskite materials PEA2MA ;- 1Pbnl3n+1
channel energy across an inhomogeneous energy landscape, concentrating carriers to

smallest bandgap emitters. The arrows represent the carrier transfer process. '?

The effective downward carrier funneling in gradient-bandgap structures can improve
the intrinsic photophysical properties of perovskites, such as longer carrier diffusion,
stronger light harvesting and higher photoluminescence quantum yield. The concept

can be applied in photon energy delivery, emissions, LEDs and other optoelectronics.
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3.3 Research questions of the thesis

Despite the good behavior, some questions remain for the carrier diffusion of perovskite
materials. First, the long carrier diffusion length is one of the most critical properties
for the remarkable performance of perovskite solar cells. A wide range of methods have
been reported for determine the diffusion length of semiconductor materials. However,
most of the techniques are not practical for 2D perovskite NPs and 3D thin perovskite
flakes, as large scale of perovskite films or high PL efficiency are required in these
techniques. Thus, a proper method for quantitatively characterize the charge carrier

behavior of these perovskite NPs is of vital importance.

Second, the charge carrier funneling is quite efficient for the PL efficiency of gradient-
bandgaps structure semiconductors. However, funneling structure in gradient bandgap
perovskites is not well studied. Under light irradiation, PL shift in mixed-halide
perovskites has been intensively observed, which is generally ascribed to phase
segregation. This phase segregation phenomenon, as a kind of instability, is detrimental
for its application. To date, the observations of phase segregation display much
discrepancy, and the mechanism is still under debate. Particularly, in gradient bandgap
mixed-halide perovskite, the detailed physical process of phase segregation has not

been discussed.

Third, with the gradient halide ratio of Br/I in a single perovskite NP, the gradient-
bandgap perovskites have a great potential for the application in the spatially tuning of
fluorescence color. However, precise microscale color patterning is still a challenge. To
incorporate such perovskite structure into integrated device, a new nanoscale
fabrication method should be developed. By combining with the femtosecond direct
laser writing (fs-DLW) fabrication technique, the anion-exchange reactions may occur
at specific points of the gradient-halide perovskites, which will modulate the
fluorescence color at the micrometer scale. Simultaneously, understanding of the ion
exchange under nanofabrication in such structure is also crucial for its on-chip

applications.
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3.4 Spectroscopic techniques for charge carrier dynamics

process

3.4.1 Methods for carrier lifetime and diffusion length measurements

The charge carrier processes has been widely investigated by several techniques. For
instance, the TA technique for ultrafast process on the picosecond scale, and the
cathodoluminescence method on the nanoscopic scale. Among these techniques, TRPL
detect the carrier process on the microsecond scale, which is the scale for the lifetime
of perovskite materials. Based on the repetitive time registration of single fluorescence
photons under laser pulse, the fluorescence intensity decay and thus lifetime is obtained

by this method. The typical TRPL experimental setup is illustrated on Chapter 3.4.2.

Various techniques and methods have been utilized for the study of carrier diffusion
lengths. For instance, optical spectroscopic contactless methods like
photoluminescence quenching (PLQ) and TA microscopy techniques, as well as
electrical probes such as time-of-flight (TOF) technique, Hall effect technique and

space-charge limited-current (SCLC) measurements are employed.

For the electrical techniques, an electrical field or magnetic field is added to the device.
For example, following a voltage pulse, the transient current is monitored in TOF
method. By identifying the transit time and the thickness carrier travelled, the carrier
mobility is thus extracted. In Hall effect measurements, the carrier mobility is calculated
according to the built-up Hall voltage induced by the deflection of charge carriers in
magnetic fields. Meanwhile, the SCLC technique extracts the charge-carrier mobility

from the Mott-Gurney law, after monitoring the current as a function of bias voltage.

As the optical spectroscopic techniques are contactless methods, it is more popular for
the carrier diffusion length measurement of neat perovskite materials. In principle, these
techniques can be classified into two mechanisms, absorption and fluorescence, both
mechanisms can be divided into steady-state (with time integral) and time-resolved

techniques.

Among the absorption techniques, a variety of spectroscopic techniques have been
employed for the investigation of charge carrier dynamics processes, including the

transient absorption and transient PL spectroscopies based on terahertz absorption,
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optical absorption, microwave conductivity and so on.

For instance, transient absorption (TA) spectroscopy is a well-established pump-probe
technique, with time resolution down to femtosecond regime. This method measures
the absorption changes in the excited sample by the laser pump, and the information
comes without relying on the radiative efficiency of the sample.*’ Due to its ultrafast

probe, the hot carrier dynamics can be investigated by a unique kinetic model.

Time-resolved terahertz absorption spectroscopy (TRTS) is an optical pump / THz
probe technique on a sub-picosecond timescale. It selectively monitors photoinduced
free charge carriers, as a THz wave with a photon energy in the 1-100 meV range can
be responded by the low-energy excitations of photo-generated charges in terms of
carrier generation, scattering and lattice vibrations.” The diffusion parameters of bulk
film perovskites can also be extracted by the TRTS technique, however, the method
depends on the Drude-like model, which is not suitable for the nanostructured

perovskites.

By fabricating thin films with and without an electron/hole layer, PL quenching
technique is possible to accurately determine the diffusion length and diffusion
coefficient. After obtaining the PL decay of samples with the absence and presence of
carrier quenching layers, these results can be analysed in a diffusion equation, and the
diffusion length or both electrons and holes will be determined by changing the

quenching layer.

3.4.2 Steady-state and time-resolved photoluminescence technique

For fluorescence techniques, the steady-state and time-resolved photoluminescence
technique is a versatile and most common tool among these spectroscopic techniques.
By recording the PL wavelengths and intensities, the steady-state PL helps with the
analysis of material components and some optical characteristics. By recording the
population of emitted photons as a function of time after the sample been excited by a
pulsed light source, the TRPL results help with the analysis of carrier recombination

and diffusion processes.
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A localized steady-state PL and TRPL system is used in our experiment. In this
measurement setup, a confocal microscope setup helps to locate and focus the excitation
position on a small part of the sample. Under laser excitation, the fluorescence is
collected by an objective and then analyzed by both PL and TRPL units. The PL unit
investigates the spectrally selected components of the fluorescence while the TRPL
measurement shows the PL decay as a function of time difference between excitation
and emission. Figure 3.10 shows the schematic illustration of the localized PL and

TRPL system setup in our experiments.

Objective Objective
[ N A
405 nm
I | —_—
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Mirror 3-Axis Stage I- 'I
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CCD Camera

Figure 3.10 The schematic illustration of localized time-resolved and steady-state PL

measurement setup.

In this setup, the sample is fixed on a 3-axis stage so that the sample location can be
adjusted conveniently. The fluorescence is measured by a transmission configuration in
which the laser is directed at the left side and the emission is collected from the right
side of the sample. The 405 nm pulse laser is focused on the sample surface via an
objective, and a neutral density filter is used to attenuate the laser intensity. Upon
excitation, the sample will emit fluorescence at a longer wavelength than that of the
excitation laser. Before collected by detectors, the emission is gathered by another

objective and a focusing lens, and then passed through an optical long-pass filter to
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block out scattered excitation light. The two objectives are strictly aligned to ensure the
transmitted PL is largely acquired. A bright-field microscopy technique is used to help
locate the sample. The white light transmitted the sample, and the sample image is
collected by a charged-coupled device (CCD). Under laser excitation, the sample
fluorescence image can also be collected by the CCD after the laser excitation is
blocked out, an example of the CCD image and fluorescence image of an FAPbBr3

perovskite NP is shown in Figure 3.11 (a, b).

The steady-state PL is analyzed by a spectrometer. By breaking up the collected
fluorescence, the spectrometer detects the fluorescence wavelengths and intensities,
which is helpful to investigate the spectroscopic behavior of perovskites, for example,
to identify or confirm halide components of mixed-halide perovskites by PL

wavelengths. The PL result of the FAPbBr3 perovskite NP is illustrated in Figure 3.11
().

The detection of photons in TRPL measurements is achieved by the time-correlated
single photon counting (TCSPC) technique, which involves two repeated steps: First,
the pulse laser is running on its internal clock and excite the sample repetitively. The
trigger signal of each pulse is synchronized to the TCSPC unit directly by the power
supply of the laser. Second, the emitted photon from the sample is collected and
detected by a single photon avalanche diode (SPAD), and the time of the photon arrival
is determined by the TCSPC unit as well. The time difference between excitation and
emission is thus obtained for every detected photon like a stopwatch. With periodic
excitation and emission, the stopwatch readings are collected over multiple cycles and
the fluorescence decay profile can be reconstructed when sufficient counts have been
collected. Figure 3.11 (d) shows the TRPL result of the FAPbBr3 perovskite NP obtained

by this experimental setup.
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Figure 3.11 An example of the (a) CCD image, (b) fluorescence image, (c)
normalized PL and (d) TRPL results of an FAPbBr3 perovskite NP based on the

experimental setup.

Moreover, PL and TRPL measurements for samples at macroscopic scales can be
achieved by removing the two objectives in Figure 3.10. Instead of been focused on a
small point, the laser pulses will excite on a larger area. Meanwhile, all the emission is

collected, and the results will be the average PL properties of the sample.

Besides the system in our experiment, TRPL systems are also compatible with other
components. For instance, by point-to-point scan, the single point excitation/single
photon detection TCSPC method can generate an image for the whole sample, which is
known as fluorescence lifetime imaging (FLIM) technique. The image is based on the
contrast of individual fluorophore lifetime. The spatially distribution and local carrier

dynamics of perovskite grains can be investigated.”*"?
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3.4.2 Femtosecond direct laser writing technique for on-chip fabrication

The direct fabrication of precise micropatterns on a single perovskite crystal is of great
importance for its optical applications such as nanolasers, photonic chips, and
multicolor displays. For instance, Dou et al. demonstrate spatially resolved multicolor
CsPbX3 (X = Cl, Br, I, or alloy of two halides) nanowire heterojunctions with a pixel
size down to 500 nm with the photoluminescence tunable over the entire visible
spectrum.’* By combining the facile anion-exchange chemistry with nanofabrication
techniques, the method make accurate control over the composition, band gap, energy
level (band bending), and doping level show great potential in high-resolution
multicolor displays beyond current state-of-the-art technology as well as high-density

diode/transistor arrays.

Direct laser writing is a mask-free, inexpensive nanofabrication technique with high
enough quality. It has emerged as a rapid, flexible fabrication of nanostructure in recent
years. The experimental setup of a homemade fs-laser fabrication system is shown in
Figure 3.12.7° By controlling the fs-laser power, a designed amount of sample in the
laser exposed regions can be removed and/or photochemical reactions can be induced,
leading to the reduction of sample thickness, as well as the change of local physical
properties. For example, Zheng et al. fabricated the microscale graphene oxide lenses
by this one-step fs-DLW technique.”® An unique and giant refractive index and
absorption modulations of the sprayable graphene oxide thin film was achieved during
the fs-DLW process. Combining with this nanofabrication technique, spatially resolved
fine-tuning of the fluorescence color may achieve. Moreover, in a specifically designed
mixed-halide perovskites in which the ratio of iodide-bromide changes along the depth
and thus exhibits gradient bandgap along the depth, it is possibly to vertically modify
the sample together with high resolution in plane, which allows to develop on-chip

optical applications.
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Figure 3.12 Experimental setup of the laser fabrication system. ES: electronic shutter;
BES: beam expanding system; BS1 and BS2: beam splitter; LED: light-emitting

diode; Sample: GO film; OBJ: objective; CCD1 and CCD2: charge coupled device.”
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Chapter 4

Determining In-Plane Carrier Diffusion in Two-
Dimensional Perovskite Using Local Time-Resolved

Photoluminescence

The diffusion length of photogenerated carriers is a crucial parameter in semiconductors
for optoelectronic applications. However, it is a challenging task to determine the
diffusion length in layered nanoplatelets due to their anisotropic diffusion of
photogenerated carriers and nanometer-thin thickness. Here, we demonstrate a novel
method to determine the in-plane diffusion length of photogenerated carriers in layered
nanoplatelets using local time-resolved photoluminescence. An in-plane carrier
diffusion length of 1.82 pum 1is obtained for an exfoliated (BA):Pbl4
(BA=CH3(CH2)3NH3) perovskite nanoplatelet. This method is particularly useful for
weak luminescent materials and the materials that are easily damaged by long-term
laser beam because of the high detection sensitivity. This technique is extendable to
other layered materials and therefore plays a valuable role in the development and
optimization of 2D and 3D semiconductor materials and devices for photovoltaic and

photonic applications.
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4.1 Introduction

The family of two-dimensional (2D) materials has grown considerably since the first
isolation of graphene. Their unique properties, which are very different from their bulk
counterparts, offer a great flexibility in terms of their potential applications.”” Organic-
inorganic hybrid perovskites have attracted considerable research interest in recent
years due to the enormous potential for highly efficient optoelectronic applications,
such as solar cells®?°, light-emitting diodes (LEDs)!?> 78 and photodetectors (PDs)!™ -
80 With intrinsic higher photostability and chemical stability, two-dimensional (2D)
Ruddlesden-Popper perovskites (RPPs) are promising candidates for various functional
devices.? 77 8183 In such 2D RPP structures, natural multi-quantum-well (MQW)
structures are formed as inorganic layers and intercalated with organic cations acting as
spacers.”’ Due to the quantum confinement, the electron-hole interaction within the
exciton is very strong, resulting in substantial oscillating strengths and large exciton
binding energies.”! What is more, only in-plane anisotropic carrier diffusions are

allowed in these natural MQW structures.?*

Diffusion length is a critical parameter for semiconductor materials and the
optimization of their applications. Long diffusion length is considered as one of the
most critical advantages of perovskites for its applications in solar cells.® % However,
the diffusion length measurement of 2D thin perovskite samples is difficult, and the
results are very controversial.® Proper methods for determining the diffusion length,
both theoretically and experimentally, are of vital importance. Therefore, a wide range

%7 such as time-resolved microwave

of techniques have been reported to date,
conductivity®, space-charge limited current®, Hall coefficient, and resistivity
measurements?, time-of-flight transients®> and PL quenching’. Most of these
techniques require a large-scale sample to enable the deposition of electrodes or obtain
detectable spectroscopic signals, which are not practical for the measurement of 2D
nanoplatelets (NPs), such as perovskite ultrathin flakes. Exciting progress using
microscopic and spectroscopic techniques has been made recently. Tian et al. obtained
carrier diffusion lengths of individual single-crystal nanowire and nanoplate on a
confocal microscope by parking the excitation laser spot in a specific position and

scanning the whole sample to emit photons.®® Using femtosecond transient absorption

microscopy, Huang, and co-workers®” measured the carrier diffusion length in
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perovskite polycrystalline film. The limitation of these techniques is that the PL
efficiency of the sample should be very high and/or the sample must be stable under

high laser excitations to ensure enough photons are collected for good quality PL signal.

Here, a novel method using the time-resolved micro-PL technique is developed for
robust measurement of the in-plane diffusion length in 2D RPP, not requiring
specifically designed confocal scanning microscope or transient absorption
microscopy. In this technique, the measurement can be conveniently achieved in thin
NPs, and the edge trapping states of these NPs are used as natural quenching sources
for determining the in-plane carrier diffusion from the laser excitation spot to sample
edge. Different from the previous confocal microscope method,?* the collecting spot is
the same as the excitation spot, and lower excitation intensity is required for acquiring
high quality signal. Therefore, this method can be applied to samples with relatively
low PL efficiency. By modelling the PL kinetics of multiple excitation positions with
gradually decreased distance to the edge of the NP, the diffusion length of 1.82um is
determined in a 2D perovskite thin NP exfoliated from a (BA),Pbls single crystal
(BA=CH3(CH2)3:NH3). This method can be extended to other 2D nanosheets, which is

hugely useful in the development and optimization of 2D materials and their devices.

4.2 Experimental Section

Synthesis of 2D BA2Pbls crystals: The synthesis of BA2Pbls single crystals is based
on the method by Stoumpos et al.?® with some modifications. Lead acetate (Pb(COO)s)
powder (1.6 g) was dissolved in 5 mL of 57% w/w aqueous hydroiodic acid (HI)
solution at room temperature under constant magnetic stirring, which formed a bright
yellow solution. Meanwhile, in another bottle, n-CH3(CH2);NH> (0.9 mL) was slowly
neutralized with 5 mL of HI 57% w/w in an ice bath. Then, the n-CH3(CH2);NH3l
solution was dropwise added to the lead solution under 100°C and stirring, which
initially produced a black precipitate, and subsequently dissolved under heating the
combined solution to boiling. The stirring was then stopped, and the solution was left
to cool to room temperature during which time orange plate-shaped crystals can be
obtained. The precipitation was deemed to be complete after about 2 hours. The crystals

were isolated by filtration and thoroughly dried under reduced pressure.
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Synthesis of 3D MAPbBr3s NPs: The MAPbBr; NPs were fabricated by the CVD
method. First, 1 mg of PbBr, powder was dissolved in 1 mL of deionized water and
heated at 90 °C to get the saturated PbBr» aqueous solution. Hexagonal PbBr
nanosheets were observed a few minutes after the solution was dropped into glass
substrate. Second, the MABr powder was placed at the centre of a CVD furnace, while
the substrates with Pbl> nanosheets were mounted downstream of the apparatus. During
the whole vapor conversion process, temperature was 140 °C, and pressure was =500
mTorr with a controlled Ar gas flow rate of 35 scem. After around 2 h, MAPbBr3 NPs

were synthesized.

Optical spectroscopy: Steady-state PL spectra and PL decay trace were performed on
a microscopic fluorimeter system. A 405 nm picosecond diode laser (pulse duration 50
ps) is used as excitation source. The perovskite NPs were excited through an objective
of 80 x NA 0.75 at a repetition rate of 2.5 MHz. The laser beam is attenuated using a
neutral density filter and the excitation fluence is 200 mW/cm?. The emission was
filtered through a 515 nm longpass filter. PL spectra were detected by a spectrometer
(Ocean Optics, QE-Pro). TRPL were acquired by time correlated single photon
counting (TCSPC, PicoHarp 300). The thickness of the sample was determined using

an optical profiler (Bruker). All the measurements were conducted at room temperature.

4.3 The determination of carrier diffusion

4.3.1 The method design for the carrier diffusion determination

The 2D perovskite (BA)2Pbls single crystal used in this study was synthesized by a
modified Stoumpos’ method®® and stored in a nitrogen atmosphere (see the
Experimental Section for details). The exfoliated NP was peeled off from the as-
synthesized perovskite single crystal by the Scotch-tape mechanical cleavage
technique®® and attached to a glass substrate. The transmission electron microscopic
(TEM) image of the exfoliated crystal can be found in Figure S4.1 (a)’’ in Supporting

Information.
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Figure 4.1 (a) Layered structure of (BA)2Pbly, and the scheme of laser excitation

points. (b) Optical Image of the exfoliated (BA),Pbls NP, and locations of excitation

points. The height profiles indicate the thickness of 218 nm. (c) Normalized PL

spectra at various points under 405 nm laser excitation. The inset is the PL intensity of

the excitation points as a function of the distance to the edge. (d) Excitation power

density versus integrated PL intensity for Point 1 (black dots) and the linear fitting in

dual-logarithmic coordinate (red line).

Local steady-state PL spectra and time-resolved PL decay were performed on the

exfoliated (BA):Pbls NP over a range of distances to the NP edge. The scheme of the

layered structure 2D perovskite is shown in Figure 4.1 (a). Photogenerated carriers will

diffuse along the inorganic layers. Without further processing or passivation, edge-

trapping states are available at the edges, as the 2D expansion of perovskite layer

terminates at the NP edges.***? The edge trapping state acts as a quenching source for

the photogenerated carriers when the excitation spot is close to the edge, resulting in an

extra direction. Different laser excitation positions are designed from the center to the
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edge. The first point chosen is at the NP center (far from the edge where edges effects
are negligible, e.g., about 20 um away depending on the diffusion coefficient).
Remaining three points are selected with a gradually decreased distance to the edge (for
example, 9.03 pm, 1.44 um away from the edge). The last point should be close to the
edge (e.g., 1.01 um) where edge effect plays a vital role in trapping/draining
photogenerated charge carriers. These designed laser excitation positions (Point 1 to
Point 4) correspond to the positions in the optical image of (BA)2Pbls NP (Figure 4.1
(b)). The thickness of the NP is 218 nm, measured by a 3D profiler, and the absorption

spectrum is shown in Figure S4.1 (b).

Normalized PL spectra of different points at an excitation of 405 nm laser are presented
in Figure 4.1 (c), with the same PL peak at 530 nm. There are reports in the literature
that PL of thin (BA),Pbls films shows a symmetric peak centered at 519 nm when no
other optical effects, e.g., photon reabsorption, is presented.”> In comparison, the PL
spectrum of the (BA).Pbls films red-shifted in our case, which can be ascribed to the
disorder of the crystal with thickness increasing.>’ **> PL intensities of different points
are compared under the identical excitation intensity (Figure 4.1 (c) inset). The PL
intensity decreases from the NP centre to the edge (point 123) due to the gradually
increased edge quenching effect. When the excitation point is very close to the edge
(point 4), PL intensity increases, which is similar to other studies.”®” Waveguide effect
can be an essential factor in this experiment. For the first three points away from the
edges, a large portion of the interior PL emission cannot be extracted due to the large
refractive index.’” However, at point 4, part of the emission can be extracted from the
edge in addition to that from the upper surface, taking into account the high numerical

aperture (NA 0.75) of the collection objective.

To confirm the carrier recombination mechanism, PL intensity was measured as a
function of excitation fluence (Figure 4.1 (d) for point 1). In a double-logarithmic scale,
the linearity with a slope of 0.98 suggests excitons dominated the recombination
process’®. In 2D layered-structure perovskites, the thickness of the metal halide layer
decreases to the scale of de Broglie wavelength®, resulting in the enhanced quantum
confinement on charge carrier behavior, similar to that in the typical multiple quantum
wells. The significant mismatch in dielectric constants between inorganic and organic

layers will result in high exciton binding energy (~300 meV) and anisotropic charge
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transport.>” 1% In such a strong confined system of dielectric and quantum, excitons are

expected to be the dominant carriers.!?!"'% Similar results were shown in the other 3

detected points.
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Figure 4.2. (a) PL decay (dots) and bi-exponential fitting (lines) for various excitation
points. (b) Effective lifetime (black dots) plotted vs. the distance. The data were fitted
by equation 2 (red line), Edge recombination velocity, and diffusion coefficient values

are acquired.

4.3.2 Determining in-plane carrier diffusion in 2D perovskite

PL decay traces are measured by time-correlated single-photon counting (TCSPC)
technique (Figure 4.2 (a)). To confirm the uniformity of the sample, PL decay curves
were firstly measured at a few central points (far from the edge with a distance larger
than 20 pm). For these points, the distance to the edge is initially expected to be much
larger than the diffusion length, according to the reported diffusion length of a 3D
perovskite single crystal (6.0 um for MAPbBr3®®). The very similar PL decays indicate
the excellent uniformity of the sample. Secondly, PL decay traces were measured at
point 1—4 under an identical condition. With the distance to the edge decreasing, PL
decay curves exhibit a faster decay. This can be ascribed to an increased contribution

of edge trapping.'*

Upon laser excitation, photons are absorbed by the perovskite in the spot, and

photogenerated excitons are quickly formed. The excitons will relax radiatively via
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emitting photons, or non-radiatively through defect trapping. When the distance to the
edge is significantly larger than the diffusion length (in the case of point 1 with distance
> 20 um), the role of the edge trapping is negligible.’> * In this case, the dominant
relaxation mechanism includes exciton recombination and Shockley—Read—Hall
recombination.’® When the excitation spot is close to the edge, excitons can diffuse
toward the edge and be trapped via nonradiative recombination. As the distance
decreases, the possibility of excitons being trapped by the edge has increased. We notice
that photon recycle can result in the change of PL decay.’’ Taking the details of the
experiment into account in which the sample has the uniform thickness and the identical
experimental conditions are applied for each point, the influence by photon recycling
is expected to be the same for measurement for all the selected points. Therefore, edge
state quenching is the dominant mechanism for the lifetime variation observed in
different points/locations, and photon recycle would not apparently impact the

conclusion in these measurements.

To obtain quantitative insight into the carrier diffusion and edge trapping, the PL decay

curves are fitted by a two exponential decay function: I(t) = A exp (—TL) +
1

Ayexp (— é) 52,105 P, decay curves are nicely fitted by this function and shown in

Figure 4.2 (a). All fitting parameters are tabulated in Table S4.1, and the effective

lifetime is calculated by T.5f = W for each point.'% When approaching the
1 2

edge, the excitons have increased possibility to be trapped by edge states. This
additional relaxation channel can result in a faster PL decay. Their effective relaxation
rate (t.s,) originates from the interior relaxation rate (z;,) and the edge trapping rate

(Teage) With the following relationship: 107

1 1 1

Teff Tin Tedge

(4-1)

where t;,, includes radiative recombination, nonradiative recombination and surface
defects trapping by the barriers (surface). Figure 4.2 (b) shows the effective lifetime as

a function of the distance to the edge.

The diffusion lengths of perovskite materials have been previously reported in the range

of hundreds of nanometers to a few micrometers.’> ®-# For point 1 in our experiment,
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the distance to the edge (21.96 um) is much larger than the reported diffusion length.
Thus, excitons are unlikely to diffuse to the edge, and carrier trapping by the edge is
negligible (s ~ 7;,). This is confirmed by the very similar PL decay curves at the

different spots with a large distance to the edge (>20 um).

When the excitation point is approaching the edge, excitons have increased possibility

to diffuse to the edge and be trapped. The Tegge can be approximately given by>* 107108

Tedge = % + % (%)2 (4_2)

where W is the distance between the excitation spot to the edge, D is the in-plane
diffusion coefficient of the excess excitons, and ERV is the edge recombination

velocity.

Combining equations (4-1) and 4-(2), the relationship between the effective lifetime

7.sr and the distance W can be obtained by:

Tefr = Tin " [1— %] (4-3)
zav* o) *Tin
The effective lifetime as a function of the distance can be well fitted by equation 4-3
(Figure 4.2 (b), red line), and parameters of D and ERV are acquired: D = 53.6 cm?/s
and ERV = 1.24x10° cm/s. Then, the in-plane diffusion length is calculated by L =
Dreff,85 L =1.82 um. Herz et al. estimated that the diffusion length of 2D perovskites

can reach a maximum of 2.5 um according to the mobility!* although others consider
the diffusion length should be below 100 nm referring to the organic semiconductors
with similar exciton binding energy because the excitonic effect tends to enhance

charge carrier recombination and curtail carrier diffusion.!®”

The diffusion coefficient/length acquired by this method is larger than other works,
calculated diffusion lengths of 2.5 pm (mobility 10 cm?V~'s™!, by THz probe)’!' and
0.16 pm (D = 0.06 cm?/s, by femtosecond TA microscopy).''® Two possible reasons
should be taken into account: (1) the diffusion in our work is actually quasi-one
dimensional (directional) due to the quenching of the edge trapping, which means that
larger carrier density gradient can form due to large edge/surface recombination

velocity, and the reported diffusion length in one-dimensional nanowire is generally
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large, e.g. average diffusion length of 14.0 + 5.1 um for CH3NH3Pblz and 6.0 £ 1.6 um
for CH;NH;PbBr3;® (2) Because of the high detection sensitivity of the same-position
excitation-detection TCSPC set-up, significantly larger impacted radium (up to 4-5 pm)
is observed. In contrast, the impacted radium is usually less than 1um in other works.
For example, in TA microscopy method, where the incident laser is fixed on one point
and the surrounded TA signal is acquired by scanning the probe, a short diffusion length
of 0.16 um was obtained for isotropic in-plane diffusion in 2D perovskite.!!” The large

impacted radium is approximately matched with the large diffusion length.

To understand the role of the thickness of 2D perovskite on carrier recombination
dynamics, an exfoliated (BA),Pbls NP with a thickness of 2305 nm was investigated,
as shown in Figure S4.2 (a). Four points were chosen from the center to the edge to
perform the measurement. It is reasonable that the PL spectrum (Figure S4.2 (b)) is the
same as that of the thin NP because they were exfoliated from the same perovskite
crystal. PL decay curves were measured under the same condition (Figure S4.2 (c)). All
these curves can be well fitted by the same bi-exponential function. The fitting
parameters and effective lifetimes are summarized in Table S4.2. Like the thin NP, the
lifetime of thick NP decreases upon approaching the edge. Fitted by equation 4-3, the
in-plane diffusion coefficient D = 47.8 cm?/s, edge recombination velocity ERV =
1.13x10° cm/s and diffusion length L = 1.83 um are extracted. These 2D perovskite
materials with two different thicknesses ~200 nm and 2000 nm can roughly represent
the range from the nanoscale to macroscale, while the resulted diffusion parameters are
similar in both cases. These results illustrate that the thickness of (BA)>Pbls NP has a
limited impact on its diffusion length, which is not surprising as excitons in 2D
perovskites are expected to be tightly confined in the inorganic layers. This is
considered to be a general case in the 2D perovskites with n>1, as long as that the
quantum-well like in-plane confinement is valid in these 2D perovskites because of the

confinement of the organic spacers.

One might note that some 2D RPPs with n>1 have intricate energy band structure and
photocarrier dynamics, therefore yielding not only excitons but also edge-state
emissions*? and affecting the applicability of this model. Essentially, the carrier/exciton
population on the conduction band is detected through probing the PL decay at

corresponding wavelength. A suitable bandpass filter was used for selecting the PL
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emission and filtering the other wavelength emission, since edge state emission is found
at the lower energy/longer wavelength compared to exciton-state PL. In our model, the
edge trapping effect is considered to generate a quenching source of photo-generated
carriers/excitons, which will direct the excited carriers/excitons to diffuse directionally
toward the edge. Therefore, the detected PL decay will not be affected by the edge-state
emission in our experiments. It is important to selectively detect the decay of the band-
to-band emission if the sample has intricate energy band structure. Therefore, this

method also works for 2D RP perovskites with n>1.

4.3.3 Determining carrier diffusion in 3D perovskite

This method can also be used in 3D thin perovskite NPs, providing a simple technique
for experimental measurement of diffusion coefficient (diffusion length) and edge
recombination velocity. A MAPbBr3 NP (205 nm thickness) was used as an example.

d,’> """ and details

The NP was fabricated by a chemical vapor deposition (CVD) metho
are provided in the Experimental Section. When the distance between the excitation
spot and the edge decreases, the photogenerated carriers have an increased possibility
to diffuse and be trapped by the edge. This will result in the change of PL decay.
Schematically shown in Figure 4.3 (a), four points are selected from the NP centre to
the edge. The optical image of the perovskite NP and four excitation points are shown

in the inset of Figure 4.3 (b). The absorption spectrum is shown in Figure S4.3 (a).
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Figure 4.3 (a) MAPbBr; cubic structure and exciting points located from the center to
the edge. (b) Normalized PL spectra of different points. The inset is the optical image,
locations of excitation points, and the thickness (205 nm) of the MAPbBr3; NP. (¢)
Experimental PL decay (dots) and bi-exponential fitting (lines). (d) Extracted
effective lifetimes (black dots) and fitting (red line) by equation 4-3, plotted vs. the

distance.

Figure 4.3 (b) shows the PL spectra of these points. A slight wavelength shift was
observed, from PL peak of 538 nm (Point 1) to 544 nm (Point 4), suggesting the
presence of defect states or shallow trapping levels at the edge.”> !> The PL intensity
as a function of distance for the 3D crystal is shown in Figure S4.3 (b). The tendency
is not the same as that of 2D perovskite. This is expected to be a complicated process
in which PL emission generation, carrier diffusion, photon propagation, and photon
recycle occur in the interior region of the sample (refractive index around 1.4). The
emitted photons partly refract/escape out and are collected by the objective. The edge

has a quenching effect and results in a decrease of PL intensity. The waveguide effect

50



of the platelet sample results in an increase of PL intensity in the edge, but the effect
also depends on the edge shape. Therefore, it is difficult to accurately estimate the
contribution of each component. We consider that the waveguide effect plays a
dominant role in the 3D sample while the quenching effect dominates in the 2D sample.
Therefore, PL intensity is not used for accounting for the quenching effect of the edge
state. Besides, the 3D NP shows a slope of 1.9 in a double-logarithmic scale of steady-
state PL (Figure S4.3 (c)), unsurprisingly confirming that the bimolecular

recombination of free electrons and holes dominates the recombination process. > %

Therefore, PL decay curves were measured for various points using identical excitation
intensity, shown in Figure 4.3 (c). As distance decreases, a fast-decay component
appears and keeps enhancing in the PL decay curve, indicating that more carriers can
diffuse to the edge, which highlights the contribution of edge trapping. By performing
bi-exponential fitting, the effective lifetimes were obtained (Table S4.3). By fitting the
effective lifetime using equation 4-3, D = 2.9 cm?s and ERV = 3.1x10* cm/s are
extracted. The diffusion length of L = 1.16 pum is then obtained. It should be noticed
that the edge trapping does not selectively quench electrons or holes in this case.
Therefore, this diffusion length is for both electron and hole, along the in-plane
direction. Moreover, these measured results are within the range of reported values
measured in similar MAPbBr3; NPs,® rationalizing the measurement and calculation for

determining the diffusion coefficient (length), and edge recombination velocity.

4.3.4 Advantages and application of the methods
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Figure 4.4 Effective lifetimes are calculated and plotted as a function of the distance
between the excitation spot and the edge for various edge recombination rates (ERV)
and diffusion coefficient (D). The lifetime 7;,, was set to 1 ns for demonstration. (a)

Various D at ERV=10° cnw/s; (b) Various ERV at D = 10 cm?/s.

The precision and suitability of the method can be further explored. The typical range
of diffusion coefficient in semiconductors is 102~10% cm?/s.!!3"!!5 For a non-passivated
surface (interface or edge) in similar semiconductors, the recombination velocity is
usually in the range of 10°~10° cm/s.!'1!® The effective lifetimes as a function of the
distance to the edge are calculated according to equation 4-3 and shown in Figure 4.4.
The interior lifetime (z;,) is normalized to 1 ns for demonstration. It is reasonable that
the edge-impacted distance is sensitive to the diffusion coefficient, and therefore the
measured spots should match correctly (Figure 4.4 (a)). For a low D range (107 to 107!
cm?/s), the distance is smaller than one micrometer. This indicates the laser spot size is
an important factor, which is constrained by the optical diffractive limitation. For a

precise measurement, a large NA objective and a small laser beam size should be used.
At present, the spot radius of 0.33 um is approximately estimated by 0.61 * ﬁ (405

nm laser is focused by an objective with NA = 0.75).

In our method, a directional diffusion of the photogenerated carrier/exciton is produced
due to the presence of high density of edge defects, which acts as a natural quenching
source. As shown in Figure 4.4 (b), a low edge recombination velocity (ERV< 10%) will
result in a decrease of the directional diffusion. Consequently, the variation of the
lifetimes and the impacted distance will decrease, results in a decreased measurement
precision. In this case, an electron or hole transport layer can be deposited as a
quenching source to replace the natural quenching source. Therefore, this technique
also provides a possible extension in which electron diffusion length or hole diffusion
length can be selectively measured by depositing electron transport or hole transport

layer on the edge surface.

Moreover, this method of measuring in-plane diffusion length is relatively simple and
easily approached as it can be performed in conventional micro-TRPL setup without

critical requirements for sample preparation and imaging precision.
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Another advantage is that the excitation and detection are in the same point and very
low excitation intensity is required for acquiring high quality signal. Compared to the
techniques based on the fixed-point excitation and detection in surround points, which
requires much high excitation for acquiring same quality PL signal, this method is
particularly useful for weak luminescent materials and materials that are easily

damaged by long-term laser beam.

In addition, the deviation of the parameters of measurement does not depend on any
single point. Instead, it averages multiple points so that higher precision is expected

compared to any other single measurement.

4.4 Conclusions

We have demonstrated a novel method for determining carrier in-plane diffusion length
in 2D layered and thin NPs, using localized time-resolved PL spectroscopy. In a typical
2D perovskite (BA):Pbly single crystal, diffusion coefficient (53.6 cm?/s) and diffusion
length (1.82 um) of the (BA)2Pbls single crystals are determined. The method is also
applied to a 3D perovskite NP, and the carrier diffusion length of 1.16 pm is determined.
This technique can also apply in 2D and 3D thin films and low luminescent samples.
Moreover, this simple method can be further conveniently extended to, for example,
the selective measurement of the electron or hole diffusion length by depositing electron

or hole transport layer on the sample edge.

4.5 Supporting information
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Figure S4.1 (a) TEM image of a thin 2D (BA),Pbls nanoplatelet. Inset: Electron

diffraction pattern. (b) Absorption spectrum of a 2D perovskite nanoplatelet.
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Figure S4.2. (a) Optical Image of the thick 2D perovskite NP, and locations of the
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excitation points. The height profiles indicate the thickness of 218 nm. (b) Normalized

PL spectra of Point 1 under 405 nm laser excitation. (c) (a) PL decay (dots) and bi-

exponential fitting (lines) for various excitation points. (d) Efficient lifetime (black

—
[}

dots) plotted vs. the distance. The data was fitted by equation 4-2 (red line).
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Figure S4.3. (a) Absorption spectrum of a 3D MAPbBr3; Nanoplatelet. (b) PL

intensity of the 3D NP as a function of the excitation distance to the edge. (c) Light

excitation intensity dependence of the integrated PL for Point 1 of 3D perovskite

(black dots) and the fit to the data (red line).
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Distance (um) Aq 71 (ns) As T2 (ns)  Tefr (NS)

Point 1 21.96 0.936 0.449 0.095 2.270 0.618
Point 2 9.03 0.924 0.434 0.098 2.095 0.593
Point 3 1.44 0.503 0.424 0.049 0.424 0.424
Point 4 1.01 0.530 0.366 0.037 0.366 0.366

Table S4.1 PL decay fitting parameters and effective lifetimes for different points in

thin 2D perovskite using bi-exponential decay function.

Distance (um) Ay T1 (ns) Az T2 (ns) Tefr (NS)
Point 1 17.76 0.701 0.392 0.174 1.939 0.693
Point 2 5.31 0.674 0.401 0.127 1.928 0.649
Point 3 4.49 0.631 0.354 0.164 1.636 0.618
Point 4 1.84 0.766 0.344 0.162 1.251 0.502

Table S4.2 PL decay fitting parameters and effective lifetimes for different points in

thick 2D perovskite using bi-exponential decay function.
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Distance (um) Ai 71 (ns) Az T (ns)  Tefr (NS)
Point 1 15.88 0.201 4.5 0.672 4.5 4.5
Point 2 13.66 0.111 0.337 0.77 5.013 4.424
Point 3 7.5 0.298 0.572 0.522 6.477 4.334
Point 4 2.18 0.504 0.993 0.391 7.149 3.382

Table. S4.3 PL decay fitting parameters and effective lifetimes of different points in

3D perovskite using bi-exponential decay function.

The work in this chapter has been published in the journal article: Zhou, C.; Chen, W.;
Yang, S.; Ou, Q.; Gan, Z.; Bao, Q.; Jia, B.; Wen, X., Determining In-Plane Carrier

Diffusion

Two-Dimensional

Perovskite

Using  Local

Photoluminescence. ACS Applied Materials & Interfaces 2020.'"°
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Chapter 5

Ilumination-Induced Halide Segregation in Gradient

Bandgap Mixed-Halide Perovskite Nanoplatelets

Efficient energy funneling has exhibited great contribution to the high performance of
perovskite-based optoelectronic devices. Here, formamidinium (FA*, HC(NH),") lead
mixed-halide nanoplatelets (FAPb(Br.li..)3) with gradient bandgap are fabricated using
chemical vapor deposition followed with bromide—iodide substitution by exposure to
FABr vapor. The as-fabricated perovskite nanoplatelets exhibit pure bromide phase in
the thin nanoplatelet (tens of nanometers) and a gradual bromide—iodide composite,
thus with gradient bandgap (2.29-1.56 eV), in the thick nanoplatelet (more than
hundreds of nanometers). Accordingly, photoluminescence (PL) spectra are observed
at 540, 560/610, and 735/790 nm, respectively. In such gradient bandgap structures,
photogenerated carriers can effectively transfer and emit in the low bandgap region by
energy funneling. With illumination, the PL spectrum of Br-rich phase exhibits blueshift
and therefore 610 nm band disappears. In contrast, redshift is observed in I-rich phase
due to the decrease of 735 nm band while an increase of 790 nm band. It is demonstrated
that irreversible and stable phases are formed with illumination in both Br-rich and I-
rich nanoplatelets. This investigation develops a method to fabricate gradient bandgap
perovskites with designed energy funneling, and also provides significant insight into
the halide segregation in such special perovskites, which greatly benefits their future

optoelectronic applications.
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5.1 Introduction

Organic—inorganic hybrid perovskites have attracted considerable research interest in
recent years due to the enormous potential for highly efficient optoelectronic
applications such as solar cells, light-emitting diodes (LEDs), and photodetectors
(PDs).!341:78: 120 The power conversion efficiency (PCE) of perovskite-based solar cells

12 since the first reports of perovskite solar cells in 2009.?

has already exceeded 22%
The excellent performance has been attributed to their unique properties including long
carrier diffusion lengths,> high optical absorption coefficients,'?> and high defect

123

tolerance. ©> More recently, mixed-halide and mixed-cation perovskites have been

demonstrated with high thermal and humidity stability?” 122

as well as the ability of
continuously tuning the bandgap, which are critically important for their practical
applications and commercialization.'?* By increasing the portion of iodide ions, the
bandgap of mixed-halide perovskite decreases, leading to the redshift of
photoluminescence (PL) spectra. 2® It has been shown that the bandgap can be tuned
over the range of 1.6-2.3 eV by changing the ratio between Br and I or Cl and I in
mixed-halide perovskites,'?> which extends their optoelectronic applications such as
tandem solar cells.? 126 In special halide-gradient perovskite materials, photogenerated
carriers can transfer effectively from high-bandgap region to low-bandgap region,
which can achieve highly efficient energy funneling.!! For example, Tian et al. reported
long-distance charge carrier funneling over a few micrometers in bromide-gradient

mixed-halide perovskite single-crystalline nanowires.!! A bright and efficient near

infrared LED using solution-processed perovskite energy funnels was also reported. '?

Numerous efforts have been made on bandgap engineering of perovskite layers by
replacing the metal cations and/or varying the composition of halide ions, because of
the potentially enhanced electron—hole collection efficiency and thus improved
efficiency in perovskite-based tandem solar cells or LEDs.!" 27 Despite these
improvements of photovoltaic performance, mixed-halide perovskites exhibit
unwanted phase segregation under light irradiation or electric field exposure, which is
detrimental for applications.?® 3164 128-130 1t a5 reported that the formamidinium (FA™,

HC(NH2):") cation mixed-halide perovskite FAPb(Bro.¢710.33)3 film exhibits significant
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PL redshift from 620 to 785 nm, accompanied with a small phase appearing at around

540 nm under a continuous illumination.'?

Moreover, spectrally resolved
electroluminescence as a function of time under constant current injection conditions is
also observed.'®! Although PL shift in mixed-halide perovskites has been intensively
observed, and is generally ascribed to phase segregation, the observations display much
discrepancy, and the mechanisms is still under debate.3!-4*6466- 132 The detailed physical

process for phase segregation and illumination effect, in particular for gradient bandgap

mixed-halide perovskite, has not been discussed before and remains unclear to date.

Compared to the solution-based method, vapor deposition processes allow more
uniform deposition of high crystalline perovskite materials in a precisely tuneable and
scalable environment. Here, using a two-step chemical vapor deposition (CVD) method,
we fabricated high-quality halide-mixed FAPb(Br,li-x)3 nanoplatelets (NPs) by using
halide substitution from pure FAPbIs. In the suitably thick NPs, the ratio between Br
and I exhibit gradual variation along the depth, and therefore gradual bandgap changes
from 2.29 eV (FAPbBr3) to 1.56 eV (FAPbI3). The gradient halide composition along
the thickness is demonstrated by a depth-resolved energy dispersive spectroscopy (EDS)
measurement. Using steady-state micro-PL imaging and time-resolved PL methods, we
investigate the halide substitution and the special configuration of halide composite
along the depth. We show the PL funneling in such gradient bandgap NPs. Light
illumination-induced phase segregation is observed and discussed in the gradient

bandgap NPs.

5.2 Experimental Section

The FAPb(IBri—)3 nanosheets were fabricated by the CVD method."** First, 1 mg of
Pbl> powder was dissolved in 1 mL of deionized water and heated at 90 °C to get the
saturated Pblo aqueous solution. Hexagonal Pbl> nanosheets were observed a few
minutes after the solution was dropped into glass substrate. Second, the FAI powder
was placed at the center of a CVD furnace, while the substrates with Pbl> nanosheets
were mounted downstream of the apparatus. During the whole vapor conversion
process, temperature was 140 °C, and pressure was =500 mTorr with a controlled Ar

gas flow rate of 35 sccem. After around 2 h, FAPbI; NPs were synthesized. Then, under
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excess FABr vapor environment at the same temperature and pressure, bromide
substitution occurred partially or completely depending on the thickness of the as-
grown FAPbI; nanoplatelets. FAPb(Br.li1-x)3 perovskite NPs on glass substrates were
finally resulted.

Steady-state PL spectra and PL decay trace were performed on a microscopic system.
Hybrid perovskite NPs were excited by a 405 nm picosecond diode laser (pulse duration
50 ps) at 2.5 MHz repetition rate through an objective. PL was collected and focused
onto the spectrometer and detected by a CCD detector. FLIM and TRPL were recorded
by confocal microscopy (Picoquant Micro Time 200). The thickness of the sample was
measured using an optical profiler (Bruker). All the measurements were conducted at

room temperature.

5.3 Gradient bandgap structure of the mixed-halide

perovskite nanoplatelets

The mixed-halide perovskite NPs were prepared by a two-step CVD method, as
schematically shown in Figure 5.1 (a) (see the “Experimental Section” for details). First,
saturated Pbl> solution was cast onto a glass substrate and heated at an elevated
temperature, during which Pbl, nanosheets will nucleate.** '3 Subsequently, the
FAPDI3 perovskite NPs were fabricated by intercalating the FAI molecules into the
interval sites of Pbl6 octahedron layers.*> 13 The thicknesses of these NPs vary from
dozens to thousands of nanometers. In the second step, to synthesize halide-gradient
FAPb(Br:li-+)3 NPs, as-grown FAPbI3 perovskite NPs were placed in excess FABr
vapor environment. During this process, halide exchange reaction occurs, i.e., the
iodide in FAPbI; is slowly replaced by bromide, from the top surface and then gradually
to the inner part of the NPs. It is expected that the thickness plays an integral role in
determining the internal structure of FAPb(Br.li-x)3 NPs as iodide is partially or
completely exchanged by bromide at certain reaction time. Thus, these NPs can be
classified into thin (dozens of nanometers), medium (hundreds of nanometers), and

thick (thousands of nanometers) NPs according to their thickness. Similar halide
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substitution of perovskite has been studied in solution and thin films,'3*!3 but still not

seen in the CVD method.
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Figure 5.1 (a) Schematics of the CVD fabrication of FAPb(Br:l1-x)3s NPs by halide
exchange reaction in FAPbIz NPs with different thicknesses. (b) Typical SEM image
of a thick NP. (c) Schematic of the EDS e-beam penetration depth within thick
perovskite NP of energy deposited at 5, 10, 15, and 20 keV. EDS results of (d) thin
(dozens of nanometer), (€) medium (hundreds of nanometer), and (f) thick (thousands
of nanometer) FAPb(Br,li-:); NPs, respectively. (g) Enlarged iodide peaks of EDS

spectra under different e-beam energies of the thick NP.
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The scanning electron microscopic (SEM) image of an NP is shown in Figure 5.1 (b),
illustrating that the as-grown perovskite NP exhibits a hexagonal shape with good
uniformity. EDS with different e-beam energy (5, 10, 15, and 20 keV) and thus different
penetration depth was used to examine the compositional distribution of the
FAPb(Br.li-x)3 NPs. The scheme of penetration depth—dependent EDS is shown in
Figure 5.1 (c). First, a 20 keV e-beam is used for the measurements of thin (Figure 5.1
(d)), medium (Figure 5.1 (e)), and thick (Figure 5.1 (f)) NPs. For the thin NP, bromide
was the only presented halide anion, without the peak of iodide. As the penetration
depth of a 5 keV e-beam in perovskite is around 100 nm,'*® the depth of 20 keV e-beam
should be deeper, indicating that elementary information across the entire thickness is
included in the EDS result, conforming the iodides have been completely substituted
by bromides. For the medium NP, in contrast, the component of iodide is displayed
with a dim iodide peak (Figure 5.1 (e)), while bromide portion is still the dominant
halide component. Considering the thickness of medium NP is about 200 nm, the
penetration depth of the 20 keV EDS e-beam is estimated to be 200 nm or deeper. For
the thick NP, evident signal of iodide is detected. To further understand the material,
EDS measurement is conducted under different e-beam energies, and the results are
normalized by the peak of lead (Figure 5.1 (g)). When detected in 5 keV, the iodide
signal cannot be seen, confirms that the iodide ions on the top surface have been fully
substituted by bromide ions. As the penetration depth increases, iodide peak increases,

confirming the gradually increased iodide along the depth.

g
STE]
—
(=2
N
-—

Normalized Intensity

—— NP2, Thick
—— NP1, Thin

0.14
NP1, Thin

NP2, Thick

0 20 40 60 80
Time (ns)

64



Figure 5.2 (a) FLIM image of thin (large, blue) and thick (small, green) perovskite
NPs. Here the brightness represents the PL intensity and the color represents the PL
lifetime. (b) The corresponding PL decay traces of NP1 (thin) and NP2 (thick).

Fluorescence lifetime imaging microscopy (FLIM) measurements were performed
based on time-correlated single photon counting (TCSPC) technique (Figure 5.2 (a))."*’
One thin and two thick NPs were investigated. With an excitation wavelength at 405
nm (PL spectra are detected through reflection configuration), the FLIM image displays
PL intensity (brightness) and photon lifetime (color) of perovskite NPs under the
identical excitation. The FLIM image of a single NP shows a generally uniform
brightness and color (blue for thin NP or green for thick NPs), means the carrier
dynamics across the whole NP plane are generally homogeneous. On the other hand,
NPs of different thicknesses show different PL lifetimes. The lifetimes of NP1 (thin)
and NP2 (thick) are extracted and shown in Figure 5.2 (b), where thick NPs exhibit
significantly longer lifetime than the thin one. A possible reason is the impact of surface
recombination that leads to a shorter lifetime in thin NPs.>> Another likely reason is that
the PL lifetime of I-rich perovskite is naturally longer than the Br-rich perovskite.” !*8

Thus, the significantly longer lifetime may indicate the higher iodide portion in the
thick NPs, which is well consistent with the EDS results in Figure 5.1.
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Figure 5.3 Optical images of FAPb(Br.l1—); NPs with different thicknesses. The
height profiles indicate the thickness of (a) 58 nm, (b) 239 nm, and (c) 1.3 pm. (d)
Normalized PL of NPs with different thickness excited at 405 nm.

To obtain clear insight into the halide substitution in the NPs by the FABr vapor process,
three groups of perovskite with typical thicknesses of thin (58 nm), medium (239 nm),
and thick (around 1300 nm) NPs are selected for detailed investigation. Their optical
microscopic images and thicknesses are shown in Figure 5.3 (a—c). These images
illustrate that the as grown perovskite NPs maintain good uniformity, consistent with
FLIM images. Steady-state PL spectra were acquired for probing the halide substitution
because the ratio of halide composite can sensitively result in the PL shift.!> Upon the
1odide anion being replaced by bromide anion (ratio of iodide to bromide decreases),

15,30, 62

the bandgap energy increases, and a blueshift in PL spectrum is expected. Steady-
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state PL spectra of NPs with different thicknesses were measured using the transmission
configuration (laser excited from the perovskite surface side and PL collected from the
substrate side), as displayed in Figure 5.3 (d), the scheme of transmission/reflection
configuration in a thick NP is shown in Figure 5.4 (a). As the NP thickness increases,
the PL peak shifts to the longer wavelengths, confirming that thickness plays an
important role in determining the composition distribution of NP structure. Specifically,
for thin NP (58 nm), the PL peak is located at around 540 nm. This PL peak is very
similar to the typical peak of FAPbBr3 perovskite.!? It indicates that the iodides in
FAPDI3 have been completely substituted by bromide during the process of FABr
vaporing, resulting in FAPbBr3 structure in the entire NP, consistent with the EDS
results. The PL spectrum of the medium thickness NP (239 nm) has significantly
distinctive features with two peaks at around 560 and 610 nm, approximately,
corresponding to FAPb(B10.8510.15)3 and FAPb(Bro.6710.33)3, indicating that the iodide has
not been fully substituted and thus the PL spectrum displays consistently with mixed-
halide perovskite in the composite.'?> The thick NP (1.3 pm) exhibits a very broad PL
spectrum (71 nm of full width at half maximum(FWHM)), which suggests that the
broad PL band originates not only from the pure iodide phase (FAPbI3 with the center
around 790 nm) but also from the bromide—iodide mixed phase(such as FAPbBrl, with

the center around 700 nm).
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Figure 5.4 (a) Schematic showing the experimental setup of transmission and
reflection experiments for the thick NP (=1 um) with bandgap structure comprising a
Br-rich region and an I-rich region. (b) Schematic illustration of bandgap structure of
the medium (=200 nm) halide-gradient FAPb(Br.li-x); perovskite NP. (c) PL spectra

of a thick NP (thickness =1 um) from both transmission and reflection geometries.

For the medium thickness NP (239 nm), the 560 nm minor PL peak indicates the
coexistence of bromide and iodide halide compositions (Br-rich phase) in the NPs. Note
the PL spectrum is measured in the transmission configuration and the penetration depth
for 405 nm laser is =140 nm (o = 0.7 x 10° cm™!).!3° The bandgap of the mixed-halide
perovskite decreases upon increasing the ratio of iodide to bromide.'*® The initial
emitted photons cannot pass through the bottom layer; instead, there is a strong

possibility for them to be absorbed by the following layers and re-emit photons at lower
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energy phases. The energy difference between the surface side (540 nm) and this minor
emission peak (560 nm) is calculated to be AE = 0.08 eV, which is sufficient to create
an effective energy funnel.!'"'? Consequently, only lower-energy PL peaks were
observed. As the sample was excited from the surface side (FAPbBr; region, high
bandgap) and the PL emission was detected from the substrate side FAPb(Br.li-x)3
region, low bandgap), it is evident that the fabricated medium NP has a halide-gradient
bandgap structure, as schemed in Figure 5.4 (b). In such a structure, driven by the
energy funneling, the charge carriers will transfer directly from FAPbBr3 layers to Br-

rich layers and recombine in the low-bandgap side, which results in a high PL efficiency.

It is interesting to note that another major peak at lower energy (610 nm) was also
observed in the medium thickness NP. Essentially, such double peaks should originate
from two composites with different ratios of I/Br, corresponding to two separated
bandgaps. We ascribe this to the formation of Br- rich and I-rich domains in the NP
during the FABr vaporing process due to inhomogeneous diffusion and the substitution
of bromide anions.'*' In these domains, the ratio of iodide to bromide fluctuates and
therefore emits at slightly different wavelengths.!*!1¥> Moreover, for the formation of
relatively stable domain, the ratios of Br/I in the mixed-halide perovskite cannot be an
arbitrary number; instead, they are usually some discrete values.®? This results in the

formation of separated I-rich domains and Br-rich domains in the Br-rich region.

For the thick (1.3 um) NP (Figure 5.4 (a)), it is reasonable to assume that the halide
substitution on the surface side is almost completed as bromide is the dominant halide
anion at the surface side. While at the substrate side, the observation of 735 nm PL peak
suggests [-rich FAPb(Br.li-x); phases remain at the bottom. For thin and medium NPs,
the light will penetrate more than the thickness of the nanoplatelet. While for the
thickness of thick NPs, upon laser excitation, the photogenerated carriers initially
distribute near the surface as the thickness of 1.3 pm is significantly larger than the
penetration depth of the excitation laser. In the special gradient bandgap structure,
although the excitation only penetrates to a shallow surface, the photogenerated carriers
will not only recombine directly but also funnel and recombine finally in the lowest-
energy bandgap region. The observation of a broader PL peak in the thick NP, spanning
from 700 to 800 nm, suggests a fluctuation of I/Br ratio in the I-rich FAPb(Br,li-,)3
region, which even includes pure iodide phase (FAPbI;) at the substrate side. We
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speculate the I-rich FAPb(Br.li-)3 phase is formed and pure iodide FAPbIs; phase is
preserved around the substrate side during the FABr vaporing process, due to
inhomogeneous diffusion and substitution of bromides. For PL measurement by
transmission configuration, the apparent PL spectrum critically depends on the bandgap
of the bottom layers and therefore is composition dependent. In such a heterogeneous
NP, the broadband PL spectrum can be ascribed to the inhomogeneous bandgaps of

different bromide compositions.

However, whether the downward funneling of carriers is through photon recycle'** or
carrier diffusion® is still unknown. To make it clear, a thick NP (thickness ~1 pum) was
chosen and measured in both transmission and reflection geometry (Figure 5.4 (¢)). As
shown in the result, the PL by transmission only exhibits a 690 nm peak in the I-rich
region at the bottom, while the PL by reflection shows a small peak in the Br-rich region
at the surface in addition to the 690 nm peak. For any photogenerated carriers, two
competitive processes simultaneously occur: effective carrier diffusion toward the low-
bandgap region or recombination (also result in photo recycling). Note that the emission
of the low bandgap due to carrier funneling can also be detected in the reflection
geometry because of the low absorption for the emission of the low bandgap. Assuming
the photon recycling process is dominant, the peak from the Br-rich region should be
dominant in reflection geometry, and it may not totally disappear in the transmission
mode. The observations evidently disagree with photon recycling assumption. As

discussed above, the carrier diffusion dominates the energy funneling process.

5.4 Illumination-induced halide segregation in the perovskite

nanoplatelets

In order to reveal the insight of halide substitution in the mixed-halide perovskite NPs,
PL spectra of these FAPb(Br,li-.)3 NPs were investigated under continuous illumination
with a constant intensity (Aexc =405 nm, /exc =358 mW cm—2). As illustrated in Figure
5.5 (a), for the thin NP, no PL peak shift was observed in 300 s observation time. The
PL intensity also did not exhibit significant variation during the observation time. This

1s not surprising since there is no phase segregation occurring under light illumination
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because the iodides in FAPbI3 have been completely substituted by bromides during the

FABr vaporing. The stable intensity indicates the excellent photostability in such CVD-

fabricated NPs, consistent with the previous reports.!*? For a medium NP (Figure 5.5

(b)), two distinct peaks at 560 and 610 nm are observed initially. Upon illumination, the

PL intensity of the 610 nm peak decreased and accompanied by an increase of the PL

intensity of the 560 nm peak. The evolution of PL intensity (Figure 5.5 (c)) clearly

shows their gradual changes, both tend to saturate after around 10 min. The 560 nm

peak finally dominates the spectrum. In the thick 1.3 pm NP, the PL spectrum exhibits

a substantial shift from 735 to 790 nm with continuous wave illumination, while the

FWHM decreases from 71 to 58 nm.
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Figure 5.5 PL spectra taken under 405 nm continuous illumination for NPs with

thicknesses of (a) 58 nm, (b) 239 nm, and (d) 1.3 um. (c) PL intensity of the two

peaks of the medium thickness NP as a function of the illumination time.
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To obtain quantitative insight into the illumination-induced halide substitution, the PL

spectra of the 239 nm thickness NP were fitted by two Gaussian profiles at several

illumination times. Each PL spectrum can be well fitted; for instance, the fitting of

spectra after 20 s continuous illumination is shown in Figure 5.6 (a). The evolution of

Gaussian components within 5 min is shown in Figure 5.6 (b). The intensity of 560 nm

band (Gaussian amplitude) can be fitted by a one-exponential function, and a time

constant (rise) of 186 s is acquired. While the intensity of 610 nm band is well fitted by

a two-exponential function, two time constants of 30 and 185 s are acquired. The similar

time constant of around 186 s for the increase of 560 nm peak and the decrease of 610

nm peak suggests an intrinsic correlation between them. It is reasonable to speculate

that this is due to the halide substitution reaction induced by the illumination.

(a)

(b)

1200- T T T T ] T T T T
1800 - _ .
Med-20 s -
- - Py
=. — 560 nm =. . -~
5. 800+ — 610 nm L s
o — total fitting 2 47 4 560 nm
@ @ 12001 % .7« 610nm
2 400 2 «a -~ - Exp Fit of 560 nm
= - “a--- ExpFitof610 nm
e
- e
0 ; . . v 6001 — . . :
500 600 700 800 0 100 200 300
Wavelength (nm) Time (s)
(c) (d) (e),
2400 N « 735nm - I ——Thin ™9
3600{ | % |l \ \
El Thick-20 s 3 : = 790 nm 2 os [ | Med
S —735nm s i\ --- ExpFitof735nm{ £ | Thick
E 16001 —— 790 nm 1 2 2400 \_ - - - Exp Fit of 790 nm § 0.6+ -\‘ f’ | 1
@ — total fitting @ N eree—--- | N \{\ \ / \ ]
] 2 g o /
£ o fol T S |
k SN L TR NN / \]
0 oLt 00 AR AN N
500 600 700 300 0 100 200 300 500 600 700 300
Wavelength (nm) Time (s) Wavelength (nm)

Figure 5.6 (a, c) PL spectra and their two-Gaussian fitting taken after 405 nm

continuous-wave illumination for 20 s for (a) medium and (c) thick NPs. (b, d) PL

intensity of the two subpeaks as a function of the illumination time. Relative intensity

as a function of time for (b) medium and (d) thick NPs. The solid lines are the
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exponential fits of the plots. (e) Normalized PL spectra of thin, medium, and thick

NPs after continuous illumination for 5 min followed by 1 week in the dark.

Upon laser illumination, carriers on the top surface layers (FAPbBr3) are
photogenerated to the high excited state and then relax quickly into the edge of the
conduction and valence bands by emitting phonons.'**!4> Then, these charge carriers
transfer toward the substrate side (I-rich layers) by carrier diffusion due to the specific
gradient bandgap, passing energy to the longitudinal optical (LO) phonon.!'* The
influence of transverse optical phonon and acoustic phonon can be ignored in this
process.!4"14 The LO phonon provides the driving force to deform the surrounding
halide anion lattice through entropy, stochastic composition fluctuations, and lattice

strain.'® Some of the halide ions are then activated as mobile ions.

The 560 nm band corresponds to the average iodide/ bromide ratio at the substrate side,
while the 610 nm band originates from the I-rich domains. For the 610 nm peak, the
fast time constant of 30 s may be ascribed to the initial illumination-induced iodide
activation, and then these iodide ions escape from the lattice. The decrease of 610 nm
band is due to the iodide escape from the I-rich domains and therefore decrease of the
fluorophore. During the FABr vaporing process, it is expected that many bromide
anions diffuse into interstitial structure of the NP but not yet substitute iodides.!*>-!>0
Iodide anions are thus surrounded by a large portion of bromide anions, making them
unstable and likely to be activated at this phase. Upon light illumination, these iodide
ions are activated (for about 30 s), and the vacancies are gradually substituted by the
interstitial bromides. Such an illumination- induced halide activation and substitution
of bromide to iodide result in an increase of 560 nm band and a decrease of 610 nm
band with the similar time constant of 186 s. After that, the gradient bandgap halide
perovskite structure is getting smoother; more electrons can transport directly to the

substrate side, recombine with holes, leading to the increase of the 560 nm PL peak.

For the thick 1.3 um NP, the broad PL peak can be fitted nicely by a two-peak Gaussian
function with centers at around 735 and 790 nm, respectively. Figure 5.6 (¢) shows the
fitting result of the spectrum with 20 s of illumination. This suggests the broad PL band
consists of both pure iodide phase (FAPbI3) and I-rich phase (FAPb(Br,li-)3). Hoke et
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al. reported that light illumination induces the formation of a strong and reversible sub-
bandgap PL at around 1.68 eV (738 nm), which disappears after several minutes in the
dark (Hoke effect).?! This band has been attributed to phase separation and the
formation of I-rich domains.!*® 13! Figure 5.6 (d) shows the evolution of intensities of
these two peaks as a function of the illumination time. The evolutions can also be fitted
by an exponential function and a similar time constant of 36 s can be obtained. With
continuous illumination, charge carriers are photogenerated initially at surface layers,
followed by the carrier diffusion/photon recycling and finally emit at bottom layers with
lower bandgap. During this process, the phonons are well emitted and therefore
effectively activate halide ions and thus initiating the halide substitution. The similar
time constant 36 s of the 790 nm band increase and the 735 nm band decrease suggest
that the bromides are substituted by the iodides in the I-rich phase (bottom layers) upon
illumination. It is interesting to note that the Br-rich layers and I-rich layers exhibit
opposite substitution tendency, that is, 610 nm band to 560 nm band in the medium NP
(iodide is substituted by bromide) and 735 nm band to 790 nm band in the thick NP
(bromide is substituted by iodide). This is probably ascribed to the fact that the Br-rich
domain (735 nm band) is a metastable phase and therefore tends to transform toward

the stable pure phase of FAPbI;.?! 62

We emphasize that the illumination-induced wavelength shift is irreversible, which is
very different from many previous reversible observations.*" 152 After illumination, the
NPs were stored under nitrogen atmosphere in the dark at room temperature for 1 week,
and the PL spectra keep unchanged (Figure 5.6 (e)). In fact, in previous reports, both
reversible and irreversible phase segregations have been reported,'>* depending on the
external stimulations and initial structures. For our gradient bandgap mixed-halide
perovskite NPs fabricated by the CVD method, the substitution reaction is abruptly
stopped; thus, the acquired samples are metastable phases. In other words, the initial
structures before irradiation are less stable. When they are exposed to intensive
illumination, the metastable phases segregate into I-rich and Br-rich phases to reach the
lowest energy and most stable structure. This suggests the illumination-induced
formation of composition and lattice has improved stability. Phase segregation
originates from halide migration and substitution, which will affect perovskite
composition and thus lattice structure and lattice strain. [llumination-induced phase

segregation is most likely to improve compositional uniformity, reduce defect density,
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and also significantly improve the stability, which is a great benefit to the practical
applications. Note that segregation may be driven by the strong gradient in carrier
generation rate in some cases.®® As high density of carriers is generated near the surface,
phonon density is higher near the surface. As a consequence, the halide ions are likely
activated by phonon coupling, and segregation occurs near the surface. In our sample,
gradient carriers are similarly generated. Then, carriers quickly diffuse toward the low-
bandgap region due to effective funneling. The activation and movement of halide are
intrinsically driven by electron— phonon coupling, which mainly happens during the
cooling of hot carriers. Therefore, halide segregation is expected to occur along the
depth. The gradient charge carrier distribution also has minor influence on the

segregation process.

Moreover, the time constant of 35 s extracted from the evolution of I-rich phase is
significantly shorter than that occurring in Br-rich phase, 186 s. The time constant
essentially represents the halide exchange rate. This confirms that halide substitution of
iodide by bromide in the Br-rich layer is much slower (186 s) than that of bromide by
iodide in the I-rich layer, under the same illumination condition. This is very different
from Pellet et al.’s observation of halide exchange by infiltrating in halide solution;® in
their case, the exchange of iodide by bromide is striking fast while the exchange of
bromide by iodide is slower. The observed PL band of 735 nm is coincidently the same
as that in the Hoke effect. However, 735 nm band exhibits quite different dynamic
features in our thick NP. For instance, illumination results in its decrease or
disappearance, and the tendency is irreversible. Moreover, the significant shorter time

constant of 35 s confirms that it is a metastable phase.

5.5 Conclusions

The mixed-halide compositional gradient FAPb(Br,l1-x); perovskite NPs are fabricated
by the two-step CVD method; first, FAPblz NPs are prepared and then followed by the
treatment by FABr vaporing. During the FABr vapor process, bromide ions substitute
1odide ions gradually from the top surface (Br-rich phase) to the bottom (I-rich phase).
Consequently, a specific gradient bandgap structure is achieved from FAPbBr3; (2.29
eV) to FAPDI; (1.56 eV). The different ratios of iodide to bromide have been obtained

75



in different thickness NPs. In such a gradient bandgap structure, photogenerated carriers
can effectively transfer to the low-bandgap region by energy funneling and emit at
redder wavelengths. Accordingly, PL spectra were observed in 540, 560/610, and
735/790 nm for thin, medium, and thick NPs, respectively. We have observed the
illumination-induced phase segregation in the NPs with different thicknesses. With
illumination, the PL spectrum of Br-rich phase exhibits blueshift and, therefore, 610 nm
band disappears. In contrast, redshift is observed in I-rich phase due to the decrease of
735 nm band and increase of 790 nm band. We demonstrate the formation of irreversible
and stable phases with illumination in both Br-rich and I-rich phases. This investigation
provides significant insight into the halide segregation in such specific gradient
bandgap perovskites, greatly benefits their future optoelectronic applications, such as

solar cells, LEDs, and lasers.

The work in this chapter has been published in the journal article: Zhou, C.; Ou, Q.;
Chen, W.; Gan, Z.; Wang, J.; Bao, Q.; Wen, X_; Jia, B. [llumination-Induced Halide

Segregation in Gradient Bandgap Mixed-Halide Perovskite Nanoplatelets. Advanced
Optical Materials 2018, 6 (24), 1801107. 1>
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Chapter 6

Spatially Modulating the Fluorescence Color of
Mixed-Halide Perovskite Nanoplatelets through Direct

Femtosecond Laser Writing

Lead halide perovskites are widely applied in not only photovoltaics but also on-chip
light sources and photon detection. To promote the incorporation of perovskite into
integrated devices, microscale color patterning flexibility is a very important step. Here,
we demonstrate spatially resolved modulation of the fluorescence of nanoplatelets (NPs)
by femtosecond direct laser writing (fs-DLW). As the perovskite NP for the fs-DLW
pattern is specially designed with a gradual bromide—iodide composition along the
depth, the replacement of iodide ions by bromide ions can be activated under a
controlled laser pulse and fluorescence is thus modulated from red to green. The effect
of processing depth and NP thickness on fluorescence modulation is systemically
investigated. The as-grown thick NP (thickness = 500 nm) mainly exhibits a 690 nm
emission from the bottom iodine-rich phase. After halide substitution induced by fs-
DLW, a new fluorescence peak appears in the wavelength range of 540—600 nm; the
peak position and intensity are controlled by the DLW conditions. The fluorescent color
is spatially modulated from red to green, enabling microscale-resolved multicolor

emission. Compared with other currently available techniques, microscale color
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patterning via fs-DLW is a straightforward mask-free one-step operation, yielding high
spatial resolution and enabling three-dimensional patterning by the multiple-photon
method. We demonstrate that arbitrary patterns can be drawn on a wide range of
perovskite NPs, implying the potential applications in microencryption, sensors,

multicolor displays, lasers, and light-emitting devices.

6.1 Introduction

The mixed organic—inorganic hybrid lead halide perovskites have attracted enormous
attention for optoelectronic applications, including solar cells, light emitting devices,
photodetectors, and lasers.? 112155170 One of the important advantages is that their band
gaps and consequently the emission/absorption wavelengths can be flexibly tuned by
halide compositions.®® 17117 For the light-emitting applications, color-tunable light-
emitting diodes and lasers have been realized via mixed halide perovskites.*® 17717 On
the other hand, regarding photovoltaic applications, the composition-dependent
electronic structures allow precise engineering of their optical response between ~1.5
and 2.4 eV, enabling the harvesting of the full solar spectrum in the visible range.* 1%
181 A state-of-the-art tandem cell made with silicon and perovskites could surpass 30%

efficiency.!8*183

Integration of various compositions of mixed perovskite into one chip or direct
fabrication of precise micropatterns on a single perovskite crystal is of great importance
for high performance semiconductor optoelectronic devices, such as photonic chips,
multicolor displays, band-tunable photodetectors, and nanolasers. However, spatially
inhomogeneous halide distribution on a single nanoplatelet (NP) or nanowire is still a
challenge. In 2003, Cheng et al. reported the patterning on a perovskite film by using a
pioneering soft lithographic method via a contact molding approach.!®* To date,
lithographic and contact printing are the main methods used to pattern perovskite
materials. For example, uniform and wafer-scale patterning was achieved by
photolithographic patterning of PbX> seeds followed by vapor-phase conversion to
perovskites.!*>18¢ Meanwhile, a liquid-contact printing method was also developed to
control the size and location of perovskite crystals.'®” These methods offer potential

pathways to scalable patterning on perovskite but are inherently multi-stepped and rely
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on masks. To avoid using masks, Chou et al. developed a direct laser writing (DLW)
procedure for lead halide perovskites,'® taking advantage of the inverse relationship
between solubility and temperature of lead perovskite precursors.'® This technique
enables the spatially confined crystal growth from the precursor solution, using a laser
to induce microscale heating of a transducing substrate. They demonstrated arbitrary
pattern formation of crystalline CH3NH3PbBr3; on a range of substrates and fabricated
a microscale photodetector using this approach.'®® However, this DLW technique fails
to spatially tune the band gap. Recently, Dou et al. showed that the nanofabrication
techniques can be combined with anion-exchange chemistry, which can precisely
control the halide composition in single-crystalline halide perovskite nanomaterials.’
In their design, the exposed part of a nanowire after e-beam lithography is dipped into
oleylammonium halide solution for an anion-exchange reaction. The acquired
heterojunctions show distinct electronic states across the interface; thus, spatially
resolved multicolor CsPbX3 (X = Cl, Br, I, or alloy of two halides) with the

photoluminescence (PL) tunable over the entire visible spectrum is realized.

Therefore, to pattern spatially resolved multicolor on perovskites, the current available
techniques are multistep methods based on nanofabrication and additional anion
exchange treatment. There are opportunities to develop complementary processing
techniques for patterning on perovskites to achieve device integration and
functionalization. In this paper, the halide composition of the mixed perovskite
nanoplatelets (NPs) is specially designed and gradually distributed along the depth so
that the DLW can locally change the halide composition according to the processing
conditions. Femtosecond (fs) laser fabrication is used to demonstrate significant
advantages of high spatial resolution, low surround damage, and high processing
efficiency.”® The fs-DLW can directly induce anion-exchange reactions at specific
points within the NPs; therefore, spatially resolved fine-tuning of the chemical
composition and electronic properties is achieved without any additional chemical
treatment. This straightforward technique allows the possibility to develop a range of

optoelectronic devices.
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6.2 Experimental Section

Sample Preparation. FAPb(IxBri—x); NPs were fabricated by the chemical vapor
deposition (CVD) method.** 13* First, 1 mg of Pbl, powder was dissolved in 1 mL of
deionized water and heated at 90 °C to get the saturated Pbl> aqueous solution. The
solution was then dropped into a glass substrate, and hexagonal Pbl> nanosheets were
observed after a few minutes. Second, the FAI powder was placed at the center of a
CVD furnace, whereas the substrates with Pbl; nanosheets were mounted downstream
of the apparatus. The temperature was 140 °C, and the pressure was ~500 mTorr with
a controlled Ar gas flow rate of 35 sccm during the whole vapor conversion process.
After about 2 h, FAPbl; NPs were synthesized. Then, under excess FABr vapor
environment, bromide substitution occurred partially or completely depending on the
thickness of the as grown perovskite NPs. FAPbIxBrs—x NPs on glass substrates were
finally resulted.

Characterization. AFM images were taken by NT-MDT. PL spectra were performed
on a microscopic system. Hybrid perovskite NPs were excited by a 405 nm picosecond
diode laser (1 MHz, pulse duration 50 ps) through an objective. PL was collected and

focused onto a spectrometer. PL images were captured by a colorful CCD detector.

Femtosecond Laser Fabrication. A homemade DLW system was used to fabricate the
patterns on the as-grown perovskite NPs.!8? A femtosecond pulsed laser beam (10 kHz,
100 fs pulse, 800 nm) was used to minimize the thermal effect. The sample was
mounted on a 3D nanometric piezo stage. The arbitrary patterns were created by a

computer-controlled system.

6.3 Theory of fluorescence color modulating

High-quality halide-mixed formamidinium (FA", HC(NH2):") lead mixed-halide
(FAPb(Br«li—x)3) NPs were fabricated by using a two-step chemical vapor deposition
(CVD) method.!** Pure FAPbI; perovskite NPs were grown in the first step. In the
second step, as-grown FAPbI3 perovskite NPs were placed in excess FABr vapor
environment for halide substitution. As we previously confirmed,'>* the halide

substitution gets completed thoroughly for the thin NPs (tens of nanometers) and the
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obtained perovskite NPs exhibit a pure bromide phase, whereas, in the suitably thick
NPs, the ratio between Br and I exhibits gradual variation along the depth, and therefore
gradual band gap changes from 2.29 eV (FAPbBr3, surface) to 1.56 eV (FAPbIs,
bottom). This innovative structure enables DLW to regulate halide composition with a

specific localization without post chemical treatment.

A homemade fs-DLW system’> 10 is used to fabricate the patterns on the as-grown
perovskite NPs (Figure 6.1 (a)). An 800 nm fs pulsed laser (with a tunable power range
from 0 to 2.3 W, repetition rate = 10 kHz) is focused on the surface of NPs by a 100%
objective (NA = 0.85). A designed pattern can be fabricated by moving the sample
mounted on a three-dimensional (3D) nanometric piezo stage, which is a mask free
technique. The incident laser beams directly induce decomposition of the perovskite NP
surface, resulting in redundant Br halogen. Subsequently, the halide substitution
proceeds in depth. After laser processing, on one hand, a hole is dug at a specific spot.
On the other hand, the laser pulses induce the redistribution of halide composition, in
which the iodine is replaced by bromine in a depth range determined by the incident

laser dose.

(b)

fs-laser

Substrate
Thin (~*50 nm)

Substrate Substrate |-
Medium (~150 nm) Thick (~*500 nm)
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Figure 6.1 (a) Scheme of the DLW on a perovskite NP. (b) Thin NP (~50 nm) after
DLW. (c, d) Scheme of the anion exchange on (¢) medium NPs (~200 nm) and (d)
thick perovskite NPs (500—1000 nm) directly induced by laser writing.

Three different situations are expected depending on the thickness of the NPs. The first
case is a thin NP with a thickness of ~50 nm (Figure 6.1 (b)) whose composition before
DLW is the pure bromide phase. Thus, there is no anion exchange induced by DLW.
The emission will not change after the DLW processing. For the second case, a medium
thickness NP with a thickness of ~150 nm is patterned by DLW (Figure 6.1 (c)). The
medium thickness is defined by a depth smaller than the depth of focus of the laser
beam but allows for the halide substitution. The anion exchange always proceeds
throughout the entire depth. The emission of the as-grown medium NP mainly exhibits
a mixed phase FAPb(Brxli—x); due to the energy funneling effect,'>* but after fs-DLW,
the treated point is expected to exhibit emission of pure bromide phase FAPbBr3. The
third typical case (Figure 6.1 (d)) is that of a thick NP with a thickness of about 500 nm
(or larger). The redistribution of halide composition relies on the DLW conditions. If
high laser energy is applied, the processing depth is expected to be deeper; a larger
density of active bromine is generated. As a consequence, the iodine phase FAPbI3 in
the bottom largely transforms to mixed phase FAPb(BrxIi1—~)3. However, because of the
large thickness, the substitution reaction yet cannot reach the lowest bottom layer.
Consequently, a boundary of halide composition appears after the DLW. As illustrated
in Figure 6.1 (d), the upper side of the boundary is a mixed phase whereas the lower
side is a pure iodine phase. The fraction x of the mixed phase is determined by the
processing depth. A deeper hole means more substitution reaction, resulting in a larger
fraction of Br in the mixed phase. Therefore, after fs- DLW, the thick NP will display
two emission peaks, one of the iodine phases and one of the mixed halide phases. And

the latter one can be controlled by the fs-DLW conditions.
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6.4 Results of spatially modulating the fluorescence color

6.4.1 Modulating fluorescence color in different perovskite nanoplatelets

The three typical cases above are demonstrated by our DLW experiments. As deigned,
a series of concentric circles are patterned on the NPs by DLW to fabricate the holes.
To facilitate spectral testing, big holes with diameters of about 5—7 um are fabricated.
It is noteworthy that the sizes of the holes do not represent the processing precision.
Figure 6.2 (a—c) shows the scheme of the fabricated holes and their depth in thin (Figure
6.2 (a)), medium (Figure 6.2 (b)), and thick (Figure 6.2 (c)) NPs. Figure 6.2 (d—f) shows
the pictures of the fabricated holes by atomic force microscopy (AFM). Figure 6.2 (g—1)
confirms the corresponding depth profiles on thin, medium, and thick NPs, respectively.
At a 405 nm laser excitation, the fluorescence spectra of these NPs and holes were
acquired and are shown in Figure 6.2 (j—1); the corresponding lifetime of each spectrum
is shown in Figure 6.2 (m—o). Figure 6.2 (a, d, g, j, m) verifies the first case of thin NPs.
The thickness is about 50 nm with hole depth of 35 nm. The hole and the as-grown NPs
display almost the same PL emission, with only a peak at 545 nm corresponding to the
pure bromide phase. For the PL decay curve, a short lifetime was observed in the thin
NP, consistent with our previous study.>? After DLW, the lifetime increases. This can be
interpreted as follows: the PL decay in such thin NPs is dominated by the surface states
other than the bulk recombination. Meanwhile, the DLW process provides an effect of
surface passivation in which the surface trapping is suppressed. Therefore, a slower PL
decay was observed due to the decreased surface trapping. However, with increased NP

thickness, the bulk recombination becomes the dominant factor for the PL decay.
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Figure 6.2 (a, b, ¢) Scheme of the NPs with three typical thicknesses and the
fabricated holes by fs-DLW, thin (a), medium (b), and thick (c). (d, e, f) AFM images

of the NPs after laser writing corresponding to (a), (b), (c), respectively. (g, h, 1) The

height profiles of the NPs and a selected hole for each thickness of NP. (j, k, 1) PL
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spectra measured at different regions on the three typical NPs. (m, n, 0)

Corresponding PL decay curves of each PL spectrum.

The second case of medium thickness (150 nm) is demonstrated in Figure 6.2 (b, e, h,
k, n). Three different holes are fabricated by the DLW. The hole depth increases (35, 50,
70 nm) from hole 1 to hole 3 as the power of fs-laser increases (30, 70, 110 uW). As
shown in Figure 6.2 (k), a PL peak located at 590 nm is observed in the as-grown
medium NP, suggesting that the Br/I ratio of the bottom layer is about 0.85/0.15,'%°
which is a mixed halide phase. After DLW processing, PL of all holes blue-shifts to 545
nm, implying the thorough substitution reaction induced by DLW. The mixed phase
completely transforms to bromide phase regardless of the power of laser, which is
consistent with our design. The PL decay measurement can further illustrate this. As the
thickness increases, longer lifetimes were observed in the original medium and thick
NPs. This is due to the shorter intrinsic lifetime of bromide perovskite compared to that
of its iodide counterpart.'®! For the holes of medium NP, as the mixed phase completely
transformed to the bromide phase after DLW, the lifetimes were expected to be shorter,

irrelevant to the depth of the holes. The PL decay results show similar shorter lifetimes

for the three holes, which is consistent with the fluorescence spectra.

The results shown in Figure 6.2 (c, f, 1, l, 0) demonstrate the third case of a thick NP
(500 nm). Three holes with depths of 80 nm (hole 1), 300 nm (hole 2), and 400 nm
(hole 3) are fabricated with the fs laser power of 100, 150, and 200 puW specifically.
The thick NP mainly exhibits a 690 nm emission from the bottom iodine-rich phase,
which has been explained by the energy funneling effect in our previous report.”® As
expected, after anion exchange induced by DLW, a new peak appears in the holes. And
the new peak shows more wavelength shift and higher intensity with increasing depth
(595 nm for hole 1, 580 nm for hole 2, 550 nm for hole 3). Meanwhile, a fast component
appears in the PL decay curves and the impact is larger with more wavelength shift,
which can be attributed to the larger Br/I ratio of the new peak. It is also noticeable that
the PL decay of hole 1 is very similar to the original thick NP, due to the minor impact
of both the surface passivation and the small amplitude of 595 nm peak by DLW. In this

case, the emission wavelength, i.e., the fluorescent color, can be spatially modulated by
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the DLW pattern, enabling multicolor emission distributing at microscale resolution.

Figure 4.3 shows Commission Internationale de L’Eclairage (CIE) chromaticity

coordinates corresponding to the emissions shown in Figure 6.21. The fluorescent color

is tuned from red to green.
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Figure 6.3 CIE coordinates corresponding to emissions of the thick NP and the laser-

fabricated holes.

Thus, the spectrum regulation range is broader in thicker NPs. During the synthesis of

the NPs by CVD method, the halide exchange reaction occurs from the top surface and

then gradually to the inner part of the NPs. As the NP thickness increases, the PL peak

shifts to longer wavelengths, indicating a broader range of halide composition. Before

laser writing, for a thick NP, the x value of FAPb(BrxIi1—~)3 changes from 1 to 0 from the
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surface to the bottom. However, for a medium NP, the x value is only tunable in the
range of about 0.85—1. The laser induced redistribution of halide composition should
lie in this range; thus, the thicker the NPs, the broader is the range of spectrum

regulation.

6.4.2 Florescence microscope and arbitrary patterns

Figure 6.4 (a, b) shows the fluorescence micrographs of a typical thin NP (Figure 6.4
(a)) and a thick NP (Figure 6.4 (b)) without a pattern by DLW. The as-grown thin NP
displays green color whereas the thick NP shows red color when excited by a 405 nm
laser, which is in good agreement with the PL spectra shown in Figure 6.2 (j, 1),
respectively. We would like to emphasize that arbitrary two-dimensional (2D) patterns
can be easily accomplished by the DLW. As intuitive evidences, the characters “STU”
(Figure 6.4 (c—g)) and different shapes (circles, squares, and triangles in Figure 6.4 (h))
are patterned on different perovskite NPs. The processing resolution is as high as 1 um,

which is higher than the other reported methods with masks. 84187
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Figure 6.4 (a, b) Fluorescence micrographs of a thin NP (a) and a thick NP (b)

without pattern. A 405 nm laser is used as excitation. (¢, €) Microscopic images of
NPs with laser patterned characters. (d, f) Fluorescence micrographs of the patterned
NPs under laser excitation. (g) Microscopic image of a large NP patterned with

different shapes by DLW.
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6.4.3 spatially modulating the fluorescence color

The spatial modulation of fluorescent color by the fs-DLW is demonstrated in Figure
6.5. A fan-shaped pattern is drawn on a thick NP. As illustrated in Figure 6.5 (a), the
blades of the fan are fabricated with gradually increased power (0—150 uW) along the
counter-clockwise direction. Figure 6.5 (b) shows AFM image of the thick NP with the
fan-shaped pattern, verifying the depth of blades increases along the counter-clockwise
direction. The bright-field and fluorescence microscopic images are displayed in Figure
6.5 (c, d), respectively. Two distinguishing fluorescent colors are observed in Figure 6.5
(d). The deep blades exhibit green emission, whereas the surrounding edges are red.
Note that the original NPs only contain two halogens; thus, the emission color is
limitedly tuned from green to red. If chlorine could be added in the initial CVD
reactions, the DLW on ternary mixed halide perovskites is expected to spatially tune

the fluorescent color across the entire visible range.
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Figure 6.5 (a) Fabrication of a fan-shaped pattern with gradually increased fabrication

power. (b) AFM image of the thick NP with a fan-shaped pattern. (c) Bright-field
microscopic image of the acquired pattern. (d) Fluorescence micrograph of the NP

with a fan-shaped pattern. Two colors are observed.

6.5 Conclusion

In summary, the Experiment mixed-halide compositional gradient FAPb(Brxli—)s
perovskite NPs are designed for fs-DLW pattern. When the NP is as thin as 50 nm, the
DLW fabricated hole and the as-grown NP display almost the same PL emission, with
only one peak at 545 nm corresponding to the pure bromide phase. For the medium NP

with a thickness of 150 nm, a PL peak locating at 590 nm of the mixed phase is observed
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in the as-grown NP. After DLW processing, PL of the holes blue-shifts to 545 nm,
implying the substitution reaction is induced by DLW. When a thick NP (thickness =
500 nm) is patterned by DLW, a new peak appears in the wavelength range of 540—600
nm due to anion exchange induced by DLW, in addition to the initial 690 nm emission
of the NP. The peak position and intensity are controllable according to the DLW
conditions. Thus, the fluorescent color can be modulated from red to green, enabling
microscale-resolved multicolor patterns by the straightforward, mask-free, and simple
step DLW technique. We demonstrate that arbitrary 2D patterns can be achieved on a

range of perovskite NPs.

The work in this chapter has been published in the journal article: Zhou, C.; Cao, G.;
Gan, Z.; Ou, Q.; Chen, W.; Bao, Q.; Jia, B.; Wen, X. Spatially Modulating the
Fluorescence Color of Mixed-Halide Perovskite Nanoplatelets through Direct Laser

Writing. ACS applied materials & interfaces 2019, 11 (29), 26017-26023.!!!
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

This work focuses on the fundamental carrier diffusion properties of the organic-
inorganic perovskites. A wide range of topics has been covered including the
experimental and theoretical methods, the physical understanding of the carrier
dynamics, and the application for the on-chip devices. The major achievements can be

summarized as follows:

1. The carrier diffusion length is a vital parameter for the photovoltage and
optoelectronic  applications of organic-inorganic perovskites. However, the
determination of carrier diffusion length is a challenge task for 2D layered and 3D thin
perovskite NPs. For the first time, a novel method is used to determine the in-plane
carrier diffusion in 2D perovskites by taking advantage of the edge trapping state as a
natural quenching source for carriers. In 2D perovskites, the photogenerated carriers
will diffuse along the in-plane direction due to the quantum confinement in the depth
direction. The edge of the platelet acts as a natural quenching source of carriers as the
2D expansion of perovskite layer terminates there. When the exciting spots are closer
to the edge of a perovskite NP, the carriers have an increased possibility to diffuse to
the edge and are quenched by the edge trapping state. Thus, points with gradual
decreased distance to the edge will show a decreased PL lifetime when excited by a
pulsed laser. In the other word, the lifetime can be described as a function of the distance

between the excitation point and the edge. The relationship between lifetime and the
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distance to the edge can be described by a one-direction diffusion model. The diffusion
coefficient and diffusion length will thus be extracted. A 2D (BA),Pbls single crystal is
investigated; the diffusion length (1.82 um) and in-plane diffusion coefficient (53.6

cm?/s) are experimentally extracted.

This method is applicable in 3D perovskite thin flakes, because the edge-trapping states
can act as quenching source as well, leading to the carrier directional diffusion in the
thin 3D perovskites flakes. The diffusion length / coefficient of a thin MAPbBr3 NP are
extracted, within the range of the reported values, rationalizing this method in 3D
materials. Another advantage is the method can be applied to low-luminescent samples,
as the laser excitation and PL detection are at the same point so that a high PL collection
efficiency, together with the very high detection sensitivity of TCSPC method, which

requires low excitation intensity for the measurement.

2. Compared to the homogeneous perovskite with a uniform bandgap along the depth,
the bandgap engineering provides a possibility to accelerate or suppress the carrier
transport; potentially very important for high efficient optoelectronic applications. In
the mixed halide perovskite with gradient bandgap, the carriers will flow directionally
from high-bandgap region to the low-bandgap region. A gradient bandgap mixed-halide
FAPb(Brxl1-x)3 perovskite NP is fabricated by a CVD method. The halide composition
is gradually changed from bromide (top) to iodide (bottom) along the depth.
Consequently, the gradient bandgap structure is formed by halide substitution during
the annealing. The carrier funneling is observed directly from the PL emission
wavelength. Under 405 nm laser excitation, the carriers will transfer from the high
bandgap bromide region to the low bandgap iodide region and emit. The PL spectra

were observed in 735/790 nm, from the iodide-rich regions.

Like other mixed-halide perovskites, the illumination-induced phase segregation
phenomenon was observed. The PL spectra exhibit blueshift in Br-rich phases and
redshift in I-rich phases under continuous illumination. We demonstrated the
irreversible and stable phases are formed, which will improve the compositional
uniformity, reduce defect density, and improve the stability of the gradient bandgap

structure.
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3. Combined with the fs-DLW fabrication technology, the microscale color pattern is
achieved in the gradient-bandgap perovskite NP, which is an important step for its on-
chip applications. Under the femtosecond direct laser writing, the thickness of
perovskite NP decreased. Anion exchange occurs during this process, leading to the
fluorescence color change. For instance, a new peak in the wavelength range of
540—600 nm appears, as bromide substitute iodide during the laser fabrication. By
controlling the fabrication conditions, different fluorescence colors are shown in the
perovskite NP from red to green. Arbitrary 2D patterns are demonstrated by this method.
Thus, fluorescence color of mixed-halide perovskite NP can be spatially modulated via

the straightforward, mask-free, and simple step fs-DLW technique.

7.2 Future work

Although much progress has been made in understanding the carrier diffusion in

perovskites, there are significant more to be further explored.

1. Understanding the diffusion process of the excitons in 2D perovskites would address
the mystery of their unexpected success in photovoltaics and develop further
optoelectronic applications. Determining and comparing the carrier diffusion length in
2D and quasi-2D perovskites with different n-values may provide a solution. As the n-
value increases, more organic-halide octahedron slabs layers are sandwiched between
the long-chain organic cations. For 2D perovskites with n = 1, the excitons are confined
in one single anionic layer, with the restrict in-plane diffusion direction, as presented in
Chapter 4. However, when the n-value increases at 2D /quasi-2D perovskites, more
anionic layers are stacked between the organic spacers, leading to a weaker quantum
confinement. Moreover, excitons can dissociate near edges in 2D perovskites with n-
value larger than 1, which makes the carrier diffusion process more complex. Thus, the
determination, calculation, and comparison of diffusion lengths as well as the edge state
efforts in these materials are of great importance. Investigation of this project would
further help with the understanding of the carrier dynamics of 2D perovskites and the

optimization of their applications.
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2. The bandgap engineering by halide mixture is a significant exploration. It has been
showed such halide mixture results in specific gradient bandgap. The carrier funneling
effect and their application by fs laser writing are presented in Chapter 5 and 6. Further
bandgap engineering with mixed halides with chloride can cover blue color so it is
possible to cover all color. Moreover, organic-inorganic mixture and metal alloy (Cs-
MA) and Pb-Sn) will be possible for bandgap tuning. To provide profound knowledge,
the carrier diffusion process can be further clarified under the excitation of different
energy / wavelength lasers. Our work was focused on the high energy excitation on the
gradient-bandgap perovskites, where carriers are excited from the highest bandgap
region. However, when selectively excited by a lower energy laser, corresponding to a
given depth below the surface, only the relevant lower bandgap regions can be excited,
and carriers will diffuse and funneling from the inner part of the perovskite NP.
Meanwhile, by changing the excitation intensity, different diffusion phenomenon may

show in such gradient-halide perovskite NPs.

3. With tunable optical bandgap, the mixed-halide perovskites are with good optical and
electrical properties. However, for the commercial applications, the instability induced
by mobile ions is a critical issue to be addressed. The phase segregation and ion
migration have negative impacts on the local defect levels for the mixed-halide
perovskites. In addition to the energy funneling effects and carrier diffusion process
investigated in this thesis, the improvement of stability should be further investigated.
For instance, as the stability of 2D perovskites is significantly improved by quantum
confinement, merging these two families of perovskites is an interesting scientific task

to obtain high-efficiency and stable solar cells.

4. For the commercialization of perovskite solar cells, ensuring intrinsic stability and
pursuing higher PCE are of great importance. By combining different cations and halide
anions, the mixed perovskites are intrinsically stable. Moreover, as carriers can
gradually flow from high to low bandgaps in the gradient-bandgap materials, carriers
are effectively collected, which has a potential for high-efficiency solar cells. Using
gradient-bandgap mixed-halide perovskite for perovskite solar cells could thus be a

topic in the future topic.
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