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ABSTRACT

Traditionally, the implementation of active materials in photonic integrated circuits
(PICs) has been developed by using IlI-V semiconductors and glasses and ferroelectrics
doped by rare earth ions. However, there is a cost-efficient alternative based on
(nano)materials synthetized by colloidal chemistry techniques. The fabrication of
solution-processed nanomaterials provides semiconductors with tailor-made optical
properties (light emission, absorption, scattering, bandgap) that can be engineered
during the synthesis. In addition, their colloidal nature allows a straightforward integration
into any optical architecture by coating or printing techniques. In this context, all-
inorganic CsPbXs (with X = CI, Br, I) perovskite nanocrystals (PNCs) have recently
emerged as an outstanding material with fascinating optical properties, including a high
efficiency of absorption, a quantum vyield of emission exceeding 90 % at room
temperature, a tunable band gap depending on chemical composition—or size and
shape tuning—, and high nonlinear optical coefficients. Considering the aforementioned
background, the project of this Ph.D. Thesis intends to harness the potential of PNCs as
an active material for optoelectronics, from both the point of view of the fundamental
science and the applications. A first research objective involves the fabrication of PNC-
based photodetectors enhanced by a solid-state ligand-exchange procedure that yields
a superior device performance via increased inter-mobility between the PNCs. In this
first step, the technology to assemble bulk nanomaterials (thin films) from PNC building
blocks is stablished. A second objective is focused on the fundamental physics behind
the generation of optical gain in PNCs. This study allows to determine the physical
mechanisms involved, and also to stablish the role of different excitonic species, to
explain the stimulated emission in these nanocrystals. In particular, the presented
investigations demonstrate that the amplified spontaneous emission (ASE) in these
materials is generated by the recombination of single excitons, and that the threshold of
optical gain is determined only by optical losses. In line with this research, a novel all-
fiber hollow-core amplification device, prepared by filling the fiber with PNCs, is properly
fabricated and characterized. This device demonstrates a thresholdless gain effect at
room temperature that can be attributed to a third order non-linear optical mechanism
achieved by strong modal confinement. Finally, in order to further exploit the modal
confinement strategy, layers of PNCs are integrated in a waveguide structure that was
properly designed to enhance the generation of photoluminescence (PL) when the
structure is optically pumped. In particular, this configuration was chosen to study the
propagation of the secondary flow of photons resulting from the reabsorption of the PL.
This effect, the photon recycling, results in spectral redshift and increased lifetimes for
the photons extracted from the output of the waveguide. The photon recycling effect has
important implications in the performance of solar cells, light-emitting diodes, among
other optoelectronic devices. Considering the aforementioned results, this Ph. D. Thesis
concludes that colloidal PNCs are promising candidates to pave the road towards a new
generation of active optoelectronic devices.






1 INTRODUCTION

Materials with perovskite lattice have gained interest within a large community of
researchers around the world. Their importance lies in their outstanding properties: their
mechanical and electrical properties, such as pyro and piezo electricity; their dielectric
and superconducting properties; their high nonlinear coefficients and potential
electrooptic effects. Therefore, this family of materials proves to be a suitable candidate
for a wide range of applications [1].

Despite the relative simplicity of its crystal structure, ABXs, the perovskite lattice
spans a huge collection of compounds [2] due to all the possible crystallographic
variations and chemical diversity. Most of them are oxides and fluorides, but also
chlorides, hydrides, oxynitrides, and sulfides [3]. The evolution of perovskite materials
was developed in three phases. First, ceramic materials with the perovskite-type
structure ABOs (like in the compounds LiNbOs, LiTaOs, BaTlOs, etc.) started to be
thoroughly studied since the Second World War, leading to the development of
piezoelectrics and ferroelectrics amongst other modern applications [4]. Meanwhile, a
second phase of hybrid organic-inorganic perovskites, in which the A- or X-sites of the
crystal structure are replaced by organic cations, found many applications, mainly in
photovoltaics (PV), but also in light-emitting devices and other optoelectronic
technologies such as memory devices, photodetectors and X-ray detection, to name a
few applications [5]. Hybrid perovskites often contain lead and other toxic heavy metals.
For this reason, scientists started a third phase in perovskite research, lead-free
perovskites, as inexpensive, non-toxic, earth-abundant materials for the next generation
of optoelectronic applications. Quite recently, lead-free perovskites were reported to
show faint ferroelectric properties, which in some cases tend to preclude potential
applications [6].

This Ph. D. Thesis has been mainly focused on the development of optoelectronic

and photonic devices based on lead halide perovskite (LHP) nanocrystals. LHPs have
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the general formula of APbXs (see a rendered representation of the LHP unit cell in
Figure 1.1), where A is a monovalent cation (organic or inorganic) and X is the halide
(Cl, Br or I). Methylammonium (MA) and Formamidinium (FA) are among the most
common monovalent organic cations currently being used in the synthesis of LHPs. If
the organic cation is replaced by an inorganic cation, a fully inorganic LHP is formed. In
terms of available size inside the perovskite structure, the caesium cation (Cs) results a
suitable choice, forming the caesium lead halide perovskite family (CsPbXs). Each cation
has a series of advantages over the others; for example, the FA is sometimes chosen in
the fabrication of single-junction solar cells because of the redshifted position of its
bandgap and improved thermal stability at room temperature. However, the large size of
the FA molecule deforms the perovskite, showing poor thermal stability at temperatures
higher than room temperature [7]. Superior stability under thermal and humidity attacks
in comparison with organic cation-based hybrids is offered by the all-inorganic CsPbBrs;
perovskites [8]. Lately, several groups have started to mix the cation position (i.e. the
CsFA-, or MAFA- double cation mixtures), producing films with much improved thermal
stability and optoelectronic properties, among other unanticipated effects [9]. The mixing
approach makes a nearly endless family of possible LHP compounds, and the
technological feasibilities of this kind of material are still growing. Since the first
publication in 2009 by Kojima et. al. [10] of the first hybrid LHP dye synthetized solar cell,
the interest of halide perovskites has experienced an exponential growth. In 2020,
according to the WOS (Web of Science), the topic "halide perovskites" comprises more
than five thousand scientific papers in the last three years. Besides their suitability for
photovoltaics, LHPs also hold a great potential as a material for Integrated Optics. Soon
after the discovery of exceptional gain in 2014 [11], other LHP devices such as lasers
and light-emitting diodes have also been rapidly developed. LHP photodetectors are
another prominent example and expected to have important applications in Integrated
Optics.

Considering the aforementioned background, in this Ph. D. Thesis we will
concentrate on the use of the colloidal nanocrystal version of all-inorganic LHPs, which
preserve the unique features of their bulk counterparts. Since the synthetic achievement
of all-inorganic LHP nanocrystals [12] with defined shape, size, and surface chemistry,
new optoelectronic properties are enabled for a variety of new applications. In the next
sections of the Introduction chapter we will discuss why we chose this all-inorganic
perovskite nanocrystals (PNCs) as the building blocks to achieve the objectives of this

Thesis.
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1.1 PEROVSKITE NANOPARTICLES

Since the first publication of perovskite NCs in 2014 [13], this material has been
extensively studied by many researchers around the world. Lead halide PNC are
synthesized in a similar fashion to more traditional NCs systems, by a technique known
as the hot-injection method detailed in Section 3.1.1 of this Thesis. The synthetic
approach allows to precisely tune the size and shape of the NCs so that bulklike NCs
(particles exhibiting low quantum confinement), or zero-dimensional quantum dots (QDs)
can be selectively fabricated [14]. Also, other nanostructures with dimensions
significantly below the exciton Bohr radius, like nanowires and nanoplatelets, can be
tailor-made by adjusting the reaction parameters [15]. The composition of the PNCs can
also be tuned not only during the synthesis, but also post synthesis through, for example,
ion exchange treatments [16].

The interesting optical properties of PNCs include a high efficiency of absorption, a
quantum yield of emission exceeding 90 % at room temperature and a tunable band gap
depending on chemical composition [14]. Besides, solution processability enables inkjet
printing compatible manufacturing; PNCs can be processed into films on a large variety
of optical architectures or substrates by standard coating techniques [17]. In this context,
all-inorganic CsPbXsz PNCs have recently emerged as outstanding materials for
integrated optics [18]. Consequently, since the first publication from Kovalenko’s group
in 2015 [12], PNCs have been extensively studied as active materials, with demonstrated

applications in light emitting diodes, lasers or optical amplifiers [19].

Cs,MA, or FA
e Pb

Cl,Br,or1

Figure 1.1. Render of a perovskite NC on the left and the unit cell of the LHP family on
the right.

15



The basic anatomy of a semiconductor nanocrystal, including the capping ligands
surrounding the crystal structure of the perovskite, is illustrated in Figure 1.1. These
ligands (blue filaments in Figure 1.1) play a crucial role in the solubility, colloidal stability,
and interactions between nanocrystals and their surrounding media. Furthermore,
ligands introduce a potential barrier for charge-carrier transfer and transport in PNC
close-packed films. Also, surface passivation is drastically improving the quantum yield
by reducing the surface defects, thus preventing defect-assisted non-radiative
recombination. In this Ph.D. Thesis, the effect of ligands over the electrical and optical

properties will be also studied.

1.2 INTEGRATED OPTICS AND PEROVSKITE NANOCRYSTALS

Over 50 years ago Stewart E. Miller elucubrated that the integration of multiple
photonic components in a common chip would emulate the stablished modus operandi
of the microelectronics [20]. At this time, the year 1969, Miller was the head of the Bell's
guided wave research laboratory, the laser revolution had already begun [21], and the
very first commercial IC operational amplifier had just been launched in the market (the
HA709 by Fairchild Semiconductor). Thus, the idea of utilizing lasers as a power source
into miniaturized optical circuits was a natural step towards joining microelectronics and
photonics technologies. In Miller's paper, the use of photolithographic techniques was
proposed to mass-produce optical circuits like in the integrated-circuit industry,
suggesting embedded miniature forms of lasers, modulators and hybrid devices.

Since at that time the low-loss signal propagation along optical fibers had not yet
been achieved, and the coupling efficiency of light inside the optical chips was very low,
much of the researcher's effort was devoted to the realization of efficient miniature optical
waveguides and to the application of thin-film technology to the formation of optical
devices and circuits. P. K. Tien, also working for Bell Labs, soon revealed a way to
fabricate optical chips capable of coupling the laser power with low losses [22],
expanding the realizations of integrated optics into a new breed of optical devices:
switches, detectors, prisms, lenses, and polarizers with unprecedented efficiencies [23].

Today, a large assembly of photonic integrated circuits (PICs) are available on the
market. The integrated optics community has reached the consumer-grade technology
in the industry of telecommunications. Since metropolitan and wide area networks rely
on optical telecommunications, integrated optics is receiving the limelight from the

research community in a market of ever-increasing demand; the integrated optics allows
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the direct implementation of all-optic networks, overcoming the limitations introduced by
optical-electronic-optical conversion stages, the evolution towards this technology is
much desirable. In any case, the development of purely photonic circuits, as well as
hybrids of both PICs and ICs, are impetus stems for the promise of technologies past
the microelectronics age, expanding the limits of an already well-established industries
as computing or telecommunications [24]. Their implementation is performed over a
huge diversity of material platforms and technologies (silica, silicon nitrides, polymers,
sol-gels, lithium niobate, indium phosphide, gallium arsenide, etc.) depending on the
specific application of the chip [25]. The components can be divided into two subspecies:
active and passive. In a few words, active components are those capable of generating
light when they are externally excited by optical pumping or electrical injection [26].

In this context, PNCs have been proposed as active materials, because these
nanocrystals demonstrate a low threshold for stimulated emission together with a
straightforward integration in optical architectures [27]. We believe that they are
promising candidates for future integrated sources or amplifiers. This Ph. D. Thesis is
mainly focused in studying the active properties of perovskite nanocrystals and their
eventual integration in PIC systems. The devices studied comprise passive and active

waveguides, as well as lasers and photodetectors.

1.2.1 WAVEGUIDES

Optical waveguides are spatially inhomogeneous structures that confine and
propagate the light. There are a variety of waveguides and waveguide components
including the conventional index-guided waveguides and the recent implementations
based on wave interference. The former structures are based on the principle of total
internal reflection (TIR), explained in Section 2.2 of this Thesis. An example of an
interference-based waveguide is the antiresonant reflecting optical waveguide
(ARROW), which is used in Chapter 5 of this Thesis.

We will mainly focus on index-guided waveguides. These waveguides are usually
fabricated with dielectric materials in the form of enclosed stripes (channel or ridge) [28]
or planar films [29], which are based on the confinement of light in a material with higher
refractive index (core) surrounded by a low index cladding. In PIC systems, the
components can be manufactured of the same material as the waveguide and can
couple light directly into the waveguide, allowing high operational efficiencies.

In the field of Integrated Optics there is always an interest in the fabrication of active

devices capable of adding new functionalities to existing material platforms. In this
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context, colloidal quantum dots or, in general, photoluminescent nanocrystals, are a
suitable choice as a material for light generation, as stated above. The idea of doping
waveguides with NCs has been implemented since decades now [30], providing reliable
solutions for specific technological problems. For example, NIR-emitting PbS QDs can
be embedded in glass or polymer matrix to create a waveguided potential gain medium
for the development of wavelength-tunable lasers and broadband fiber amplifiers
suitable for telecom applications [31,32]. With a similar prospect, integrated devices can
be built with NCs operating at visible wavelengths, such as II-VlI semiconductor
nanocrystals [33]. The integration of NCs in the waveguide can be carried out by different
strategies. For example, one could simply process the colloidal NC into close-packed
thin films of desired thickness and then grow the cladding layers of low index material
around it. This structure may be referred in literature sometimes as a sandwich-type
active waveguide [34]. In addition, the NCs can be embedded into a solid-state matrix,
creating a blend which is often called nanocomposite [35]. Polymers offer many
advantages over glass, such as the solution processability, the integration with a large
variety of substrates, even flexible ones, and the possibility to perform micro- and nano-
patterning with UV or e-beam lithographic techniques.

In the present Ph.D. Thesis, we fabricated nanocomposite and sandwich type
structures based on PNCs. We focused our research on the sandwich type structure
because it offers better photoluminescence generation efficiency. The base polymer was
PMMA and the whole structure was built on a SiO»/Si substrate. Firstly, the waveguides
were fabricated following standard thin-film deposition techniques, and then optically
characterized to stablish their advantages and potential applications. Here, waveguides
are not only interesting from a technological point of view, but also because they serve
as optimum platforms for optical experimentation: the high confinement of light in the
core of the waveguide provides the required power density to reach the stimulated

emission threshold or to activate the nonlinear properties, among other applications.

1.2.2 OPTICAL FIBERS

Optical fibers are cylindrical and flexible optical waveguides that can potentially be
very long (on the kilometers scale). Optical fibers operate under the same principles of
total internal reflection and wave interference governing the light propagation in
rectangular waveguides. In the 60 and 70 decades, optical fibers reached two important

milestones that have revolutionized the telecommunication networks. First of all, the
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reduction of the attenuation in silica type fibers, down to 20 dB/km, and secondly the
implementation of Erbium Doped Fibers Amplifiers (EDFA). These achievements
significantly increased the transmission distance over hundreds of km, and nowadays
optical fibers have become the skeleton of the global telecommunication networks.
Currently, light at 1550 nm (third optical window) is transmitted with an attenuation
smaller than 0.2 dB/km while being efficiently amplified by EDFAs. With the EDFAs
started the optical wiring of the U.S. in the 80's. At that time, systems operated at 90
Mb/s. In the coming years, the early 1990's, as Internet was becoming widespread, the
transmission capacity became a major concern. Technologies such as the wavelength-
division multiplexing (WDM), a technique that enables multiple communication links to
use a common transmission fiber, were developed in an effort to escalate the transport
capacity with bit rates, up to 8-10 Gb/s, over country-wide distances [36].

Nowadays, the multiplexing possibilities of the single-mode fiber have been largely
exploited. Internet traffic keep increasing exponentially and the spectral efficiency of the
backbone network lurks the Shannon capacity limit [37]. Thus, a photonic integrated
circuit that packages multiple optical parallelism strategies into compact components
with a small footprint is considered a promising solution to alleviate the bandwidth
saturation and power scaling global network situation [38].

Hollow-core fibers (HCFs) makes a good candidate for novel multiplexing
techniques [39]. While glass fibers guide the light using total internal reflection effect,
HCFs confine the light using a periodical cladding structure. Since light propagates
through air instead of glass, the absorption coefficient is orders of magnitude lower than
in a conventional single-mode fiber. HCF technology promises applications in different
areas because of their unique optical properties, hitherto unknown in conventional optical
fiber materials: high damage threshold, reduced non-linearity coefficients, potentially low
loss in transmission, lower latency etc. However, state-of-the-art HCFs still have a loss
several times higher than standard single-mode fibers. Nevertheless, recent reports
demonstrated that losses can be reduced to the 1 dB/km mark, or even lower, in a
hollow-core fiber, which represents an important breakthrough [40].

Although telecom industry is the main application field for silica optical fibers, they
have also been opened for optical sensing. The advantages of fiber optical sensors
include the possibility of monitoring several physical parameters avoiding the necessity
of positioning many discreet sensors, the arrangement in various configurations for
distributed sensing of strain, the characterization of temperature or pressure, and a large

range of other potential applications, such as chemo-/bio-sensing [41].
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In the framework of this Thesis, hollow-core fibers will serve as hosts, working as a
lab-on-a-fiber for the study of optical properties of materials. In Chapter 5 it is shown how
PNCs were incorporated into HCFs to construct a novel optical device that enhances the
emission of light by PNCs [42], and can be a useful workbench for the implementation
of different tasks, such as signal regeneration, modulation, multiplexing or

demultiplexing, among others [43].

1.2.3 COMPACT LASERS FOR INTEGRATED OPTICS

The invention of the laser in 1960 at Hughes Research Laboratories leaded to a
major technological revolution. Nevertheless, the construction of lasers components in
the silicon photonics platform is difficult to accomplish due to the indirect band gap nature
of this material. Thus, the integrated technology depends on IlI-V/Si heteroepitaxy to
fabricate lasers within this platform. However, in the last decades there have been
significant advances in colloidal QD lasers. The low-dimensional semiconductor
structures can moderate the sensitivity of lasing threshold to the temperature due to their
delta-function-like density of states profile [44]. Furthermore, size of the QDs can be
tuned to produce lasing at wavelengths not accessible with standard semiconductor
laser diodes. Indeed, recently, colloidal semiconductor QDs or NCs have been chosen
as active core material to fabricate VCSELs [27].

In this Thesis we attempted to produce distributed feedback lasers (DFBs), as well
as VCSELs operating at room temperature, but the research effort diverted towards more
fundamental questions. Nevertheless, ongoing progress towards this end are
summarized in Chapter 6, in which the characteristic resonances of random lasing could
be identified.

1.2.4 PHOTODETECTORS

Photodetectors are optoelectronic devices that convert the light into an electrical
signal. Depending on the specific application, the photodetector has to accomplish
different requirements. When this device is integrated in a chip, it usually needs to
measure a range of specific wavelengths under relatively low input power level
conditions, sometimes demanding high performance requirements into a small footprint

for a high density of integration.
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Thus, to achieve monolithically integrated optoelectronics, a high level of
manufacturing sophistication is required. The growth on crystalline substrates using
lattice-matched semiconductors, implemented together with read-out circuitry, becomes
challenging for many laboratories. Nevertheless, solution process materials, such as
colloidal QDs can be readily integrated on other integrated circuits by using a plethora
of low-cost techniques (i.e. inkjet printing, spin-coating or spray-casting techniques). For
example, colloidal QDs or NCs can be embedded into conductive polymers to fabricate
micrometric photodetectors on Si substrates or directly into nano-gaps between metal
nano-contacts [45]. Additionally, the tunable optical absorption and emission spectra,
together with the comparatively high quantum efficiencies, are some very special

characteristics of PNCs, which result useful for integrated optics applications.

1.3 THESIS OBJECTIVES

The main objective of the present Ph.D. Thesis is the incorporation of PNCs emitting
in visible (or near-infrared) wavelengths in photonic structures to construct novel
integrated optical devices. For this purpose, the outstanding optoelectronic properties of
PNCs are implemented to bring different functionalities, such as light generation, light
amplification or photodetection, into various optoelectronic devices. Following this lead,

we may divide the main objective in two secondaries:

Obijective 1. It is mandatory to examine the physical mechanisms responsible for
amplified spontaneous emission in PNCs. First, thin films of PNCs will be used as basic
building blocks from which integrate more complex architectures; being able to generate
ASE in thin films of PNCs and completely characterize its dependence with excitation
fluency and temperature, as well as its dynamics, it is an important milestone in the
achievement of this objective. Once the ideal conditions for optical amplification are
stablished in thin films, the PNCs can be integrated in hollow-core fibers, used as a host
for the nanocrystals, allowing signal amplification while bringing non-linear effects into
discussion. A third landmark will be the integration PNCs into a waveguide structure that
enhances the generation of light and minimizes the propagation losses. This will allow
us to demonstrate under which conditions the photons can be reabsorbed and reemitted
by the active PNC layer, the so-called photon recycling effect. All these results provide
a novel knowledge on the possible use of caesium lead halide PNCs as an active

material and can pave the road of new optoelectronic devices based on PNCs.
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Therefore, this research is essential to achieve more ambitious objectives such as lasing
under continuous wave (CW) optical excitation, or electrical injection, at room

temperature.

Objective 2. In addition, the effects of altering the surface chemistry of PNC thin
films need to be investigated in order to further improve the performance of the material
for some optoelectronic applications. For this purpose, a solid-state ligand-exchange
technology is proposed to develop a photoconductor and a phototransistor device. This
achievement will represent a step forward in the processability of films based on PNCs,
allowing to fabricate heterojunctions between PbS QDs (lead sulfide semiconductor
operating at telecom wavelengths) and PNCs. Such devices not only can act as receivers
in a photonic circuit, enabling chip-to-chip interconnection, but also open the door for a
wide range of applications such as visible-NIR cameras, multiwavelength LEDs for

integrated photonics, solar cells, etc.

1.4 THESIS OUTLINE

The present Ph.D. Thesis comprises several investigation fields related with the use
of PNCs as an active material for optoelectronics. The structure of this manuscript
contains three introductory chapters to describe all the theoretical concepts needed to
fully understand the experimental results, which are summarized in the other chapters.

Finally, this report is finished with a general conclusion chapter.

Chapter 1: Introduction.

This chapter includes a brief description of the history and recent state of the art of
integrated optics, with a particular emphasis on the applicability of NCs, and the main
objectives of the present Ph.D. Thesis.

Chapter 2: Theoretical Introduction.

In this section, a brief summary of the theoretical aspects, needed to follow the

discussion of the core experimental chapters, are presented. In particular, it comprises
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the photophysical aspects of semiconductor nanocrystals and the theory of

photodetectors.

Chapter 3: Experimental Methods.

The purpose of this chapter is to describe the fabrication and characterization

techniques involved in the development of the research.

Chapter 4: PNC Photodetectors and solid-state ligand exchange strategies.

This chapter presents the project of PNC-based photodetectors. In this work,
CsPbBrs NCs thin films are engineered and enhanced via a solid-state ligand-exchange
procedure. The extraction of the figures of merit of the detector serves a benchmark,
revealing photoresponsivities up to 0.1 A/W, with open circuit voltages around 0.6-0.8 V,
with short circuit currents of 1 to 3 mA/cm? and detectivities as high as 8 x 1079 jones. A
photoconductor and a FET (Field Effect Transistor) chip device were also built in order
to measure the electrical and electro-optical properties of this material, substantiating
that the ligand exchange with MPA vyields a superior device performance via increased
inter-mobility between the PNCs. This work serves as a building block for other
realizations with PNCs since the film deposition strategy was established in the

development of this one.

Chapter 5: Optical amplification in Hollow-Core fibers doped with PNCs.

In this chapter, a hollow-core negative-curvature fiber (HC-NCF) optical signal
amplifier was fabricated by the filling of the microchannels of the fiber with all-inorganic
CsPbBrs PNCs. The optimum fabrication conditions were found to enhance the optical
gain, up to +3 dB in the best device. The experimental results were approximately
reproduced by means of a gain assisted mechanism based on the nonlinear optical
properties of the PNCs, indicating that signal regeneration can be achieved under low
pump powers, much below the threshold of stimulated emission. The results can pave
the road for new functionalities of the HC-NCF technology with PNCs, such as optical

amplification, nonlinear frequency conversion and liquid and gas chemo- bio-sensing.

23



Chapter 6: Amplified Spontaneous Emission in Thin Films of PNCs.

Here, we analyze the formation of optical gain in PNCs of three different bandgaps
(CsPbBrs, CsPbBryslis and CsPbls). The PNCs are processed into films by a layer-by-
layer technique. The fabrication was optimized to minimize the threshold of stimulated
emission. Our characterization reveals the physical mechanism responsible for the
optical gain in these materials. Experimental results are properly reproduced by a
physical model that reproduces the limiting impact of self-absorption effect over the

generation of ASE.

Chapter 7: Photon recycling effect in CsPbBr;-PMMA waveguides.

In this chapter, we propose the use of a waveguide structure containing CsPbBrs;
PNCs thin films (<200 nm) between poly(methyl methacrylate) (PMMA) layers. This
sandwich configuration enhances the reabsorption and emission efficiency of the PNCs.
Reabsorption and reemission of the photoluminescence (PL) emitted by a
semiconductor, or photon recycling (PR) effect, adds a degree of freedom to control the
carrier density in semiconductor thin films. Thus, the PR effect can enhance different
optoelectronic properties of the material. We propose an experimental set-up based on
the frequency modulation spectroscopy and a stochastic Monte Carlo model to provide

an appropriate characterization of this effect inside waveguiding structures.

Chapter 8: Conclusions.

A closing chapter that draws together the conclusions and future perspectives

resulting from the present Ph.D. work.
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2 THEORETICAL BACKGROUND

2.1 SEMICONDUCTOR COLLOIDAL NANOCRYSTALS

The notion of “quantum dot” (QD) was introduced first by Alexey Ekimov at the
coming of 1980 [1], enunciating the possibility to confine charge carriers in "microscopic
semiconductors" due to the localized nature of the potential energy distribution in
spatially reduced structures. During the last decades, colloidal QDs have attracted the
attention of the scientific community, mostly due to their remarkable electronic [2], optical
[3] and catalytic [4] properties. Furthermore, fabrication through synthetic routes offers
unseen advantages; the possibility to manipulate the quantum confinement in QDs, and
hence their optical and electric properties, by tuning the size, shape, surface states or
chemical composition allows to produce tailor-made materials that perform specific
optoelectronic applications [5].

A central characteristic of semiconductors is the energy band gap (Eg), which
defines the minimum energy required to promote an electron from the valence band (VB)
to the conduction band (CB). When an electron is promoted to the CB, a positively
charged hole is generated in the VB. The electron-hole bound state is called exciton and
it can be described with hydrogenic energy states. Within this model, the most probable
electron-hole distance in its ground state is the so-called Bohr radius. This length can be
calculated for any semiconductor system assuming the effective mass approximation by

scaling the hydrogen Bohr radius a, = 52.9 pm with the following equation:

ap = &7+ o (2.1)

Here, ¢ is the dielectric constant of the semiconductor and m*~* = m*;* + m*; ' is
the electron-hole reduced mass. Depending on the semiconductor, the value of ag in
state-of-the-art QD systems have a wide range of variability. For instance, the cadmium-
based QDs of groups II-VI, namely CdS, CdSe and CdTe, have an excitonic ag of 2, 4
and 5 nm, respectively [6]. In the other side of the spectrum, IV-VI lead salts of PbS,

PbSe and PbTe have much larger excitonic Bohr radius (21, 55 and 104 nm,
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respectively) [6]. In this way, strong quantum confinement regime can be achieved with
PbTe QDs with 30 nm of diameter due to its large excitonic radius. In the case of caesium
lead halide perovskite nanocrystals (PNCs), the calculated Bohr radii of CsPbCls,
CsPbBr; and CsPbls is around 2.5, 3.5, and 6 nm, respectively [5]. Given that PNCs can
be synthesized slightly in the range of sizes very close to those Bohr radii, strong
confinement is not expected, although smaller NC sizes with significant 3D quantum size
confinement can be reached in some cases [7]. Other nanostructures, like 2D perovskite
nanosheets with monolayer-thickness control show strong quantum confinement effects
[8]. Certainly, it is not the case for the cubic PNCs used in this PhD because they present
edge lengths higher than the Bohr radii (8-14 nm as TEM imaging reveals). Thus, when
referring to our PNCs we opted to drop the QD label as the term implies a significant

degree of quantum confinement.

2.1.1 PHOTOPHYSICS OF SEMICONDUCTOR NANOCRYSTALS

In semiconductor nanocrystals (NCs) the most important photophysical processes
involved in the description of the physical system behavior are the exciton generation,
the relaxation, the charge recombination and carrier trapping [9]. A variety of different
excitations appear after a photoexcitation event: free electrons and holes, excitons and
phonons are generated inside NCs when a photon with energy higher than the bandgap
is absorbed. The Coulomb interaction between electrons and holes rules over the
formation of excitons, bound states defined by the hydrogenic system quantized
energies converging to the electron-hole continuum. When a short pulse of photons with
mean energy hwn is absorbed by the semiconductor NC, the excess energy hvpn - Eg is
added to the carriers in the form of kinetic energy and the semiconductor ceases to be
in thermal equilibrium. Then, the NC undertakes several temporally overlapping

relaxation processes that bring the carrier thermal distribution into equilibrium again:

(i) In the coherent regime, the excitations generated in the semiconductor have

a well-defined phase relationship with the excitation photons. During this
initial stage, a period typically in the femtosecond domain, the scattering
processes quickly destroy the coherence (in perovskite NCs it has been
reported to last a period no longer than 80 ps [10]), leading to

(ii) the hot-carrier regime, where carriers and excitons thermalize (carriers and

excitons species can be described with a single temperature-dependent
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distribution) to lattice temperature by scattering among their own species
(carrier-carrier or exciton-exciton scattering processes) in period lasting
hundreds of femtoseconds (excitons) or picoseconds (carriers). The
thermalized carriers reach lattice temperatures in hundreds of picoseconds
by exchanging energy interaction with lattice phonons. When all the species
(carriers, excitons and phonons) share a common temperature distribution,
it comes the

(iii) isothermal regime, where the excess of electron-hole pairs recombine,

radiatively or non-radiatively, until the semiconductor restores its thermal

equilibrium.

In this Thesis we will mainly focus on the isothermal regime of the semiconductor.
Specifically, we will study the radiative recombination of excitons in a time window
ranging from a few hundred of picoseconds to tens of nanoseconds. This time scale
overlaps with the perovskite NC's recombination time, which is clocks around the
nanosecond [11]. The excitonic quasi-particles and their many body interactions have a
prominent role in the absorption and emission spectra of PNCs and their understanding
can provide means to enhance their optoelectronic properties. Carrier recombination is
a process by which electron and hole annihilate each other. The electrons promoted to
the conduction band (CB) occupy the holes in the valence band (VB). If a band-to-band
recombination occurs, a photon with the energy of the bandgap is generated. However,
the process can take more steps than one: the hot-carriers may decay first to the lowest
energy level of their band before band-to-band recombination. This intra-band processes
can be radiative or non-radiative. During the hot-carrier relaxation, if the electron-hole
pair has an energy greater than twice the bandgap, more excitons could be generated
by taking the excessive energy in a process called the multi-exciton generation (MEG).

If multiple carriers or excitons are involved, the occurring many-body interaction
mainly follows the biexcitonic or trionic Auger recombination path. This is a non-radiative
channel in which the exciton transfers its energy to a third particle that is excited to a
higher energy level. Because part of the excitonic energy is lost in the form of heat, this
process hampers the PL efficiency of the NC. Thus, in the development of
photoluminescent devices, the Auger recombination must be avoided [12]. To reduce
Auger scattering, the average number of photoexcitations per nanocrystal and the carrier
density must be kept below a certain threshold [13]. Nonetheless, for certain applications
such as the laser, the excitation must be strong enough to reach the lasing threshold.

This gives rise to one of the fundamental tribulations with NC optical gain media, mainly
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when Auger becomes the dominant relaxation process. In the case of PNCs this issue
is investigated in Chapter 6 of this Thesis.

In semiconductor NCs there is yet another recombination channel to explore; the
trap-assisted recombination, when a carrier is trapped into an energy level located within
the bandgap. This intra-band states can be either shallow traps or deep traps. Shallow
traps involve a comparatively small difference of energy from the respective CB/VB band
edge, while deep traps lay near the middle of the semiconductor bandgap. A carrier
occupying the trap can fence into an empty valence band state after a certain amount of
time, the trapping lifetime, that usually depends on the depth of the trap within the
bandgap, the temperature and other specific parameters. The effect of trap states in the
carrier dynamics depends on the depth of the energy level. Shallow traps only obstruct
the free carrier transport through trapping and detrapping processes; deep traps,
however, having longer lifetimes and equal proximity to semiconductor bands, facilitate
non-radiative recombination pathways. We will refer to this process as Shockley-Read-
Hall (SRH) recombination [13]. The origin of traps in PNCs is discussed in Chapter 4,
but they are mostly caused by structural defects at the surface of the NC [14]. Trap
assisted recombination in low-dimensional semiconductors is a critical effect due to the
large surface-to-volume ratio in a NC. Thus, the chemistry of the NC surface can have a
direct impact on the optoelectronic properties of the semiconductor. The NC surface
contains a large number of impurity levels and electrically active dangling bonds that can
act as recombination centres. Surface defects in NCs can also be generated due to an
incomplete ligand substitution or charge imbalance between the ligand and the surface
states [15]. These surface defects in NCs are dependent on the length and the chemical
structure of the capping ligands surrounding and interconnecting the NCs [16].
Furthermore, they introduce trapping states energetically located within the NC band gap

that modify the photoconductivity kinetics [17].

2.2 WAVEGUIDES

A waveguide is an optical structure that confines and propagates the light. For this
purpose, a waveguide is composed of dielectric materials with different refractive
indexes. Typically, a high-index core is surrounded by a low-index cladding. In this
configuration, the higher refractive index of the core of the waveguide compared to those
of the cladding results in the confinement of the light by total internal reflection (TIR). In

particular, all rays with an incidence angle smaller than the critical acceptance light cone
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are launched and confined into the structure. From the electromagnetic point of view,
only a discrete set of angles (or parallel wave vectors) satisfies the phase matchings
conditions given by the geometrical parameters and refractive indexes of the involved
materials. This set of characteristic solutions are wavelength-dependent and receive the
name of propagation modes. Modes have the particular feature of maintaining the same
polarization and field transverse distribution across the propagation axis.
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Figure 2.1. a) Schematic illustration of a slab waveguide where the pink area surface
represents the core (with higher index n¢) and the blue area represents the cladding
surface (with lower index ncy and neo). b) First four TE modes of the symmetrical slab
waveguide (ncu = Neo) With and index of 2.5 in the core and 1.5 in the cladding calculated
by the finite-difference analysis method. The x axis was normalized to the free space
wavelength Ao.

An example of this is shown for the slab waveguide architecture of Figure 2.1b, in
which the first four TE modes were calculated with the finite-difference method [18]. In
this Thesis, the transfer matrix theory of multilayer optics was used to solve the modes

of waveguides for their effective indices and field distributions [19].
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2.3 OPTICAL GAIN

In this Section the fundamental processes of light amplification at optical frequencies

will be presented.

2.3.1 AMPLIFIED SPONTANEOUS EMISSION

Amplified spontaneous emission (ASE), or sometimes called superluminescence, is
an optical process in which spontaneous emission is amplified via the stimulated
emission. The process of ASE is typically described in a cylindrical geometry with an
energy diagram consisting of several population levels in which the lower level has a
negligible occupation and the upper state is densely populated (population inversion). In
this scenario, the variation of the spectral intensity I along the propagation axis zis given
by the following differential equation [20]:

al, Q (2.2)
a = O'NIU + ENA,,h‘U

Here o is the stimulated emission cross section, the term N is the upper state
population, A is the spectral rate of spontaneous emission, and the factor solid angle
(/47 measures the projection of the differential element dz over the complete solid angle
4.

Integrating Equation 2.2 under the correct approximations for homogeneous line
broadening produces the Svelto (1998) equation [20]:

I 0 (G-1)3? (2.3)

I, 7 4m (nGln G)1/?

Here, G = exp(goL) = exp(oNL) is the optical unsaturated gain coefficient, where L
is the length of the active medium; I = hvy /ot is the saturation intensity; 7 is the radiative
lifetime and v, the transition frequency; and ¢ = 74 is the fluorescence quantum yield.
This expression is used to predict the intensity of the ASE for low saturated regime,
5<goL<8; in the case of reaching the saturation regime (I>>I;), goL>15, this asymptotic

approximation is valid:

1/I; = ¢pgol/2 (2.4)
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Following the Gaussian approximation, the normalized ASE linewidth can be

calculated as follows:

1/2

G—-1
— 1/2
Avpsg = (In 2) (m) Avg (2.5)

With Av, defined as the spontaneous emission linewidth. The approximation given
by these formulas can be compared to the calculation in which saturation is taken exactly
(green line in Figure 2.2a).

This analysis allows to identify the ASE emission spectral features:

(i) the ASE narrows with respect to the spontaneous emission bandwidth,

(if) the ASE signal grows superlinearly above a gain threshold.

The intensity versus gain (pump power) curve presents a characteristic S-shape
which allows to identify the ASE regime and the saturation regime as two inflection points

in such plots.
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Figure 2.2. a) Normalized ASE intensity versus goL for homogeneous line broadening
and solid angle Q/4m = 10~*. The black discontinuous line is the Svelto approximation
(Equation 2.2, the red discontinuous line is the asymptotic approximation (Equation 2.4)
and the solid green line is the exact numerical integration of Equation 2.2. b) Normalized
ASE linewidth versus goL calculated from Equation 2.5.

Another characteristic of ASE emission lifetime is that the lifetimes associated with
the photons emitted under ASE regime present shorter lifetimes than the spontaneous
emission lifetime. The appearances of this particular spectral and dynamic behavior

allow to characterize the generation of gain in nanocrystal thin films.
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2.3.2 FIBER AMPLIFIERS

2.3.2.A DOPED FIBER AMPLIFIERS

The optical gain inside an optical fiber filled with PNCs can be calculated by coupling
the power and rate equations for a two-lever energy system [21]. Here, an analytical
solution of the power propagation equations is deduced, obtaining an expression that is
commonly used in similar problems (namely, in erbium-doped fiber amplifiers) under
small-signal single-pass amplification conditions. The model reproduces input-output
characteristics for any length of the amplifying system if strong-signal saturation
processes are not present. We limit our discussion to the case of a signal beam and N
pump beams with frequency v, propagating in the positive direction (reflections from
the end of the fiber are discarded), which are treated identically in the formalism. In a
two-level system, the population fractions for the fundamental and the excited level,
Ni(z,©) and No(z,1) respectively, hold the relation of Ni(z,f)+ Nx(z,f) = 1, and follow the

present differential equation:

Ny (2,t) _ Ny(z,t) ¢ P(z1) (2.6)
at T oAhv, 0z
k=1

Here, ¢« is the emission quantum efficiency, h is the Plank constant, hv, is the
energy of the kth beam, and ¢ is the cross-sectional density of NCs in the fiber. For
simplicity, the pump and the doping concentration are considered homogeneous over
the area A of the core. Moreover, under steady state conditions, the population of the

upper level is independent of time and can be expressed by the following equation:
N

N\t Rt 27)
N2 (2) = ZQAhvk 9z

k=1

Taking this equations into account, the power propagation equation for the kth beam (P«

(z,9) can be denoted with the following expression:

9P, (z, |
# = oL [Na (2, )0 — Ny (2, )81 P (2, ©) (2.8)
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Where 0@ and oi° are the absorption and emission cross sections for the kth beam,
respectively; kis the confinement factor. Then, combining Equations 2.6 and 2.7, the
problem can be expressed by the differential equation.

N (2.9)

dP t 0P, (z,t
TBD _ oo +ak)z e SR o Ra)

k=1

If the following definitions are introduced, ax and Psat, the absorption constant and the
saturation power,

ay = ol ok (2.10)

hv,A (2.11)
(Uk + 01 )TPx

sat

and the Equation 2.9 is integrated across all the fiber length L, we obtain the output

power for the kth beam as a function of the input power:
Pout Pm —akL+Pa/P,§at (212)

where P, is the absorbed power:

N (2.13)
= ) (P(0) — Pe(L)
k=1

Thus, by taking logarithms, the gain for the single signal beam at a distance L from the
beginning of the amplifier can be expressed as

L, (o5 + Jsa)rcpp P, - (2.14)

G(L) = log(e )[ L|dB

This theory is distilled enough to enable an easy analysis of the experimental results in
Chapter 5, while still giving insight about the physical effects occurring in the system.

2.3.2.B FOUR WAVE MIXING OPTICAL PARAMETRIC AMPLIFIERS

The four-wave mixing (FWM) process starts with two pump waves that propagate
together into the optical fiber with frequencies w1, and wz,. As they propagate, they will
continuously beat between each other generating new sidebands inside the fiber. The
sidebands are produced at frequencies wi = w1, + (W1p - W2p) and W' = W1p + (W2p - W1p).

In this example, phase matching conditions would require that the propagation constants
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hold the relation k12 = kip + k2p. The generated waves can also be cascaded by further
combination with other frequencies and gives rise to many possible replicas. In the
simplest case, both pump waves having the same frequency, the degenerate FWM
process, which holds w2, = w1p = w, the following waves are produced: w + w= 2w, w +
2w =3w, 3w - w =2w, and 2w - w = w. Yet if a third frequency ws = ws (the signal wave)
is added, a total of nine sidebands would be generated. The amplitude of the sidebands
produced by the overlapping of these components will be proportional to the amplitude
of the signal. Some of these products will overlap with the signal frequency, in this case

w1, resulting in a gain of the signal.

Py (L)
Ps (L)

P, (0)
P; (0)

Figure 2.3. Degenerate FWM process in an optical parametric amplifier device of length
L. The pump wave with power P, interacts with the signal wave (with power Ps)
producing amplification at the end of the fiber. Other sidebands are produced,
consuming the pump wave power. In the graphical representation are depicted as a
continuum of cascaded interactions (Pn) and other major contributions named idlers

(Py).

The degenerate FWM process, like the one depicted in Figure 2.3, is best described
by the interaction of three stationary copolarized waves with frequencies wp,, ws and wi
with complex amplitudes Ap(z), As(z) and Ai(z). Under these circumstances, the total
transverse field E(x,y,z) propagating inside the fiber is described as the product of the

transversal mode profile f(x,y) times the complex amplitude of the four mixed waves:

E(x,y,2) = f(x,y)[Ap(2)efor @0t (2.15)
+ As(z)ebrz—iont 4 4;(z)eP27"iwst 4 ¢ c]

If power loss is neglected, the evolution of the complex amplitude waves inside the fiber

with a third-order nonlinearity can be calculated as follows [22]:
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dA
=2 = iy[(1A 2 + 20417 + 14174,

dz
+2A,A;Anexp (iAfz)]

dA .

= (AP + 20407 + 4,14 (2.16)
+A; Az exp (—iABz)]

dA; ; 2 2 2

17 iy [(14:1" + 2(14s]° + 14p 1)) A;

+AsA%exp (—iABz)]

Here AP is the phase mismatch term and y = 2rmn./ AAer is the nonlinearity coefficient.
The parameter n: is the fiber nonlinear coefficient and Aeris the effective modal area of

the fiber. An approximate signal gain solution for the Equation 2.16 is given by [23]:

YP, . 2 (2.17)
Gag = 10logy (1 + [7 sinh (gL)]

The parametric gain coefficient g is given by the set of equations:
2 2 2 A'B
g2 = (VR = (/2% = ~0f; (- +VR)

4
2mc dD (2.18)
A =—

—— A — ) (A — 45)?
A2 da P TR TS
(k =AB + 2yF,)

where k is the total phase mismatch term. The wavelengths 1, and A, are the pump and
the fiber's zero-dispersion wavelengths, respectively; As is the signal wavelength. The
slope dD/dA is the dispersion parameter at the zero-dispersion wavelength, and c is the

light velocity in the vacuum.

2.4 PHOTODETECTORS

Within this Ph.D. Thesis we study several photodetection architectures based on
thin films of PNCs. Photodetector devices can be classified in two main categories:
photoconductors and photodiodes. In this Section, the underlying physical mechanism
of such devices will be discussed as well as the figures of merit that are used in literature

to extract material's photodetection performances.

2.4.1 PHOTOCONDUCTORS

A two-port photoconductor architecture typically consist of a semiconductor material

and two metal ohmic contacts. The absorption of photons by the semiconductor
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generates electron—hole pairs drifting across the material by the applied external electric
field. In this way, the conductivity of semiconductors increases because of the
perturbation introduced (n = ny + An) in the carrier density distribution of both, electrons
An and holes Ap, although in the basic treatment of photoconductivity carried on in this
Thesis only the transport of minority excess carriers is considered. Carrier mobility may
also increase upon illumination (see the dark conductivity of a semiconductor in Equation

2.19). Both effects contribute to change the response of the biased photoconductor [24].

o = e(nu, + pup) (2.19)

-

In the case of n-type materials, the current density is given by, ] = quenE +

qun, where u, and D, are the electron mobility and diffusivity, respectively. Through
this relation, the changes the slope of J-V curves can be translated conductivity changes,
which are used in Chapter 4 to describe the behavior of a CsPbBrz PNC photoconductor.

In photoconductors there is also a photoconductive gain effect, defined as the ratio
of circulated carriers per absorbed photon, which can be exploited to increase the
performance (amplification factor) of the photoconductor. Prior to the investigations
conducted in this Thesis, the candidate participated in the research of photoconductive
gain in PbS QDs [24].

2.4.2 PHOTODIODES

Photodiodes are built upon junctions of two different semiconductors
(heterojunctions); or a semiconductor material separated in two regions opposite doping
(homojunctions); or a semiconductor in contact with a metal barrier (Schottky junctions).
The photodiodes fabricated for studies summarized in Chapter 4 are Schottky junctions,
a CsPbBrs PNC thin film capped with an Au gold pad, and a PbS - CsPbBrs NC thin film
heterojunction.

In photodiodes, the excitonic pairs generated by an absorption event are dissociated
by the action of the built-in electric potential powered by the junction. When carriers are
extracted through the contacts, an absorption event is then registered. Since there are
no recirculating currents, the photoconductive gain is not available in photodiodes. This
implies that, with most of the materials, the expected efficiency of a photodiode
architecture can be potentially lower than the one of a photoconductor, but the temporal
response of the device will be much faster since the temporal response of photodiodes

is determined by the carriers transit time between contacts instead of their kinetics
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(taking into account radiative/non-radiative recombination and eventual carrier
trapping/detrapping processes induced by shallow/deep traps).

The photodetection performance is mainly limited by the parasitic noise currents. An
important contribution to signal noise is the dark current density. In thin-film based
photodiodes, dark current can usually be attributed to either carrier injection from the
metal contacts or thermal generation within the active layer. For materials with a
substantially large density of defect states or impurity levels, or a relatively small
bandgap, thermal dark current can be problematic and may thus require operation at
lower temperatures. In reversely biased photodiodes, however, the injected component
of dark current can overshadow the detection signal in certain scenarios. In this case,
additional engineering is required to design the device; the inclusion of metal-
semiconductor interfaces with a band alignment so that electrons or holes are blocked
thorough the contact is the usual strategy to reduce the dark current. Such layers receive
the name of electron or hole blocking layers (EBLs or HBLs) and examples of which can
be found in literature [25]. In Chapter 4 we implemented a device architecture with an
ETL consisting of a 20 nm molybdenum trioxide (MoOs) interlayer placed between the
CsPbBrs PNCs thin film and the Au contact. Similar photodiode structures were also

fabricated in our previous publications based on PbS QDs [26].

2.4.3 FIGURES OF MERIT OF PHOTODETECTORS

Figures of merit of photodetectors are used to evaluate and quantitatively compare
the performances of various photodetector technologies regardless of their architecture.
The figure of merit that it is primarily used to benchmark the performance of a
photodetector is the Responsivity. This parameter quantifies the device's electrical signal
output per optical power input. This figure of merit characterizes the ratio of photocurrent
to incident light power irradiating the active layer of the detector, and it is commonly
expressed as follows [27]:

_ I _n@ea (2.20)
P(1) ke

Here, I(A) is the photocurrent, P(A) is the incident optical power at wavelength A, h
the Planck’s constant, ¢ the speed of light, e is the electron charge and n the quantum
efficiency. The responsivity is proportional to the quantum efficiency, which represents
the probability for an incident photon of becoming a charge carrier and being extracted

from the device. In the computation of quantum efficiency, the internal reflectance paths
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inside the device, scattering and absorbance, are taken into the equation. In general,
two types of quantum efficiencies are often considered: The External Quantum Efficiency
(EQE), which is computed from the incoming flux of light; and the Internal Quantum
Efficiency (IQE), which is computed from the ratio of photons that were already absorbed
by the device, discarding the scattered or transmitted photons.

Another principal figure of merit is the noise equivalent power (NEP), a measure of
the power sensitivity of the photodetector. The NEP is the minimum optical power that
the detector can discern over noise and can be measured experimentally in a direct way
(photocurrent as a function of incident power) and estimated from [26]:

In (2.21)
NEP = —
R

Here R is the responsivity and i,, is the noise current. There are several sources of
noise in photoconductors (shot noise, Johnson noise, generation—recombination noise,
and 1/f noise) that should be considered. Finally, there is the specific detectivity (D),
reciprocal of the NEP, but normalized per square root of the photodetector area (A) and

frequency bandwidth (B) [26].

. VAB ABR (2.22)
~ NEP i,

D™ is expressed cm Hz'2W-1 (or Jones units). State-of-the-art values for this figure

of merit in the context of this Thesis can be found in Chapter 4.
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3 EXPERIMENTAL METHODS

This chapter describes the experimental methods used during this Ph.D. Thesis,
including the fabrication and characterization techniques. The first part of this chapter
summarizes the technologies chosen to the implement the optoelectronic devices
developed these years: photodetectors, field-effect transistors, active (amplifying)
waveguides and laser cavities, among others, are made of nano-inks containing
nanocrystals. In addition, a general overview of the chemical synthesis of quantum dots
and perovskite nanocrystals is also included in this part. The second section explains
the experimental setups built for the characterization of the devices and materials. These
setups allowed the extraction of relevant physical parameters from the materials (carrier
mobility, absorption cross-section, photoluminescence lifetime, etc.) and to evaluate

performance of a specific device.

3.1 FABRICATION METHODS

3.1.1 SYNTHESIS OF NANOCRYSTALS AND POST-PROCESSING
TREATMENTS

Lead halide perovskite nanocrystals (PNCs) were synthetized following the method
developed by Protesescu et al [1]. This procedure is based on the hot-injection method
commonly used to prepare NCs of 1I-VI, IV=VI, and llI-V semiconductor compounds
[2]. Here, colloidal CsPbXs (X = CI, Br, I) nanocubes with a PLQY (photoluminescence
quantum yield) close to 90% at room temperature with a wide color gamut were
fabricated to be used as active materials [1]. A similar procedure was also adopted to
synthesize of PbS NCs with the aim of implementing photodetectors [3-5].

In brief, the hot injection method (Figure 3.1) consists in the injection of
chalcogenide precursors (S, Se, bistrimethylsilyl sulphide, n-dodecanethiol, etc.), metal
precursors (metal halides, in the case of PNCs), and specific ligands of high coordinating
power (oleylamine, oleic acid, trioctylphosphine, etc.) into another hot coordinating
solution with metal-organic precursors in a high-boiling solvent (octadecene). Flasks are
kept under an inert N2 atmosphere and at relatively low temperature, below 200 - 300
°C.
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Precursor A Synthesized nanocrystals

Figure 3.1. Scheme of the hot-injection method for the synthesis of nanocrystals.

Once the precursors are injected, the chemical reaction starts and the first monomer
molecules are generated. According to the classical LaMer model [6], the concentration
of monomers will super-saturate eventually, leading to the formation of nucleation seeds.
The formed nuclei will continue increasing in number while the population of available
monomers constantly decreases until a critical point is reached. At this point, there is
almost no nucleation occurring due to the low concentration of monomers. Once the
nuclei are formed, they will act as the seed for crystal growth; larger nanocrystals will be
formed by coalescence of existing ones as described by a process known as Ostwald
ripening. Because nucleation of seeds and crystalline growth processes are "coupled",
both stages play a role in deciding the final average size and the size distribution of the
NCs. There are many strategies to control the growth process and the size distribution
of the nanocrystals. The most important parameters are the reaction temperature, the
reaction time, the concentration of precursors and the concentration of coordinating
solvents.

During the final stages of the NCs synthesis, the resulting NCs are coated with a
layer of surfactant molecules (ligands) that provides colloidal stability and passivate
surficial defects. However, the as-synthesized NC solution also contain the high-boiling
solvent, reaction byproducts, unreacted precursors and ligands. Thus, the crude solution
must be purified with a polar/non polar solvent strategy in order to remove the chemical
waste, improving the final size distribution and overall rheological properties of the final
solution. Typically, the high-boiling solvent is replaced with low molecular weight
solvents, such as n-hexane or toluene. The final colloidal solution of NCs, which is ready
for film casting, is usually denoted as nano-ink.

In this Thesis, the specific details about the synthesis (reactive, reaction times, etc.)

of particular NCs used in each study will be described in the corresponding chapters.

45



3.1.2 FABRICATION OF SOLID-STATE NANOCRYSTAL FILMS

A major concern in the fabrication of efficient optoelectronic devices based on
semiconductor nano-inks is the growth of high quality close-packed films made of
individual nanocrystals. Such films must preserve the optoelectronic properties shown
by the colloidal NCs while in solution. The device operation strongly depends on the
charge transport in the case of photodetectors, and in the emission efficiency in the case
of light emitting devices. Therefore, parameters such as homogeneous deposition or
interparticle distance within the NC ensemble in the film must be optimized to obtain
close-packed solids with high mobility, sometimes allowing Bloch-like electronic
transport of carriers [7]. To optimize the generation of light, additional treatment can be
practiced to passivate the films (capping of defects present at the NC surface),
successfully reducing the rate of non-radiative recombination and increasing the overall
PLQY [8].

So far, layer-by-layer (LBL) techniques based on solution processing coating
methods (dip-coating, spin-coating, spray-coating, etc.) are the state-of-the-art standard
techniques for the experimental assembly of devices, such as photodiodes and FETs.
This procedure consists of the application of several coating steps on a specific
substrate. Consequently, the layer is sequentially grown, allowing the administration of
post-treatments (such as ligand-exchange) in-between each layer deposition or at the
end of the LBL process. Multistep film growth offers the possibility to fabricate pinhole-
free films with controlled thicknesses, up to hundreds of nanometers. Typically, LBL
techniques produce close-packed dense films with relatively high conductivity, as

compared to single-step fabrication techniques.

Solution deposition Solution spreading Baking

Figure 3.2. Schematic illustration of the doctor blading deposition technique.
LBL is also compatible with the roll-to-roll printing process, enabling low-cost
fabrication of large-area optoelectronics, via the Doctor Blade (or tape casting)

technique. The term owes its name to the former doctor blade mechanical piece, key in

the 19th-century printing process known as rotogravure [9].
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Doctor blading allows precise thickness control over large areas with minimum
material. We have chosen to apply this technique for the fabrication of the films of this
thesis because it was proven useful in previous publications dealing with colloidal QD
thin layer fabrications [4,5], showing successful results under similar conditions. The
processing with a low-concentration, clean and filtered nanocrystal solution benefits to
the smoothness of the fabricated layers, producing a film with almost specular reflection.

The three steps of the doctor blading application are summarized in Figure 3.2.
Firstly, the ink is loaded in the air gap between the substrate and the blade. The surface
tension of the nanoink forms a meniscus between the blade and the wet film on the
trailing edge of the blade. Then, the Doctor blade coating machine mechanically spreads
the ink uniformly over the substrate. At this point, the blade velocity determines the
amount of ink that leaks from the moving meniscus and, depending on the nano-ink
concentration, the thickness of the deposited layer. This cycle is repeated until the
desired layer thickness is reached. Although the inks are usually formulated with non-
polar solvents having low boiling temperatures (hexane, octane, toluene, chloroform) to
allow fast evaporation, a baking process is usually carried out between each deposition
cycle in order to remove the residual solvent.

Layer-by-layer technique can also include more sophisticated procedures between
each deposition to improve the quality of the layer. For example, a polar (such as
methanol or ethanol) anti-solvent can be added to the initial ink in low concentrations
(<5%) to force nanocrystals to precipitate out of the solution. Then, the nanoparticles
may be arranged in ordered self-assembled solid-state materials [4]. In addition, the
excess of ligands that surround the nanocrystals can be removed by using the Doctor
blade applicator loaded with a polar solvent. In this way, the interparticle distance is
reduced and the coupling between nanocrystals is drastically improved [10].

Once the desired thickness is reached, several post-processing treatments can be
applied to further improve the performance of the semiconductor film. The solid-state
nanocrystal films that are prepared in this Ph. D. Thesis usually undergo a ligand
exchange procedure. For example, fabrication of high-quality thin films of perovskite NCs
for photodetection applications relies on their efficient charge transport properties and,
since the typically used highly insulating organic capping ligands, such as oleylamine
and oleic acid, severely affects the performance of devices, they must be replaced. This
ligand-exchange process is often carried out after post-deposition of NCs films in the
presence of suitable solvents. The films are submerged in a polar solution containing a

certain amount of the replacement ligand or spin-coated on top of the film [11]. In
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addition, a ligand exchange process that follows a similar procedure as the one
described above, the LBL method, can be carried out at the end of each coating
deposition. This is particularly helpful in dense-packed and relatively thick layers in which
full penetration of the exchange solution was not completely ensured [12].

Regardless of the ligand exchange process, the deposition of perovskite NCs thin
films offers multiple advantages in terms of the post-processing treatments available. For
example, post-synthetic halide exchange and cation-exchange have been performed in
order to achieve a notable efficiency enhancement of photovoltaic devices [13].

Taking into account the aforementioned considerations, the layers of NCs in the
present Ph. D. were deposited with the following procedure. Firstly, the substrates were
cleaned by rinsing in isopropanol and water and dried under Nz flow. Depending on the
particular device, the substrate was covered by the nanoink or an additional polymer.
For example, a thin PEDOT:PSS film was spin-coated onto an ITO coated glass
substrate to fabricate photodiodes, or a PMMA film was spin-coated on a solid substrate
to fabricate planar waveguides. In all cases, deposition of NCs was always done using
a commercial Doctor Blade applicator (Elcometer 4340). The baking times and
temperature ranged from 1 minute at 80 °C to 5 minutes at 110 °C, depending on the
material. More details relative to the specifics of the material processing can be found in

the respective chapters of this Thesis.

3.1.3 PATTERNING

3.1.3.A CONTACT PATTERNING

The thermal evaporation Physical Vapor Deposition (PVD) machine illustrated in in

Figure 3.3 was used to deposited contact electrodes or thin metallic mirrors (< 100 nm).
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Figure 3.3. Scheme of the Physical Vapor Deposition technique.
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PVD is a cost-effective way to deposit pure metals (Ag, Au, Pt), metal alloys and
some metal oxides, as thin films ranged between 2 nm to 1000 nm on different substrates
(glass, glass/ITO, Si/SiOo, etc.). In addition, the deposited film can be patterned with a
specific geometry by including a shadow mask between the vapor source and the
substrate.

The metallization occurs inside a high vacuum chamber (106 mbar or lower,
achieved by a rotary and turbomolecular pumps). The source materials are small pellets
that sublimate to atoms or atom groups (molecule fragments, clusters) after the
appropriate heat transfer. The evaporation chamber consists of a curved-shape piece of
tungsten that drastically increases its temperature up to a few thousands of Kelvin
degrees (as a reference, the boiling point of silver is at 962 °C) in order to allow the
sublimation of the source. Since tungsten has the lowest coefficient of thermal expansion
of any pure metal and the highest boiling point, it proves to be an ideal evaporation
material. To achieve a sublimation temperature, the tungsten crucible is short-circuited
with a high power (up to 250 A at 6 V) current supply. When the temperature is high
enough, the tungsten boat emits blooming-white black-body radiation. Then, the source
vapor is diffused in the vacuum chamber and condenses on the target substrate. The
boat profile is designed to concentrate the heat towards the center, where the

evaporating matter gathers, increasing the homogeneity of deposition on large

substrates.
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Figure 3.4. a) Mask used for contact patterning on the right. b) Device assembly with
the shadow mask

Evaporated films can be easily patterned by placing a mask between the target
(substrate) and the source. In the case of photovoltaic devices built for this Thesis, a
multi-electrode mask (Figure 3.4a) compatible with the prepatterned ITO substrate

purchased from Ossila (Sheffield, UK), shown in Figure 3.4b, is chosen. The device
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assembly diagram after using the shadow mask is shown in Figure 3.4b. The active layer
and other interlayers are deposited with the techniques described in Section 3.1.2 on top
of the ITO anode. The top cathode is evaporated right above it, conforming the final
structure of the device. Typical sources for the evaporation process were high purity

materials such as silver, gold, molybdenum trioxide, aluminum and chromium.

3.1.3.B UV-PHOTOLITHOGRAPHY AND LIFT-OFF PROCESSING

UV-photolithography is a technigue commonly used in Microelectronics and
Photonics technology to define patterns down to 1 um? on a resist previously deposited
on a flat substrate. Here, a commercial SU-8 resist is chosen to define the
photolithographic patterns. This negative photoresist allows UV patterning down to 1 ym
with the following procedure [14]. Firstly, a layer of photoresist is spin-coated on top of
the substrate and baked at 65 and 95 °C for two minutes (Figure 3.5a). Then, the
photomask is aligned on the sample with aid of the mask aligner SUSS MicroTec MJB4,
and the sample is exposed to UV illumination for 5 seconds (Figure 3.5b). Finally, the
sample is heated again at 65 °C and 95 °C for two minutes and submerged in the
developer solution Since SU-8 is a negative photoresist, exposed area become cross-
linked, while the unexposed can be removed by using the appropriate solvent. After the
development step, the substrate is covered by ridge SU-8 patterns (Figure 3.5c). These
patterns can be used as a final device, for example in the ridge waveguides proposed
elsewhere [15], or can be used as an intermediate step for a more complicated structure.

Once the SU-8 lithography is performed on the appropriate substrate, the lift off
consists of the deposition of a metal film with the PVD system described above and the
immersion of the resulting metalized sample in the development solution (Figure 3.5d -
3.5f). In these conditions, the developer removes the SU-8 with the metal deposited on
the top, leaving the metal in the regions of the sample where there was not resist. Here,
it is necessary to use negative patterns and deposit a SU-8 film three times thicker than
the desired thickness for the metal. A photography of the actual results of this technique
can be found in Figure 3.6, in which it is shown that the mask blueprint and the
transferred interdigitated gold pads are reproduced with micrometric precision. It is worth
mentioning that some parameters must be optimized to obtain the highest resolution in
the final structure. In particular, it is necessary to control precisely the exposure time: if
the exposure dose is too low the resolution can be lost, but if it is too high the patterns

can be distorted.
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Figure 3.5. Schematic illustration of the SU-8 negative photoresist lift-off procedure.
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Figure 3.6. Successful result of the technique with a structure of 20 um interdigitated
gold pads and piece of the photomask in blue. The complete mask contains this
structure replicated multiple times with different channel lengths (2, 5, 10 and 20 pm).

3.2 CHARACTERIZATION METHODS

In this section, the experimental setups used in the characterization of the materials and
devices are properly detailed. These set-ups include not only commercial systems, but
also home-made set-ups built in our labs, eventually automated by using Labview

(National Instruments).
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3.2.1 ELECTRICAL CHARACTERIZATION
3.2.1.A BAsIC ELECTRICAL CHARACTERIZATION

The characterization of the Current-Voltage response was carried out by means of
a Keithley's Series 2400 Source Measure Unit (SMU). Samples were studied under dark
conditions and under illumination with an AM1.5G solar spectra simulator source or
under continuous wave (CW) lasers with wavelengths ranged between 405 and 550 nm.
While a large portion of the devices were prepared in custom-made substrates and
testing platform, the majority of the test substrates were purchased from Ossila. These
pre-patterned substrates, like the 8 Pixel Photovoltaic ITO 211/S213 units, are specially
prepared to work with the Ossila's Solar Cell I-V Test System, designed to ease the
experimental process of electrical characterization. In the setup shown in Figure 3.7, the
SMU is wired to the source/drain BNC port of the test board. This technology allowed to
increase the available volume of investigation data. Basic electrical characterization of
the current-voltage curve of Schottky heterojunctions and photoconductors can be found
in Chapter 4 of this Thesis (Figures 4.4 and 4.5 respectively).

The same set-up was used to measure the current-gate voltage curve (transfer
characteristics) of FET devices. For this purpose, prepatterned FET test chips were
loaded in a compatible high-density FET test board (also from Ossila), designed to
reduce leakage current, external noise, and stray capacitance. Drain-source current was
measured at 1-V bias using the SMU, and the gate bias was applied using a DC power
source connected to the BNC connector board. Measured data was used to extract the
carrier mobility of the semiconductor of the FETs. Figure 4.6 shows an example of the

application of this setup in FET devices (Chapter 4 of this Ph. D. Thesis).

Connectors:
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Figure 3.7. Schematics of the basic electrical characterization setup for multi-electrode
devices.
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Capacitance-Voltage and Capacitance—Frequency responses were obtained by
using a 1 MHz LCR Meter QuadTech model 1920. These measurements were helpful to
parametrize some properties of the Schottky photodetectors, such as the acceptor
concentration, the built in potential and the width of the depletion region, provided the
well-known relation for the depletion region formed in the semiconductor (abrupt doping

approximation) [16].

3.2.1.B CHARACTERIZATION OF PHOTODETECTOR'S FIGURES OF MERIT

The electro-optical properties of the photodetectors and photoconductors were
measured by a homemade setup based on a halogen lamp (20 W) focused into the input
slit of a DeltaNu DNS-300 monochromator with 600 grooves per mm grating. Light at the
output slit of the monochromator was modulated up to 1 kHz by a mechanical chopper
and focused onto the fabricated photodetector with a 10x objective. The electrical signal
of the photodetector was synchronously measured with the modulation by means of a
100 kHz lock-in amplifier (SR830, Stanford Research Systems). An optical filter was
used to suppress the second and third order unwanted diffraction coming out of the

monochromator. A scheme of this setup is illustrated in Figure 3.8.
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Figure 3.8. Scheme of the experimental setup to characterize photodetectors.

This setup is based on a synchronous detection carried out with a lock-in amplifier.
This versatile instrument allows the extraction of signal externally modulated, which
results useful to increase the signal to noise ratio, to develop pump and probe
measurements, among other experiments. For example, the measurements related to

photon recycling effect in PNC waveguides was performed with the 200 MHz lock-in

53



amplifier SR844, also from Stanford Research Systems, as the basis for a fluorescence
spectroscopy technique in the frequency domain.

In this experimental technique, the photodetector is illuminated with a modulated
source. This can be achieved, for example, with a mechanical chopper. A TTL
synchronizes the Lock-In and the choppers blade rotation to the same reference phase.
The Lock-in amplifier allows to extract from the sampled device the amplitude and the
phase difference from the device's signal with respect to the modulated source. This
technique is especially useful when measuring small amplitude signals in a noisy
background.

This set-up provides the figures of merit of the photodiode devices. The
Responsivity (R) was extrapolated by comparing the signals detected in the devices
under test with that measured by a calibrated photodiode. In particular, Si (Thorlabs) and
a Ge (Newport DETL-GE-T-C) photodiodes were used for the characterization of
photodiodes containing perovskite NCs and those containing PbS QDs, respectively.
Other figures of merit are the noise equivalent power (NEP) and detectivity (D). The
NEP is defined as the level of incident light power that generates a photocurrent equal
to the noise current. The NEP value can be graphically extrapolated to the noise-level
baseline from the measured photocurrent - excitation power curve at a particular
wavelength (for this one can use a laser or the exit of a monochromator with a white light
source coupled at its entry). The value of D" is then obtained as a function of R and the
NEP.

3.2.2 OPTICAL CHARACTERIZATION

3.2.2.A REFLECTIVITY/TRANSMISSION AND ABSORBANCE

A commercial reflectometer Nanocalc-2000 from Mikropak/Ocean (Figure 3.9) was
employed to acquire the reflectivity (R) and transmission (T) spectra of thin films. The
UV-visible light of the source lamp (Deuterium + Halogen) illuminates the surface of the
sample while a spectrograph records the transmitted or reflected light. Then,
transmittance or reflectance are extrapolated from the sample by comparison with the
measurements carried out on a reference substrate. This equipment also allowed us to

calculate the absorbance (A) by the well-known formula (A = —log40[T]).
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Figure 3.9. Experimental setup for reflectivity and transmittance characterization

Another experimental device used to characterize the absorbance spectra of thin
films or colloidal solutions (laying inside a quartz cuvette prepared for UV-visible
spectroscopy) is the commercial spectrophotometer UV-2501PC from Shimadzu. This
setup equips a UV-visible Xenon lamp and a monochromator operating in the range of
300-900 nm with a resolution of 0.5 nm.

3.2.2.B BACKSCATTERED PHOTOLUMINESCENCE

Photoluminescence (PL) is an optical process from which a material spontaneously
emits photons after the absorption of light at a shorter wavelength. Here, PL is measured
under backscattering geometry in order to avoid the influence of reabsorption effects and

to minimize the flow of the excitation power into the detector system.
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Figure 3.10. Schematic representation of the setup used to measure the backscattered
photoluminescence of thin films of NCs.
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For this purpose, samples are loaded in a motorized XYZ stage and were illuminated
at 45 degrees by a continuous wave (CW) 450 nm laser, as illustrated in Figure 3.10.
The PL signal is collected from the surface with a 10x microscope objective and coupled
to a multimode fiber wired to a spectrometer (HR4000 Ocean Optics). A high pass filter

suppresses the scattered portion of the excitation laser radiation.

3.2.2.C TiIME RESOLVED PHOTOLUMINESCENCE (TRPL)

Time resolved PL (TRPL) measurements were performed to characterize the PL
transients produced in a material after pulsed laser excitation. These measurements
require the simultaneous acquisition of the laser pulse and the emitted signal, in order to
synchronize the pulsed laser with the emission of PL. For this purpose, the laser pulse
is split in two branches, one for the trigger and the other for the sample. A high pass filter
is placed before the photodetector or monochromator to avoid the influence of the

excitation source.
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Figure 3.11. Scheme of the TRPL technique in backscattering configuration. The
excitation laser pulse is divided in two branches, one of which acts as a gate for the
detection of fluorescence light.

The nanosecond time-resolved PL was carried out by using a Q-switched Nd:YAG
(1 kHz, 1 ns) laser doubled or tripled at 532 and 355 nm (CRYLAS 6FTSS355-Q4-S).
The 355 nm line was used to excite the bromide PNC species while the 532 line was
used with the iodide and the iodide-bromide mixed species. The PL was analyzed with
a Hamamatsu C5658-3769 avalanche photodetector connected to a BOXCAR DPCS-
150 electronics from Becker and Hickl GmbH.

PL under femtosecond pulsed excitation was carried out by using a mode-locked
Ti:sapphire laser at a working wavelength of 810 nm, doubled to 405 nm by means of a
non-linear BBO crystal. In this case, time-resolved PL measurements was carried out

with the Ti:sapphire laser in pulsed mode operation (pulse width 200 fs and 76 MHz of
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repetition rate) at the same wavelength. In this case, the emitted light by PNCs is
dispersed by a 300 mm monochromator (Acton Research 300i) and collected by means
of a Si avalanche photodiode, which is connected to a time-correlated single-photon

counting electronic card (Edinburgh Instruments).

3.2.2.D WAVEGUIDES

Waveguides were characterized by end-fire coupling an excitation/probe beam at
the input edge of the sample (Figure 3.12a) with the aid of a 40x objective microscope
objective with infinite correction and 0.66 numerical aperture. Light at the output edge of
the waveguide was collected with another microscope objective (a 20x with 0.35 of
numerical aperture) and focused to a multimode optical fiber plugged into an HR4000
Ocean Optics spectrometer. In the case of PNCs, the excitation sources were: a Nd:YAG
(1 kHz, 1 ns) laser doubled or tripled at 532 and 355 nm (CRYLAS 6FTSS355-Q4-S)
and a 450 nm (XS-450, Changchun New Industries Optoelectronics Tech. Co., Ltd.)

Perpendicular excitation was also carried out for waveguides containing luminescent
materials, such as perovskite NCs. The set-up consists of focusing the excitation beam
on a straight line on the surface of the sample with the aid of a cylindrical lens. This
particular excitation geometry receives the name of the Variable Stripe Length (VSL)
method and it is widely used in the characterization of active quantum-dot/quantum-well
and perovskite NC based waveguides [17—19]. VSL enables the possibility to accurately
characterize the optical gain and the losses of a planar waveguide. Optical gain is
characterized by measuring the PL collected at the output edge of the sample as a
function of the length of the stripe, while losses are estimated with the dependence of
the outcoupled PL as a function of the distance between the stripe and the edge of the

sample, respectively.
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Figure 3.12. a) End-fire coupling setup for optical characterization. b) Setup for the
Variable Stripe Length method for optical gain characterization in waveguides.

The variable stripe length method setup is illustrated in Figure 3.12b. The pump
beam at 450 nm was focused on an 800x200 um straight line on the top of the sample
with the aid of a cylindrical lens and a slit to cut the borders of the Gaussian tail. Then,
waveguided PL is collected from the edge of the waveguide by a 20x microscope
objective, focusing the light to the appropriate photodetector after removing the residual
pump light with a long pass filter. The laser was mounted on a Z translator in order to
study the PL spectra as a function of the distance between the stripe and the edge of the
sample. The waveguide is end-fire coupled to a spectrograph (USB-650 Red Tide,

Ocean Optics). This technique to easily calculate the gain/loss profile of the waveguide.

3.2.2.E FIBER OPTICS

Hollow-Core Anti-Resonant Fibers (HC-ARF) are a special class of optical fibers
where the cladding is composed by an array of hollow glass tubes surrounding a hollow-
core. Hollow-core fibers can also serve as hosts, working as a lab-on-a-fiber for the study
of optical properties of materials. In this thesis we purpose the filling of the HC-ARF fibers
with CsPbBrs PNCs as potential all-fiber active optical microdevices. The final device

produced small-signal amplification [20].
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Figure 3.13. Experimental setup for optical gain measurements, consisting of two tip-
shaped fibers coupled at both ends of the HC-ARF facets. CW-pump (405 nm) and
probe signal (515 nm) beams are combined inside the first fiber by a fused fiber coupler
(FC), whereas the second fiber collects light at the output of the HC-ARF into a
spectrometer after a 450 nm long-pass filter.

In order to characterize the amplification capabilities of the PNC-doped HC-ARFs,
the experimental setup shown in Figure 3.13 was specially built for this task. It consists
of two lensed fibers positioned at the input and output ends of the HC-ARF by computer-
controlled XYZ piezo translators with micrometric precision. In addition, both tipped fiber
couplers are placed on a rotating head with two additional degrees of freedom. A focused
fiber coupler (FC) launches both pump (405 nm) and probe signal (515 nm) beams inside
the input fiber, while the other fiber tip is coupled to the output end and connected to a
spectrometer (Ocean Optics 2000) through a 450 nm long-pass (LP) filter to cut the pump
light in the spectrometer. Power of the pump beam is externally controlled up to 3 yW,

while probe signal intensity is reduced down to 1 nW.

3.2.2.F FLUORESCENCE SPECTROSCOPY IN THE FREQUENCY-DOMAIN

In the frequency-domain fluorescence spectroscopy (FD-spectroscopy) technique,
the sample is excited by a modulated source of light. The fluorescence emitted by the
sample has a similar time-dependent waveform. Since a succession of several events of
photon emission and reabsorption by the sample occurs along the propagation path, the
emission of a photon is delayed relative to the modulated reference signal. The higher
the modulation frequency, the higher the sample fails to precisely match the excitation
(due to its finite temporal response), thus limiting the range of frequencies that the
material can tolerate. Under favorable experimental conditions, the resulting output
signal will be delayed by a certain phase from the source. The amplitude of the

outcoming signal will also change by the frequency-modulated signal due to the phase
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difference [21]. Thus, from both the amplitude modulation (M) and the relative phase
difference (¢), the time decay associated with the PL signal generated by the sample
can be determined.

To extract the relative phase delay from the fluorescence signals, a 200 MHz Lock-
In Amplifier (SR844 from Stanford Research Systems) is used. The reference modulation
signal is taken as TTL from the function generator used to trigger the modulated laser

used in these experiments.
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Figure 3.14. Experimental setup for optical photon recycling measurements, consisting
a frequency-modulated 450 nm laser head focused vertically to the waveguide sample.
An avalanched photodetector measures the phase and amplitude of the
photoluminescence generated by the PNPs in the waveguide. The signal is processed
with a Lock-In amplifier clocked with the same TTL used to drive the laser. The PL and
absorbance of the PNCs is shown in the bottom left corner.

The implementation of this technique in our laboratory consisted of a 50 mW 450
nm laser head (MDL-XS-450, Changchun New Industries Optoelectronics Tech. Co.,
Ltd.) driven by means of modulated sinusoidal voltage whose frequency is varied in the
range from 25 kHz to 3 MHz. A function generation is producing this laser driving voltage
as well as the TTL signal used as a reference to clock the SR844 Lock-In Amplifier to
the phase of the laser head. A cylindrical lens is used to change the profile of laser beam
into a thin line. The Gaussian tail of the conformed beam is suppressed with an
adjustable linear diaphragm, defining a rough-shaped 500 x 100 micrometers line. The
beam-focusing optics are mounted on a XYZ head that allows to position the spot on any
point of the surface of the sample. Once the laser is coupled to the sample, the
waveguided PL produced by the sandwiched PNCs is collected at the edge of the sample
with a 20x microscopic objective focused at the input face of an optical fiber. In order to
cut the residual signal left by the 450 nm pumping laser, a 500 nm cutoff long pass (LP)

filter is placed just after the sample. Then, the collection optics launches the signal of the

60



waveguide into an optical fiber coupled to a Si Avalanche Photodetector (APD120A/M,
Thorlabs). Phase and amplitude of the collected signal is finally analyzed by a
photodetector connected to a Lock-In Amplifier. Also, the optical fiber can be connected

to a spectrograph (USB-650 Red Tide, Ocean Optics) to measure the Stokes Shift.

3.3 STRUCTURAL CHARACTERIZATION

Morphological characterization was performed on NC and thin films in order to obtain
the size and size dispersion of the NCs, crystallinity, the identification of the main

crystallographic planes, and the thickness of a film.

3.3.1 ELECTRON MICROSCOPY

The classical optics theory defines a limit to the maximum resolution obtainable by
any optical microscopy system. This limit, sometimes called the diffraction barrier (1/2n),
restricts the ability of optical instruments to distinguish between two objects separated
by a lateral distance less than hundreds of nanometers. In this context, electron
microscopy (EM) allows the characterization of a given material with, ideally, the
characteristic De Broglie wavelength of an electron. Most common types of electron
microscopes are transmission (TEM) and scanning (SEM) systems. While there are
many operational differences between this equipment pieces, the most preeminent one
is the spatial resolution that they can achieve. In practice, commercial SEM equipment
offers nanometric resolution; TEM can achieve even near atomic resolution [22,23]. On
the downside, TEM only allows the loading of thin samples (<150 nm) an requires
specific preparations.

In this thesis, the morphology and size distribution of the NCs are characterized by
TEM with a JEOL JEM-1010 at 100 kV. For surface morphology, and cross-sectional
examination of NC solid films, SEM microscopy is used (Hitachi 4800 microscope at 10

kV of acceleration voltage).

3.3.2 PROFILOMETRY

Profilometry is a technique that allows to characterize the thickness and roughness
of deposited thin films. The profilometer used in this Ph. D Thesis (Dektak 150 from
Veeco) consisted of a mechanical stylus with a diamond tip that remains in contact with

the sample and is moved laterally across the surface. When a change in the contact
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force is registered, the tip has encountered a rough vertical feature, the force exerted by

the surface in the needle is translated to spatial units by the specialized software. The

thickness of a thin film can be estimated by making an incision in the film with a razor

blade and the height difference between the film surface and the groove produced by

the blade is taken to be the film thickness. The vertical resolution of the Dektack 150

from Veeco unit utilized in this thesis is about 5 nm.
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4 PEROVSKITE NANOCRYSTAL PHOTODETECTORS
AND SOLID-STATE LIGAND EXCHANGE STRATEGIES

Surface chemistry engineering of nanocrystals offers a direct approach to tune
charge carrier dynamics in nanocrystals-based photodetectors. For this purpose, we
have investigated the effects of altering the surface chemistry of thin films of CsPbBrs
perovskite nanocrystals produced by the doctor blading technique, via solid state ligand-
exchange using 3-mercaptopropionic acid (MPA). The electrical and electro-optical
properties of photovoltaic and photoconductor devices were improved after the MPA
ligand exchange, mainly due to a mobility increase up to 5 x 103 cm?/Vs. The same
technology was developed to build a tandem photovoltaic device based on a bilayer of
PbS QDs and CsPbBrs perovskite nanocrystals. Here, the ligand exchange was
successfully carried out in a single step once the bilayers were coated. The
photodetector device showed responsivities around 40 and 20 mA/W at visible and near
infrared wavelengths, respectively. This strategy can be of interest for future visible-NIR
cameras, optical sensors or receivers in photonic devices for future internet-of-things
technology. The content of this chapter was published in the scientific journal
Nanomaterials (journal with impact factor of 4.324 in 2019, ranked in Q2 within the
Materials Science Multidisciplinary and Nanoscience & Nanotechnology categories of
WoS ) during the year 2020 [1].

4.1 INTRODUCTION

All-inorganic caesium lead halide perovskites, with formulation CsPbXs (X = Cl, Br,
), have been proposed for a large number of optoelectronic applications because of their
unique properties, such as a large optical absorption cross section and high
photoluminescence quantum yield (PLQY) [2]. Besides, these materials, which were
engineered as nanocrystals for the first time in 2015 [3], exhibit a relatively low
concentration of defects [4] and enhanced endurance to ambient environment as
compared to their organic—inorganic analogues [5], while it also allows for a flexible
bandgap tunability with narrow emission lines, being the ideal material for next
generation of light-emitting diodes (LEDs) and display applications [6]. In the field of

photodetectors, these materials can display high responsivities in the form of nanowires
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[6,7], because of their long carrier lifetimes and fast charge transfers [9], and monolayers
(or few-layer nanosheets) that use a metal-semiconductor-metal (MSM) configuration
[10,11]. The MSM architecture was also applied to the development of optoelectronic
devices based on films of nanocrystals (nanocube shape) [12—14]. However, only a few
publications explore photodetector architectures based on heterojunctions, as in the
case of solar cells. While these configurations are arguably more complex, they facilitate
the introduction of functional interfaces, which can increase the charge carrier selectivity
at the contacts, enabling potentially higher detection performance.

The use of perovskite nanocrystals (PNCs) in the form of thin films offer additional
advantages as compared to the use of perovskite polycrystalline thin films, such as the
composition control during the PNC synthesis [2], the self-assembling of PNCs leading
to 3D superlattices or supercrystals [15], and the possibility of carrying out a post-
synthetic anion or cation exchange, allowing to tune and optimize the resulting bandgap
[16]. An ordered assembly of nanocrystals can enable 3D electronic coupling between
them, thus enhancing charge carrier transport in the superlattice structure. This kind of
structure can be obtained with by inexpensive thin film solution deposition technique
such as doctor blading, which allows for a precise thickness control over large areas with
a minimum waste of material as it was proven in our previous publications based on PbS
quantum dots (QDs) [17,18]. Other deposition techniques, such as spin-coating, spray
coating, and dip-coating, have also been employed to fabricate nanocrystal-based
optoelectronic devices, some of them with relatively good figures of merit [19]. An
important issue involved in the formation of compact high-quality layers of PNCs for
optoelectronics originates is the insolubility of the inorganic metal halide in the
processing solvents [20]. Besides, the ionic nature of perovskites restricts the use of
classical polar/non-polar solvent purification strategies [21]. In this context, ligands
become one of the main tools to gain control over the superlattice formation and
electronic coupling between nanocrystals [22]. Particularly, when insulating long chain
carboxylic acids and amine functional groups, oleic acid (OA) and oleylamine (OAm) are
replaced by short chain thiols, a significant improvement was observed in the
performance of photovoltaic and photocatalytic devices based on PbS QDs [21,22].

On the basis of previous studies on QDs, when long chain ligands are exchanged
by short chain thiols, an improved carrier transport is measured because of the reduced
interparticle distance and consequent efficient charge transfer between neighboring
PNCs in films. Mercaptopropionic acid (MPA) is a bifunctional linker molecule that is

widely used as a ligand because of its potential surface capping ability and remarkable
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influence on charge-transport [18,23—25]. In order to remove the insulating ligands from
the surface of PNCs, a ligand-exchange strategy was studied in a few reports. Guopeng
Li et al. used phenylethylammonium bromide (PEAmBr) in methyl acetate for replacing
the conventional OAm/OA surface ligands of CsPbBrs PNCs, and achieved very bright
films and efficient LEDs [26]. L. Zhou et al. used MPA to couple the TiO: layer and
CsPbBrs PNCs, resulting in an improved responsivity and detectivity [27]. PNCs are
more sensitive to ligand-exchange processes using MPA than conventional I1V-VI group
QDs because of their ionic surface. M. Gong et al. carried out a surface-engineering
process using MPA ligand of a film of CsPbls PNCs that resulted in their improved
stability by reducing surface traps [28]. High photoresponsivity (>106 A/W) and high
photoconductive gain (3.6 x 10°) was obtained with these films in graphene field-effect
transistors (GFETSs). Moreover, ligand exchange has been proven to be a valid strategy
to improve the electrical properties of solid thin films made of nanocrystals/QDs, but also
the removal of ligand excess in PNCs by washing the film with ethyl acetate solution
have led to an increase of its electro-optical quality [29].

In this work, we propose the use of MPA as a ligand exchange strategy to improve
the charge carrier transport in CsPbBrs PNCs thin films for efficient photodiode detectors.
Such films were prepared by doctor blading technique using a well purified solution of
CsPbBrs PNCs. In thin films deposited by layer-stacking of PNCs, the dominant transport
mechanism can be assimilated to carrier hopping because of the three-dimensional
electronic coupling between PNCs [30]. The Schottky-heterostructure photodevices
were fabricated with/without MPA ligand exchange to study the differences in their
electro-optical properties. The ligand-exchange is carried out in solid state after the
deposition of the PNC thin film. MPA replaces longer OAm ligands and enhances the
wave-function overlapping among nanocrystals to improve charge transport via carrier
hopping mechanism. The resulting photodiodes exhibited device responsivities ~0.1 A/W
and detectivities as high as 8 x 10 jones (1jones = 1cmHz'2W-"), other than open
circuit voltages 0.6—0.8 V and short circuit currents of 1-3 mA/cm? under solar AM1.5G
illumination. These values are well above those obtained in reference samples without
MPA treatment. Furthermore, we also demonstrated the compatibility and film formation
of PbS QDs on top of CsPbBrs PNCs, together with a ligand exchange in both layers at
the same time. Our analysis showed that the thiol group (-SH) of MPA efficiently
coordinates to surface Pb(ll) atoms to provide a very good passivation of PNCs and QDs

while reducing their interparticle spacing in the film. These findings are applied to a
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tandem photodetector, which exhibited a broadband responsivity levels of 40 mA/W at
visible wavelengths and 20 mA/W around the telecom C-band (1525—-1565 nm).

4.2 PREPARATION AND CHARACTERIZATION METHODS OF
THE OPTOELECTRONIC DEVICES

4.2.1 SYNTHESIS OF THE PNCs

Synthesis of CsPbBrs PNCs was performed using the hot-injection method
(presented in section 3.1.1 of this Thesis) with the modifications detailed below. In a
typical synthesis process, firstly Cs-oleate was prepared by mixing 0.16 g Cs2COs, 10
mL of OA and 10 mL of 1-ODE into a 50 mL three-neck flask by heating at 120 °C in
vacuum under a constant stirring. Then, the mixture was allowed to N2-purging and
heated at 150 °C until all of the Cs2CO3; was completely dissolved. The solution was
further stored under N2 by keeping the temperature at 100 °C to avoid Cs-oleate
precipitation. Meanwhile, 0.55 g PbBr> was mixed with 20 mL of 1-ODE into a 100 mL
three-neck flask. The mixture was heated at 120 °C under vacuum for 1 h, keeping a
constant stirring. Then, 5 mL OA and 5 mL of OAm were separately added to the flask
under N2> atmosphere, and rapidly heated to reach 170 °C. At this stage, 10 mL of already
prepared Cs-oleate solution was injected into this mixture. Lastly, the flask was
immersed into a bath ice for 5 s to quench the reaction mixture. The solution was then
centrifuged at 4700 rpm for 10 min and purified using the mixture of antisolvents namely
hexane/ethyl acetate to achieve high purity CsPbBrz PNCs. This washing procedure was
key to allow the isolation of the CsPbBrs PNCs for further processing into thin films by
the doctor blading technique. The CsPbBrs PNCs were separated after discarding the
supernatant and re-dispersed in hexane to prepare a colloidal solution with a

concentration of 50 mg/mL.

4.2.2 CHARACTERIZATION OF THE PNCs

The absorption spectrum of the colloidal solution with synthesized CsPbBrs PNCs
in toluene exhibits a well-defined excitonic resonance at 482 nm (red curve in Figure
4.1a), whereas the PL spectrum is rather narrow (Full Width at Half Maximum around 25
nm) and centered at 498 nm (black curve in Figure 4.1a). The PLQY of CsPbBr; PNCs

in toluene reached a value of 55%. Transmission electron microscopy (TEM) image of
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the prepared CsPbBrs; PNCs given in Figure 4.1b shows that the prepared sample
possess cubic morphology with the average size around 8.2 nm. The PL peak and
absorbance resonance wavelengths are consistent with this average size, according to
published results of CsPbBr; PNCs similarly synthesized by the hot injection method [3].
In the case of PbS QDs used in Section 4.3.5 of this Chapter absorption and PL spectra

(Figure 4.1c) are consistent with their average size of 6.3 nm (Figure 4.1d).
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Figure 4.1. PL and absorbance spectra of the synthesized a) CsPbBr; NCs c) PbS
QDs. NCs size distribution and TEM image of b) CsPbBrs NCs and d) PbS QDs.

4.2.2 DEVICE FABRICATION

With the purpose of obtaining a clear picture of the postulated MPA ligand exchange
effects on the CsPbBr; PNCs, three types of opto-electronic devices were fabricated and
characterized: Schottky heterostructures, interdigitated photoconductor structures, and
OFET (organic field effect transistor) chips. With the analysis of these devices we can
obtain different optoelectrical parameters such as mobility, electrical conductivity, and
the figures of merit of photodetectors.

For the fabrication of the Schottky heterostructure, a prepatterned ITO substrate

(Ossila, Sheffield, UK), a 8-Pixel photovoltaic substrate, was sonicated for 5 minutes in
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Hellmanex Il (1%) (Ossila) at 70 °C, then rinsed in water/isopropanol and finally exposed
to UVO (UV-Ozone) treatment for 20 minutes prior to the deposition of a thin layer (50
nm) of PEDOT: PSS (Sigma-Aldrich). The PEDOT: PSS was spin-coated at a speed of
3000 rpm for 40 seconds. Then, a cleansed 200 micrometer-filtered CsPbBrs PNCs
solution (free of aggregates laying at the bottom of the flask) with an optimal nanocrystal
concentration of 30 to 50 mg/mL was casted on top of the PEDOT: PSS film using a
commercial doctor blade applicator (model 4340, Elcometer, Manchester, UK).
Subsequent layers of CsPbBrs PNCs layer were deposited with a blade velocity of 1.5
cm/s with an intermediate annealing step of 2 minutes at 100 °C. This process was
repeated several times, until a thickness of 350—400 nm was achieved. The thickness
was measured by using a stylus profilometer (model Dektak 150, Veeco, Plainview, NY,
USA). Finally, the film was annealed at 100 °C for 1 h under vacuum in order to remove
the presence of hexane in between the nanocrystals and/or trapped by the ligands’
network. This annealing step prevents the NC layer to detach from the substrate during
the ligand exchange procedure. For the ligand exchange, the film was dipped during 60
s into a solution of 10% (in volume) MPA in ethyl acetate and then rinsed with ethyl
acetate to remove the MPA excess. After the treatment, the layer aspect appeared as a
hazy white surface, but after drying with compressed air and annealing at 100 °C under
vacuum for 1 h the layer presented a saturated green color.

Finally, a 20-nm thick MoOs; (molybdenum trioxide) and a 100-nm thick gold layers
were deposited by thermal evaporation under high vacuum. The shadow mask used
during this thermal process was specially designed to work with these substrates (Ossila,
Sheffield, UK). This multi-electrode mask defines up to eight separated devices whose
individual active area is 4 mm?2. Here, the MoOs interlayer between the thin film of
CsPbBrs PNCs and the Au contact would act as an electron blocking layer. More
information regarding the techniques to fabricate these devices were summarized in
sections 3.1.2 and 3.1.3 of this Thesis.

Tandem photodevices integrating two stacked films of CsPbBrs PNCs and PbS QDs
were fabricated by using similar procedures described above. PbS QDs were
synthetized according to a procedure described in our previous publications [17,30] in
which a Schottky heterostructure was built by Doctor Blade to operate at telecom
wavelengths (see emission and absorption spectra in Figures 4.1c and 4.1d).

The OFET test chips were purchased from Ossila, whereas metal-semiconductor—
metal interdigitated photoconductors were previously fabricated by UV photolithography

and lift-off processing (the gold pads were 100 nm thick and consisted of 10 pairs of
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fingers spaced 20 um each). CsPbBr; PNCs were deposited on both OFET and
interdigitated chips with the same doctor blade technique as the one used for the

fabrication of Schottky heterostructures.

4.2.3 CHARACTERIZATION OF FILMS AND DEVICES

The PLQY analysis of all samples was carried out by using an integrating sphere
(Hamamatsu C9920-02 absolute PL quantum yield measurement system). Transmission
electron microscopy (TEM) images were taken using JEOL 1010 microscope (JEOL,
Tokyo, Japan) at the operating voltage of 100 kV. The electro-optical properties of the
photodetectors and photoconductors were measured by a homemade setup based on a
halogen lamp (25 mW/cm? of white light intensity) focused onto a multimode optical fiber
(800 pum of core diameter) attached to the entry of a DNS-300 monochromator (DeltaNu,
Laramie, WY, USA), whose output was modulated at 1 kHz by means of a mechanical
chopper and focused onto the fabricated photodetector by a 10x objective. We used a
grating with 1200 (600) grooves per mm and blaze at 500 (1200 nm) nm for visible (near-
infrared) wavelengths. For example, if the output slit of the monochromator was opened
to 1 mm, a power of 18 nW was measured at a wavelength of 500 nm. The electrical
signal of the photodetector was synchronously measured by a lock-in amplifier. The lamp
spectrum at the monochromator’s output was measured using a calibrated Si
photodetector and responsivity of tested photodetectors were determined by using the
calibrated table of that Si photodetector. The current-voltage (J-V) characteristics under
dark and AM1.5G illumination conditions were measured using a Keithley's Series 2400
Source Measure Unit (SMU) and a solar simulator based on a 150 W Xe lamp (Zolix,
model GLORIA-X150A) with an AM1.5G air mass filter (Newport). Light intensity was
adjusted with a calibrated solar cell of silicon. The photocurrent transient times were
measured with a triggered oscilloscope. More details about the setup can be found in
Section 3.2.1.B of this Thesis.

The Ossila OFET test chips were loaded for characterization on a high-density
OFET test board (also from Ossila), designed to reduce leakage current, external noise,
and stray capacitance. Drain-source current was measured at 1-V bias using the SMU,
and the gate bias was applied using a DC power source connected to a BNC connector
board. The optical properties of the layers, absorbance and photoluminescence (PL),
were determined by means of a spectrograph (HR4000, Ocean Optics, Largo, FL, USA).

The details of the corresponding setup can be found in Section 3.2.2.A of the Thesis.
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4.3 RESULTS AND DISCUSSION

For the purpose of obtaining a clear picture of the postulated MPA ligand exchange
effects on the CsPbBr; PNCs, three types of opto-electronic devices were fabricated and
characterized: Schottky heterostructures, interdigitated photoconductor structures and
OFET (Organic Field Effect Transistor) chips. With the analysis of these devices we can
obtain different electro-optical parameters such as mobility, electrical conductivity and

the photodetector's figures of merit described in section 2.4.3 of this Thesis.

4.3.1 THIN FiLms oF PNCs

Thin films of CsPbBrs PNCs with a thickness of 400 nm were deposited on
borosilicate glass to measure PL (Figure 4.2a) and absorbance (Figure 4.2b) spectra
before (red lines) and after (blue lines) the MPA ligand exchange. The PL spectra are
very similar in shape, but significantly shifted to the red, from 502 to 517 nm, after the
MPA treatment (see Figure 4.2a). A similar shift is observed for the exciton absorption
resonance (Figure 4.2b). This clear redshift can be ascribed to a strong reduction in the
inter-particle spacing among CsPbBrs PNCs; the NCs probably merged into bigger
particles (or agglomerates), losing part of their (weak) quantum confinement

characteristics [17].
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Figure 4.2. Optical characterization of the 350 - 400 nm CsPbBrs; PNCs 400 nm layers
before (red curves) and after MPA ligand exchange (blue curves). a)
Photoluminescence, measured by backscattering and collecting to a spectrograph. b)
UV-Vis absorbance spectra.
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4.3.2 ELECTRO-OPTICAL CHARACTERIZATION OF SCHOTTKY
HETEROSTRUCTURES

A Schottky-heterostructure (Figure 4.3a) samples, (before and after ligand
exchange) with and without MPA-treatment, was fabricated in order to explore the effects
of the ligand exchange on the optoelectronic properties of the films constituted of
CsPbBrs PNCs. In the band diagram shown in Figure 4.3b (energy levels extracted from
references [31-33]) it can be observed how the charge separation is provided by the
structure. As in other devices, the MoOgs oxide interlayer plays the role of high-energy

electron blocking layer [34], while allowing hole transfer towards the gold electrode.
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Figure 4.3. a) Schematic representation of the device architecture. b) Schematic energy
level diagram of a complete photovoltaic device based on the light absorbing layer of
CsPbBrs PNCs. c) Responsivity curve at 0 V bias of the Schottky photodiodes prepared
with MPA ligand exchanged (blue solid line) and pristine (red solid line) CsPbBrs NCs.
The calculated EQE is represented by discontinued lines. d) One response cycle of the
MPA treated photodetector when illuminated under 50 Hz chopped white light
at measured at 0 V bias.

The measured responsivity has a maximum at 500 nm of around 100 mA/W in the
MPA-treated devices (blue solid curve in Figure 4.3a), as compared to the 7 mA/W of

the pristine ones (red solid curve in Figure 4.3a), i.e., more than 14 times of
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enhancement. The external quantum efficiency (EQE) and the specific detectivity (D7)
can be calculated following the usual expressions (see Section 2.4.3) [35]. EQE (dotted
curves in Figure 4.3a) and D" in our MPA-treated photodiodes reach values up to 20 %
and 8 x 100 jones (1jones = 1cmHz'2W-'), respectively, as compared to 1 % and 4 x
10° jones in the pristine ones.

A typical photocurrent transient curve for the MPA treated photodetectors is
illustrated in Figure 4.3b. The temporal response of the photocurrent was evaluated by
using a white light halogen lamp source with intensity around 25 mW/cm? chopped at 50
Hz. Rise and decay time constants of 2.0 and 1.5 ms are estimated from the time
intervals required for photocurrent to reach 90% or to decay until 10% of the photocurrent
peak value, respectively. These photocurrent time constants are comparable to other
values found in recently reported photodevices (see Table 4.1 for an updated list of
relevant publications) [36,37]. The relatively long response times are attributed to charge
trapping and detrapping processes that originate from relatively shallow defect levels at

the surface of the PNCs, as demonstrated and discussed in literature [38,39].

Type Architecture Material R (A/W) D" (jones) Rise/Decay = Year = Ref
(ms)

MSM ITO/CsPbCls/ITO 0D 1.89 - 41/43 2017 [40]

MSM Au/CsPbBrs/Au Thin films 55 - 0.43/0.318 2017 [36]

MSM Au/CsPbBrs— TiOz2 /Au 0D 3.5 - > 1000 2017 [41]

MSM Au/CsPbBrs/Au 2D 1.33 0.86 x 1012 20.9/24.6 2018 [42]

FET CsPbBrs/MoS2 0D/2D 4.4 2.5 x 101 0.72/1.01 2018 [37]

FET CsPbBrs/MoS2 0D/2D 4 %104 - 7.5/8 2019 [43]

Photodiode ITO/CHsNHsPbls/Au 2D 0.036 - 320/330 2017 [44]

Photodiode FTO/TiO2/CsPbBrs/Spiro- 0D 3 1 %101 - 2018 [45]
OMeTAD/Au

Photodiode ITO/PEDOT:PSS/CsPbBrs 0D 0.1 8x 1010 2/1.5 2020 Here
/MoQOs/Au

Table 4.1. Comparison of caesium lead halide nanocrystal perovskite-based
photodetectors.

In order to gain insight on the physical magnitudes determining charge transport and
charge separation in our the Schottky-heterostructure devices, we focus on their J-V
curves and the observed changes after ligand exchange. The J-V curves provide a
reliable benchmark for the evaluation of charge transport properties through the many
parameters than can be derived from the fitting of the data. Specifically, the series
resistance considers directly the carrier mobility and conductivity, the shunt resistance

accounts for the recombination losses and the saturation current density includes carrier
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generation-recombination mechanism inside the device. Since the ligand exchange
directly affects the performance of the hopping transport within the PNC film, these
parameters are expected to shed light on the effects introduced by the MPA ligand
exchange.

Despite the device stack configuration is not the optimal one for photovoltaic
conversion, their respective parameters can be used to extract useful information.
Figures 4.4a-b shows the J-V curves for both MPA-treated and pristine best-devices
(averaged values listed in Table 4.2) where it can be seen a noticeable improvement of
the photodiode properties due to the ligand exchange. The short-circuit current density
Jsc is increased from 7x10-3 to 2.9 mA cm2, more than 400-fold. The open-circuit voltage
was also increased from 0.2 to 0.7 V. The relatively low values of V.. as compared to the
bandgap of the PNCs, 2.25 eV [46], can be attributed to the lack of engineering in the
ETL (electron transport layer)/perovskite and perovskite/HTL(hole transport layer)
interfaces, which become significant sources of non-radiative recombination. In any
case, measured values of Jsc and Vo for MPA-capped CsPbBrs PNCs devices are
comparable with previously published results. For instance, Hoffman et al. [47] reported
300 nm Layer-by-Layer PNCs solar cells with Vi, of around 1.2 V and Jsc 4 mA cm;
Akkerman et. al. [48] reports a similar device a Voc of 1.5 V and a Jsc of 5 mA cm2and
finally Yang et. al. [49] matches those results with a photodetector operating with an Vo
of 1.2 V and Jsc of 1 mA cm2at room temperature. It should be noted that the new MPA
ligand may result in a different electronic work function, as demonstrated for PbS QD
solids, in which the work function can vary several hundreds of meVs depending on the

ligand post-treatment applied [18,50].
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Figure 4.4. J-V curves for planar PNC photodiodes using ITO/PEDOT:PSS/CsPbBr3
PNCs/MoQgs/Au architecture. The measurements are carried out in dark and under AM1
for MPA ligand-exchanged (a) and pristine (b) devices. Fitting curves (continuous black
lines) using Equations 4.4 - 4.5 for J-V curves under AM1 illumination for MPA (c-e) and
pristine (d-f) devices, and Equation 4.7 for J-V under dark conditions in MPA (g) and
pristine (h) cases.

The real diode equivalent circuit limited by the presence of the internal series
resistance (Rs) and the leakage current governed by the shunt parallel resistance (Rsn)

would be:

q(V+JRs) V+]JR
I =Jsc—Jo (e mKT )_ IR (41)
Rsh

where the parameter m is the ideality factor, Jsc is the short-circuit current density
and J, is the reverse saturation current density. The latter represents the electron
thermionic emission, which is related to the recombination rate of the diode and its open-

circuit voltage (Vo). The fitting of Equation 4.1 to the experimental data is not
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straightforward, because photodiodes based on QDs often show linear or superlinear
instead of saturation-type behavior, whose main feature is related to large ideality factors
(m>2) [38,51]. That is, the carrier recombination mechanism within such regions needs
descriptions that go beyond the Shockley—Read—-Hall (SRH) model approximation. While
the SRH recombination at deep trap states predicts m < 2 [52], diodes based on
nanostructured metal halide perovskites usually deviate from this behavior, with m >> 2
at relative low voltages (< 1 V) [49,53].

The high value of the m-parameter may be the result of a broad energy tail of
superficial trapping states present on the light-soaked PNCs [54] or simply due to the
presence of leaking currents introduced by a certain random distribution of pinholes
throughout the thin films. For thick samples or studies made under high illumination
intensities, the effect of shallow traps of such energy tail is attenuated by state filling [55].
Thus, describing the photovoltaic device as two PN heterojunctions in series, instead of
a single PN junction [56,57], is a more heuristic approach to explain a J-V curve with a
large m-parameter. The equivalent electrical circuit of the double heterojunction model
[56] is used here to obtain the photodiode parameters of the MPA-treated photodiodes

and the pristine cells:

_q(V+JRs) i

J=Jsc—Jo <€(m1+m2)KT> — w ( )
Rsh

Vo _ Ve _ VAR “s)

m; m, mq+m,

where the parameters J., /o, Ry and Ry, correspond to the whole structure while V; and
m; (j = 1,2) apply for a single heterojunction. These equations hold true considering the
approximation J,; = Jo2 = Jo- Moreover, if both heterojunctions are ruled by the SRH
mechanism (m < 2), the sum of the ideality factors m; + m, should be as high as 4,
allowing again the SRH mechanism to describe the recombination in both
heterojunctions. In order to avoid the non-linear fitting of data to Equation 4.2, the

following useful transformations can be practiced

1 dv (4.4)
Cav (mu+mpkr [ MRy R
d q 4 s
]sc _] _R_
sh
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q

In(Jsc =] —V/Rgp) = s + my)kT

(V+JR;) +1nj, (4.5)

These equations allow now to extract the ideality factors m; + m, and R, with a
linear regression (Equation 4.4), if (1 + Ri';—‘]/ [Jsce =] — RL) is taken as the x-variable.
sh sh

Equation 4.5 allows to easily extract current Jo from the y-intercept and using the best
fitting value of m; + m, previously obtained through Equation 4.4. The fitting curves
(black continuous lines) using Equations 4.4 - 4.5 to experimental data (coloured
symbols) are shown in Figures 4.4c, 4.4d for MPA-treated and Figures 4.4d, 4.4f for
pristine photovoltaic devices.

The ideality factors extracted from these fittings are large for both the MPA (m1 +
m2 = 5 + 1) and the pristine (6 + 2) photodiodes (the uncertainty associated with the
m factor was estimated from the standard deviation of fitting parameters deduced from
all measured photodiodes), but still compatible with the SRH recombination mechanism
under the hypothesis of the double-heterojunction. The reverse saturation current
densities in the best devices were 2 x 10-' mA cm? (MPA) and 4 x 103 mA cm™
(pristine), with average values (1.5 + 1.0) x 10" (MPA) and (2 + 1) x 103 mA cm?=?
(Pristine), as listed Table 4.2. From these relatively high values, the barrier height can
be related with Jo with the thermionic emission theory for the Schottky diode:

kT A*T?
= 4.6
P q ln( Jo > “.6)

Here, A* = A(m*/m,) is the effective Richardson constant with A =120 A cm™ K2,
where an electron effective mass m* = 0.126 m, can be adopted from literature [58]. The
barrier height can be estimated from Equation 4.6: 0.51 V for the MPA-treated and 0.58
V for the pristine device, which are around 0.2 V lower than other similar devices in
literature [49,59]. The relatively high value of the ideality factors combined with the low
values for ¢, suggests that there is still room for the improvement of the MPA-treated
devices, especially in the enhancement of the Schottky-heterojunction interfaces and
their corresponding energy alignments.

In addition, the J-V curves under dark conditions allows us to obtain the
recombination current density J;, the diffusion current density Js and the shunt resistance
Rsn (it was taken as a fixed parameter in Equations 4.4 and 4.5) with a non-linear fitting

by using the following double heterojunction equation [56]:

77



14
J= Y +Jr <emT'/fT - 1) +Ja <em?ikT — 1) 47
Rsh

Here the ideality factor m, is associated with the dual recombination current model,
hence m, = m,s + m:» <4 (m,sand m;. ideality factors for both heterojunctions); whereas
mg = mgs + Mgz corresponds to the dual diffusion current model and hence can be as
high as 2.

Recombination currents J,(MPA) = 4 x 10-5 mA/cm? (Figure 4.4g) and JA{pristine) =
5 x 10-8 mA/cm? (Figure 4.4h) (average 4 +1 x 105 for MPA and 5 =2 x 10-8 mA cm2
for Pristine, as listed in Table 4.2) were obtained after fitting the J-V curves under dark
conditions through Equation 4.7. The difference between pristine and MPA-treated
devices is mainly attributed to the strong difference between dark conductivities. The
dark recombination current of the pristine device is similar to those with similar Schottky-
heterostructures in the literature [49]. From the same fitting procedure, we obtained a
diffusion current density (Js) of around 5 x 10-8 mA cm2 (average (5 + 3) x 10-8 mA cm-
2) for the pristine devices, a value consistent with the large turn-on diffusion voltage ( Vpias
> 1 V), as observed in Figures 4a-b. The diffusion component in MPA-treated devices

doesn't play any role in the fitting of the curves and, thus, can be considered zero.

Ry (MQcm-2) R (Qcem-?) (m; + my) J- (mA cm?) Ja (mA cm??) Jo (mA cm?2) by (eV)

Pristine 412 (3 +1)x 10° 6+2 (5+2)x10°¢ (5£3)x10% | (2+1)x 107 (5£1)x
107

MPA 8+3 50 £ 20 5+1 (4+1)x 10 0 (1.5 +1.0) x (5£1)x
107 107

Table 4.2. Average parameters of the device performances of the prepared thin film
CsPbBrs PNCs based photodetectors, as obtained from the different fittings.

Low dark recombination current is an essential requirement for a photodetector to
have a high responsivity figure of merit. In spite of the relatively high values of dark J,
discussed above, the photodiodes can still reach a good responsivity level when
compared with other reported in recent literature [12,14,60]. Overall, the extracted
figures of merit of our MPA-treated photovoltaic device are comparable or better than
those found in other photodetectors based on thin films of CsPbBrs PNCs, as listed in
Table 4.1, but still worse than in similar photodevices based on QDs (0.2 A/W for NIR

light was obtained by our previously developed PbS QD photodetectors using doctor
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blade deposition [61]). In this sense, if the charge injection/extraction of the photodiode
was improved, photovoltaic devices would be more suitable for solar conversion. In any
case, we have demonstrated the positive and potential benefit of the MPA ligand
exchange for developing conductive thin films of CsPbBrs PNCs as the basis for
photovoltaic detectors. In next sections of this paper additional electronic transport

properties will be obtained for future optimization of MPA-treated photodevices.

4.3.3 ELECTRO-OPTICAL CHARACTERIZATION OF THE
PHOTOCONDUCTORS

A simpler MSM structure was adopted to characterize photoconductive properties
of the thin films based on CsPbBrs PNCs. In this way, a 300 nm thick absorbing
perovskite layer was deposited by doctor blading onto the interdigitated pads. This
structure is widely adopted for perovskites [14,28,36,62], because it provides a reliable

testing workbench for new strategies with solution processed PNCs.
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Figure 4.5. J-V characteristics of the device in dark conditions and under illumination
with 25 mW cm-2 white light for a) MPA-treated devices and b) pristine devices. The
total photocurrent (difference between the light and the dark curves) is plotted in green
color. The inset shows one test chip blueprint and optical microscopic image before the
deposition of the CsPbBr; PNCs.

The current-versus-voltage characteristic curves (0 to 20 V) of the MSM
interdigitated photodetectors are shown in Figure 4.5. The curves display the behavior
of the pristine and MPA-treated films of PNCs under dark conditions and white-light
illumination (25 mW/cm?2). Noticeably, MPA-treated CsPbBrs PNC films (Figure 4.5a)
display higher dark current levels (black data symbols) and larger photocurrent (green
data symbols) than the pristine ones (Figure 4.5b). The difference can be explained in
terms of photo-sensitivities, defined as S = (J, — Jp)/J. = 4d/(o, + Ao). Here, the

current densities J;, and J, are measured under illumination and dark conditions at a
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given voltage, whereas o, and 4c are the conductivity under dark conditions and the
photoconductivity, respectively.

Dark conductivity and photoconductivity listed in Table 4.3 are extracted from linear
fits to the corresponding experimental curves in Figure 4.5 in the 0-10 V region. For
higher voltages the J-V curves deviates from the linear law to a quadratic behavior. This
nonlinear behavior originates from the space-charge-limited current (SCLC) effect that
occurs when uncompensated charge carriers are injected into the material from the MSM
contacts. In this condition, the mobility (u) can be approximately estimated in the SCLC

region (J ~ V2) under dark conditions by using the Mott—Gurney law [63]:

8JpL3

— (4.8)
K CEENL

Here, L is the channel length (20 um), &o is the permittivity of vacuum and ¢ is the
relative dielectric constant of CsPbBrs, which is in the order of ~24 [64]. As listed in
Table 4.3, the dark conductivity of the MPA-treated films (25 uS/cm) increases by more
than one order of magnitude with respect to the value in the pristine ones (1 uS/cm),
which is in line with results reported above for Schottky-heterojunctions, a difference that
it is mostly due to the increase in the effective carrier mobility for the ligand-exchanged
film for which we estimate ~ 10-3 cm?/Vs, as compared to the value found in pristine
films, which is ~ 104 ¢m?2/Vs, with a certain contribution of the background carrier
concentration. That is, MPA is possibly doping CsPbBrs PNCs (no around 6x10'* cm3)
over the background carrier concentration of PNCs with original ligands (no around

3x10'* cm-3).

ao(uS/cm) Ao (uS/cm) Siov = U~ Jp)/L Bscrc (cm?/Vs)
MPA 0.8 0.33 0.35 103

Pristine 0.03 0.03 0.40 10+

Table 4.3. Dark conductivity (o,), photoconductivity (Ac), photoconductive sensitivity
(S), and Mott—Gurney mobility (u), extracted with Equation 4.8, of MSM photodetectors
based on CsPbBrs PNCs. The pristine and MPA-treated thin films parameters were
extracted from J-V curves in Figure 4.5.
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4.3.4 CHARACTERIZATION OF THE FET DEVICES

Although the Mott—-Gurney law is commonly used to extract the charge-carrier
mobility in films of Metal Halide Perovskites, the application of Equation 4.8 is only valid
in trap-independent space-charge limited regime [65]. For this reason, the extraction of
this parameter needs to be supported with additional analysis, for example from J-V
characteristics measured in FET transistors based on films of CsPbBrs PNCs. This

architecture allows to extract the mobility from the field-effect model.
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Figure 4.6. Transfer FET curves of processed CsPbBrs PNCs based FET devices

treated with MPA (blue curve) and pristine (red curve).

The FET-mobility in the linear regime was determined using the characteristic output
curves of the field-effect transistor, given by the plot of drain-source current (lps) versus
gate voltage (Vas) for a given drain voltage (Vps) bias (Figure 4.6). The transfer curves
can be divided into two regions: the linear region and the saturation region. The slope of
the linear region can be used to obtain the charge-carrier mobility using the following
equation:

alys W

= —uC.V, 4.9
WVes L#SDS (4.9)

Here L is the channel length (10 um), W is the channel width (1 mm) and Cs = 1.15

x 108 F cm—2 is the capacitance of the SiO- insulating layer (300 nm thick) in Ossila
substrates. The drain-source voltage was set at 1V. In these conditions, the FET-mobility
is found to be 0.005 cm?/Vs for the MPA-treated CsPbBrz PNCs thin films and 5 x 104
cm?/Vs for the pristine ones. These values are a factor 5 greater than those obtained
through the analysis performed in previous section on MSM photoconductors in the
SCLC regime, but we measure an increase of one order of magnitude after the MPA
treatment of the film of PNCs.
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4.3.5 TANDEM PbS-PNC PHOTODIODES

Once the effectiveness of the MPA ligand-exchange on the CsPbBrs PNCs thin films
has been proved to render almost a 10-fold increase in the majority of the photodetector
figures of merit, we propose here a step forward by demonstrating the processability of
a heterojunction between both layers, PbS QDs and CsPbBrs PNCs, with a ligand
exchange processing step after their doctor blade deposition. Given that PbS QDs
operate at telecom wavelengths (1550 nm), their integration with CsPbBrs PNCs would
enable the optimized photodetection over a large region of optical frequencies. This kind
of heterojunction has well established precedents in literature. Tandem heterostructures
are a great promise for overcoming the Shockley—Queisser limit, while the solution
processability of colloidal nanocrystals allows to keep the production costs well very low
[66]. In the particular case of metal halide perovskite solar cells, the PbS QDs can be
used as co-sensitizers. The addition of PbS QDs into CHsNH3sPbls (MAPbIs) precursors
was found to be beneficial for the crystallization of perovskites [67]. Also, the processing
of PbS QDs as hole transporter layers (HLT) for planar heterojunction perovskite solar
cells was recently demonstrated [39]. PbS QDs can readily substitute the spiro-type
HTLs, while offering an increased absorption range of the solar spectrum and/or multi-
wavelength LEDs due to possible exciplex states between the perovskite and QDs [68].
In the case of photodetectors, the benefits of this hybridization were also demonstrated
in another study of CsPbBrs bulk perovskite layers and PbS QDs based phototransistors
with a wide response spectrum, from 400 to 2100 nm [69]. From the point of view of the
device fabrication, both PbS QDs and CsPbBr3 NCs are fully compatible since they are
formulated in hexane using OAm as ligand. Moreover, both deposition and ligand
exchange for QDs and PNCs follow the same procedure.

Figure 4.7 shows the responsivity curve of our tandem-like prototype photodiode
(layer and energy band alignment schemes are shown in the inset of Figure 4.7) in the
visible and near-infrared spectral regions. The MPA ligand exchange was carried out to
the whole structure after the deposition of both PNC and QD films with the same
parameters used in the case of Schottky-heterostructure based on single layers of
CsPbBrs PNCs.
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Figure 4.7. Responsivity curve of the MPA ligand-exchanged PbS QDs-CsPbBrs PNCs
heterojunction photodiode. Device architecture is represented in the top inset. The red
solid curve represents the extended responsivity range added by the PbS QDs layer
while the green solid curve characterizes the responsivity part of the spectrum
dominated by CsPbBr; PNCs. The gap in between the two curves (800 — 900 nm) is
due to the switching between reference photodiodes: calibrated Si and Ge detectors
and different gratings for measuring in visible and near-infrared windows.

The highest responsivity is around 40 and 25 mA-W-' at visible wavelengths, 430
nm and at the exciton absorption resonance of CsPbBrs PNCs (green curve in Figure
4.7), respectively. The tandem photodetector reaches a maximum of 20 mA-W-' at the
near-infrared spectral region dominated by light absorption of PbS QDs (red curve in
Figure 4.7). While it is true that the responsivity obtained in this spectral range is one
order of magnitude smaller than previously reported results in single PbS QD-Schottky
heterojunctions fabricated in a similar way [17], let note that the PbS layer thickness in
our tandem photodevice is significantly thinner (<100 nm). It is worth mentioning that the
present device is a proof of concept of the feasible implementation of two complementary
nanomaterials in a single device that must be further optimized in a number of different
ways (tandem thicknesses, PNC and PbS bandgaps, photodiode architecture, ...)
according to the application (optical sensors, visible-NIR cameras, photoreceivers or

multiwavelength LEDs for integrated photonics, solar cells, ...).
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4.4 CONCLUSIONS

We have presented here a solid-state ligand exchange procedure to replace the
original long-chained surface ligands (long-chain aliphatic molecules like oleic acid) of
CsPbBrs PNCs with much shorter MPA ligand molecules. Thin films of densely packed
CsPbBr; PNCs were deposited by means of a layer-by-layer method, up to an optimal
thickness of 300 - 400 nm. As a result, Schottky-based heterojunction photodetectors
were achieved using doctor blade deposition technique. The resulting devices exhibited
and enhanced photovoltaic detection performances. In this way, the short inter-particle
distance imposed by MPA ligands led to mobilities in the order of 5 x 10-3 cm?/Vs, as
determined by FET mobility measurements, which are and order of magnitude greater
than those measured in pristine films (without ligand exchange), 5 x 104 cm?/Vs. This
mobility enhancement is the most important parameter that determines the 20-fold higher
photoconductivity and the responsivity increase from 7 to 100 mA/W (and a detectivity
as high as 8 x 10'° jones) measured in our Schottky-based heterostructures. In order
extend the applicability of the MPA solid-state ligand exchange, a tandem structure was
integrated in the same photovoltaic architecture: a film of PbS QDs on top of a first film
made of CsPbBrs PNCs. The resulting device has a wide spectral response, ranging
from the UV to the NIR due to absorption of light and carrier photogeneration in thin solid
films formed of CsPbBr; PNCs and PbS QDs, offering responsivity levels of 40 mA/W at
visible wavelengths and 20 mA/W around the telecom C-band (1525-1565 nm). These
results can be basis of future photodiode array or CMOS-like cameras operating
simultaneously at visible and NIR wavelengths or low-cost applications in the fields of

IOT and optical sensing.
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5 OPTICAL AMPLIFICATION IN HOLLOW-CORE FIBERS
DOPED WITH PNCs

In this chapter, hollow-core negative-curvature fibers (HC-NCF) are thoroughly
investigated as a potential platform for light amplification. For this purpose, the air
microchannels of the fiber are filled by CsPbBrs perovskite nanocrystals (PNCs)
described in the previous sections. The excitation of the PNCs by a laser pump beam at
405 nm demonstrates an enhancement of a laser probe beam at 515 nm coupled into
the fiber. In particular, optical gain was found in the best device with an excitation power
as low as 100-200 nW. Experimental data can be nicely reproduced by a model based
on parametric oscillators, indicating that the gain assisted mechanism could be based
on a nonlinear process. In this way, the present chapter converges with the main topic
of the thesis related with the implementation of photonic functionalities. Indeed, the
proposed device could be useful in a broad range of applications including signal
regeneration or gas sensors. Experimental results are also interesting from the point of
view of material science: the demonstration of signal regeneration under CW low
excitation fluencies, much below the threshold of stimulated emission, represents an
important milestone in the current state of art of the perovskite NCs.

The main results of the present chapter were published in Nanomaterials (journal
with impact factor of 4.324 in 2019, ranked in Q2 within the Materials Science
Multidisciplinary and Nanoscience & Nanotechnology categories of WoS) [1]. The work
was carried out during a research stay in the Department of Electronics and
Nanoengineering of the Aalto University (Helsinki, Finland) under the supervision of Prof.
Zhipei Sun. The synthesis of the PNCs was carried out by Andrés F. Gualdron-Reyes
and Ivan Mora-Ser6, both members of the Institute of Advanced Materials (INAM) in the
University Jaime | (Castellén, Spain). The hollow-core fiber was fabricated by Shou-Fei
Gao, Ying-Ying Wang and Pu Wang at the Beijing Engineering Research Centre of Laser
Technology (Beijing, China). Experimental results and modelling were carried out by
Juan Navarro-Arenas under the supervision of Isaac Suarez and Juan P. Martinez

Pastor.

90



5.1 INTRODUCTION

Hollow-core negative-curvature fibers (HC-NCF) are a special class of optical fibers
in which the cladding is composed by an array of hollow glass tubes surrounding a
hollow-core [2]. NCFs are also referred to hypocycloid-shaped hollow-core fibers [3],
revolver fibers [4], tube lattice fibers [5] or hollow-core anti-resonant fibers [6,7]. In all
these fibers, the curvature of the normal surface in the region surrounding the central
hollow-core is negative with respect to the radial unit vector. HC-NCFs allow for
antiresonant reflecting optical waveguiding mechanism [8], and differ from hollow-core
photonic crystal fibers (HC-PCF), formed by a two-dimensional periodic cladding
structure [9]. The degrees of freedom introduced by the core-shape boundary in HC-
NCFs allow to define realizable fiber arrangements that can provide improved
performance in terms of leakage and bending losses compared to standard fibers [10].
In this way, since their appearance in 2002, with the Kagome-type broadband hollow-
core fiber [11], the HC-NCFs have attracted significant attention of the photonics
community; as such fibers are expected to reach new frontiers in the fiber optics field
and serve as a workbench for developing new technologies. These fibers support
extremely large transmission bandwidths and low field dielectric overlap, avoiding a
significant decrease of the absorption loss with respect to other fiber designs and the
presence of non-linearities such as the Kerr effect, making them excellent waveguides
for high pulse delivery and other high optical density applications [12]. Examples of
practical applications include the development of high-power diode-pumped alkali lasers
[13] or the signal splitting in optical telecommunications networks [14,15]. More recently,
HC-ARFs have been also suggested as a potential platform for supermode excitation,
enabling a broader range of integrated applications [16,17].

Hollow-core fibers can also serve as hosts for fluids or nanoparticles, working as a
lab-on-a-fiber for the study of optical properties of infilirated nanomaterials. In this way,
filling air holes with different nanomaterials exhibiting different functionalities allows a
large range of potential applications, such as chemo-/bio-sensing [18]. Given the
relatively youth of this kind of microstructured fibers, only a few amount of research works
have been developed in this direction, as optofluidic lasers [19] and sensors [20]. Thus
far, the combination of emitting materials with HC-NCFs has not been examined,
although we can find a few HC-PCFs demonstrations of lasing at visible wavelengths by
using CdZnS/ZnS core-shell colloidal Quantum Dots (QDs) [21-23], and optical

amplification at telecommunication wavelengths with PbS colloidal QDs [24,25].
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In this chapter, we present the inclusion of CsPbBrs PNCs in HC-NCFs as potential
all-fiber active optical microdevices. For this purpose, the air holes of the micro-
structured silica fiber are filled with colloidal PNCs by capillary forces. The method for
infiltrating PNCs into the HC-NCF was properly optimized to obtain a homogeneous
adhesion of the nanocrystals to their walls along tens of centimeters. In the resulting
active photonic structure that was modeled by COMSOL Multiphysics software, a probe
beam coupled at the input facet of the HC-NCF is enhanced up to +3 dB under 405 mm
Continuous Wave (CW) optical pumping. Although this optical amplification can be
phenomenologically modeled by the standard theory of Erbium-doped fiber amplifiers
[26], stimulated emission conditions are not reached under the low power CW laser
pumping used in our experiments. Alternatively, we suggest a nonlinear mechanism to
explain the experimentally observed amplification, even if further investigation is needed
to elucidate the ultimate origin for this mechanism.

These results not only represent a thresholdless gain assisted mechanism for HC-
NCFs, but also pave the road of integrating a broad range of functionalities within these
fibers. In particular, it is well known that nonlinear processes are necessary to develop a
full optical signal processing in a telecommunication system [27]. Thus, the nonlinear
mechanism proposed here could be useful in the implementation of different photonic
tasks, such as signal regeneration, modulation, multiplexing or demultiplexing, among
others [27]. In addition, the particular structure of HC-NFCs is an excellent platform for
sensing of high-toxicity gases [28]. In these conditions, since PNCs also demonstrate a
high sensitivity to different gas or liquid compounds [29], the insertions of PNCs in the
HC-NFCs is expected to enhance sensitivity with gas and liquid samples and hence

serving as the basis to develop high throughput optical chemo-/bio-sensors.

5.2 FABRICATION OF THE PNC-DOPED HC-NCF FIBERS

5.2.1 CsPBBR3 NANOCRYSTAL SYNTHESIS

CsPbBrs nanocrystals were synthetized following the hot-injection method
(presented in section 3.1.1 of this Thesis) with the modifications detailed below. All the
reactants were used as received without additional purification process. Briefly, a Cs-
oleate solution was prepared by mixing 0.41 g Cs.CQOs (Sigma-Aldrich, Madrid, Spain,
99.9%), 1.25 mL of oleic acid (OA, Sigma Aldrich, Spain, 90%) and 20 mL of 1-
octadecene (1-ODE, Sigma-Aldrich, Spain, 90%) into a 50 mL three-neck flask at 120 "C
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under vacuum for 1 h, stirring constantly. Then, the mixture was N2-purged and heated
at 150 "C until the Cs2CO3; was completely dissolved. The solution was stored under No,
keeping the temperature at 100 ‘C to prevent the Cs-oleate precipitation. For the
synthesis of CsPbBrs nanocrystals, 0.69 g PbBr. (ABCR, Spain, 99.999%) was mixed
with 50 mL of 1-ODE into a 100 mL three-neck flask. The mixture was heated at 120 'C
under vacuum for 1 h, keeping a constant stirring. Then, 5 mL of both OA and oleylamine
(OLA, Sigma-Aldrich, Spain, 98%) were separately added to the flask under N:
atmosphere, and rapidly heated to reach 170 °C, injecting quickly 4 mL of Cs-oleate
solution. Lastly, the flask was immersed into a bath ice for 5 s to quench the reaction
mixture. For the isolation of PNCs, the colloidal solutions were centrifuged at 4700 rpm
for 10 min. The PNCs were separated after discarding the supernatant and re-dispersed
in hexane to prepare a colloidal solution with a concentration of 50 mg/mL. The
absorption spectrum of this colloidal solution exhibits a well-defined excitonic edge
around 505 nm, whereas the PL spectrum is rather narrow (24.8 nm) and centered at
514 nm (see Figure 5.1a). Absorption/PL data are in agreement with previously
published results for cubic-shape PNCs of similar size (10 nm in average, as shown in
Figure 5.1b) [30].
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Figure 5.1. (a) Absorbance (blue continuous line) and PL (green continuous line)
spectra of CsPbBrs PNCs dispersed in hexane; and (b) TEM image of cubic CsPbBr;
PNCs. The average cube side is around 10 nm.

5.2.2 FABRICATION AND CHARACTERISTICS OF THE HC-NCFs

The Hollow-Core fiber was fabricated by the stack-and-draw technique. This fiber is
quite similar with the one published in reference [31]: a HC fiber with seven untouched
capillary tubes built around the hollow-core. The HC-NCF was properly designed to span
the transmission window between 400 to 780 nm in order to present low attenuation at
both the emission wavelength of the PNCs (515 nm) and the pump beam wavelength

(405 nm). Indeed, propagation losses of the fundamental air mode at the pass band are
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reduced down to 0.04 dB-cm™ and 0.14 dB-cm' at 514 nm and 405 nm, respectively.
Testing fibers where cleaved with a fiber cleaver (CT-101, Fujikura). An optical
microscope (WITec alpha300) was used to map the backscattered PL light of the PNCs
infiltrated in the HC-NCF.

5.2.3 FABRICATION AND SIMULATION OF HC-NCFs DoPeD wWiTH PNCs

A short piece of HC-NCF is submerged inside the colloidal solution of PNCs to load
the fiber’s air tubes (of radii 3 um and radially distributed with a period of 10 um beneath
the cladding of the HC-NCF, as shown in Figure 5.1) with PNCs by capillary action. Since
the size of the PNCs (10 nm) is much smaller than these holes, the colloidal solution
easily infiltrates through the SiOz-air hole walls, where PNCs are deposited, as
demonstrated below. The length, h, covered by the liquid inside the air capillary can be
calculated by applying the Jurin’s law, which relates the radius r of the fiber microtube
with the surface tension y of the PNC-colloidal solution [32]:

A C)) (5.1)
pgr
Here gis the gravitational acceleration, p the liquid density and ® the contact angle

between the liquid and the capillary wall. Since the concentration of PNCs in the solvent
is relatively low (see below), y and p can be approximated by the values reported for
hexane, 18 dyn/cm and 0.659 g/mL [33], respectively. In these conditions, and assuming
a contact angle of ® = 0 (to estimate the upper limit for h), Jurin’s law predicts that h is
much longer than used fiber lengths (0.6-1.4 cm). The optimum concentration of the
colloidal solution containing the CsPbBrs PNCs was around 1 mg/mL, being the dipping
process maintained over 1 day to get a uniform loading of the HC-NCF. A careful
cleaving procedure (CT-101, Fujikura) was carried out in order to smooth the fiber facets
before characterization and gain experiments.

As expected, PNC-loaded HC-NCFs show an uniform PL along 140 mm, as shown
in Figure 5.2b (image of the whole 140 mm long fiber and zoom of a 0.8 mm long
fragment). In addition, PL cross section images measured at the input (Figure 5.2c) and
middle (Figure 5.2d) faces of the PNC-loaded HC-NCF clearly demonstrate that light
emission is concentrated in the air tube walls and maintained along the fiber (also visible
in Figure 5.2b).
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Figure 5.2. (a) Cross section of an undoped fiber taken with optical microscopy. (b)
Picture of the whole doped HC-NCF being pumped with the 405 nm CW laser and
zoomed axial fragment (this image was registered with an optical microscope that
assists the experimental setup described in the section 3.2.2.E of this thesis). (c) and
(d) PL cross-section images at input and intermediate (after cleaving) faces of the HC-
NCF, respectively. (e) Simulation of the modal field distribution of the 7-tube HC-NCF
fiber operating at a wavelength of 515 nm in the absence of PNCs. Z-axis corresponds
to the propagation direction. (f) Modal field distribution of the HC-NCF doped with PNCs
concentrated on the tube walls after considering a PNC layer with 55 nm thickness.

The HC-NCF was simulated with COMSOL Multiphysics software by using the finite
element method with a circular Perfectly Matched Layer (PML) applied to the outermost
ring of the structure geometry (see Figure 5.2e-f). First of all, simulation of the unloaded
membrane showed the central HE11-core mode (this mode is depicted in Figure 5.2e)
with an effective index of 0.99984 reported from this type of fibers [31]. However, the
adhesion of the PNCs on both sides of the walls of the fiber allows the propagation of
modes through the walls of the HC-NCF. The PNCs are considered to be attached to
both sides of the walls. In particular, a supermode composed by seven degenerated
cladding modes are supported with an effective index of 1.4574 (Figure 5.2f). Indeed,
the calculated modal distributions corroborate the experimental PL-map shown in Figure
5.2c-d. These simulations were carried out by considering seven non-touching SiO»
capillary membranes with a thickness of 300 nm surrounded by two coating layers (the
inner and the outer) of PNCs with a thickness of 55 nm. The PNC film thickness was

estimated from the optical images (Figure 5.2c-d) and contrasted with profilometry
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measurements from dip-coated PNC films prepared on top of a SiO» substrate. In both
cases the thickness was carefully controlled by the right concentration of PNCs in the
solvent (from 1 to 50 mg/mL). Also, the uniform deposition of PNCs along the fiber was
checked by sampling the cross section of the loaded HC-NCF device at different lengths
(1, 2 and 3 cm from one of the open ends), obtaining a mean thickness of around 60+10
nm. The operation wavelength was set equal to 500 nm (since there is not too much
difference in the 400-550 nm range), the refractive index of membrane was fixed to 1.46
(SiO2), and the refractive index of the PNCs was considered in the range of n,= 1.8 -
2.2, as reported elsewhere [34].

Therefore, the adhesion of PNCs strongly modifies the light propagation properties
of the HC-NCF for both pumping and probe laser beams. Indeed, the super-mode
distribution depends on the thickness of PNCs deposited at the capillary walls. For this
purpose, we evaluate the mode confinement of the super-mode as a function of the PNC-

doped thickness through the following overlap integral I;:

JTonc Rings! $S2(% y)) | dxdy (5.2)

P TS, (o))l dxdy

Here, the modulus of the time-averaged normal component of the Poynting vector
is integrated in the area occupied by the nanocrystals and compared to the whole
extension of the modal field distribution. In particular, T, = 0.2 is calculated from a

thickness of PNCs of 55 nm, as determined from the optical images.

5.3 RESULTS AND DISCUSSION

5.3.1 OpTICAL AMPLIFICATION IN THE HC-NCF DoPED WITH PNCs.

Optical amplification in the PNC-doped HC-NCFs was characterized by coupling
pump and probe signal beams at the input facet of the HC-NCF, as commonly used in
erbium-doped fiber optical amplifiers [26]. The details of experimental setup are
described in section 3.2.2.E of this thesis. Optical amplification can be observed as an
enhancement of the probe signal by increasing pump power. Experimental spectra
recorded for different excitation fluencies (data symbols in Figure 5.3a) were
deconvoluted by the sum of two Gaussian functions (solid lines in Figure 5.3a) in order

to study the propagation of the PL generated by the CW-laser pump (405 nm) and the
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probe signal light (515 nm), independently. On the one hand, the integrated PL of PNCs
exhibits a sharp increase under low excitation regime (i.e. < 0.5 yW of absorbed pump
power) and PL saturates above this value (brown solid circles in Figure 5.3b), whereas
the probe signal increases linearly in the entire range of absorbed pump power (green
solid circles in Figure 5.3b). Here, since the excitation light coupled in the cladding modes
will be strongly attenuated by the absorption of the PNCs, the pump beam is considered
to be propagated through the fundamental air mode. In these conditions, the observed
saturation effect can be attributed to propagation losses of the pump beam along the
HC-NCF core (0.14 dB/cm). Obviously, these losses are quite low and the propagation
of the pump beam is assured through the entire length of the fiber, hence being effective
the excitation of PL from PNCs by the evanescent field of the HC-NCF HE1-core mode
(Figure 5.2e). Indeed, a similar co-propagation of pump and PL was already exploited in
planar waveguide amplifiers [35,36]. From these experiments we deduce a signal
amplification or gain Pou/Pin (ratio of probe signal at the output facet of the fiber over that
at the input one) that increases with the absorbed pump power and with the HC-NCF
length (Figure 5.3c). Consequently, the probe signal might well be enhanced by the
pump-activated amplification, due to the interaction with the infilirated PNCs in the fiber.
The full gain of the HC-NCF can be calculated by:

IProbe (Pabs)) (53)

Gap = 1010g10< Irrope(0)
rooe

Here lrove(Pabs) is the output signal intensity at the probe light wavelength as a
function of the absorbed pump power (Pass). In this way, a signal amplification Pou/Pin =
2 (3 dB gain) is demonstrated for the highest pump power in a 140 mm long HC-NCF
(black solid squares in Figure 5.3c). The optical amplification is significantly reduced for
shorter fibers, 80 and 60 mm long, where less than 2 and 1 dB is measured (blue and
red solid squares in Figure 5.3c), respectively. The observed optical amplification as a
function of the HC-NCF length follows the e@t) law commonly observed in waveguide or
fiber optical amplifiers [37]. The saturation observed in Pow/Pin, €specially for short fibers,
can be explained by the attenuation of the pump beam, as explained above. It is worth
noting that these three HC-NCFs in Figure 5.3c were doped by using the same PNC-
solution with a concentration of 1 mg/mL, which is the optimum value for the fabrication

process described in Section 5.2.2 of this Thesis. A minimum amount of PNCs deposited

97



in the HC-NCF are required, in agreement with previous results of waveguides doped

with colloidal nanocrystals or dyes [36].

5.3.2 MODELLING THE OPTICAL AMPLIFICATION

The optical gain generated in a waveguide is usually simulated by a rate equation
model coupled with the propagation equation [38]. Here, an analytical solution of the
power propagated in the HC-NCF can be obtained by using the formalism developed in
erbium-doped fiber amplifiers, applicable under small-signal (<20 dB) amplification [39].
This model reproduces the signal and gain generated in an optical amplifier with
amplification of the spontaneous emission (ASE). The discussion is limited to a signal
beam (s) and a pump beam (p), identically treated in the formalism. In addition, the pump
and the PNC-doping concentration are considered homogeneous over the cross-section
area A of the core, whereas the propagation losses for the signal beam are considered
negligible. In these conditions, the gain of the signal beam fulfils the analytical equation

derived in Section 2.3.2.A of this thesis based on previous fiber amplifier literature [40]:

L, (o8 + o)1y (5.4)
P, —a.L|dB
hv, A a ™ s

Gs(L) = 10logse(e)

where a; = pl,0d is the signal absorption constant and the saturation power, g is

the concentration of PNCs per unit volume, t is the radiative lifetime of the PNCs, g and

os are the absorption and emission cross sections for the signal beam, I, is the modal

confinement factor calculated for the pump (or the signal beam) through Equation 5.2,

P, is the absorbed laser pumping power and the area A refers to the cross section of
the HC-NCF.

Here, the area A was set 7.5 ym?, T was fixed to T = 15 ns as reported elsewhere
for this kind of nanocrystals [41], [, = 0.2 was obtained from the COMSOL simulation
described in Section 5.2.1, and v, is the pump frequency. The quantum efficiency of the
emitters was set to be around ¢, = 0.85, as reported for these PNCs [42]. Although it is
well known that this parameter decreases in thin films [43], it does not show a critical
impact in the simulation results, and can be ranged between 0.5 and 0.85, as we

measured in previous publications.
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Figure 5.3. (a) Spectra recorded at the extreme of a 140 mm long HC-NCF filled with
PNCs (concentration of 1 mg/ml) for different laser pumping powers.; symbols
correspond to the experimental data and solid lines to the fitting by the sum of two
Gaussian lineshapes (the PL of the PNCs and the regenerated 515nm laser line, or
probe). (b) Integrated intensity of the PL (brown circles) and probe (green circles)
signals deconvoluted from the spectrum in (a) for the 140 mm long HC-NCF, and (c)
optical amplification ratio Pou/Pin for different HC-NCF lengths, as a function of the laser
pumping power. (d) Gain in dB as a function of the excitation in the 140 mm long HC-
NCF doped with colloidal PNCs. Continuous curves stand for calculated ASE gain
(green line) and parametric amplification (orange line). The inset shows the FWHM of
the probe signal with error bars as extracted from fitting experimental curves in (a) (the
x-axis range is the same as in the main figure).
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In these conditions, absorption and emission cross sections can be deduced by
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fitting to Equation 5.4 the experimental results presented in Figure 5.3d (from data in
Figure 5.3c) for the 140 mm long PNC-doped HC-NCF (blue hollow squares). For

this

purpose, % and o® can be related with McAmber theory [44] by 0® = c%exp((E —
hvg)/kgT), where the energy kzT = 25.7 meV, the energy E corresponds to the energy
associated with the absorption edge (i.e zero phonon energy) and hv; is the signal
transition energy. Thus, the McAmber theory yields coefficient of 6¢ /a® = 5.6. In this way
avalue of c2= (5 + 2) 10~1* cm2 is the best fitting parameter in the calculated curve in
Figure 5.3d (green continuous line) that is in good agreement with that reported in

literature, 2-10'4 cm? [45].



However, although an optical gain model can reproduce our experimental data,
there are no physical evidences of stimulated emission in the experimental results
presented here. An optical gain process through the HC-NCF should be manifested in
the observation of ASE in PL spectrum under sufficiently high power pumping conditions,
whose physical evidence is the collapse of the PL spectrum (around 20 nm wide) in
Figure 5.3a into a much narrower line (below 2 nm wide) under high excitation powers,
and a superliner growth of its intensity above a certain threshold [46]. In spite of a slight
narrowing observed in the probe signal linewidth (inset in Figure 5.3d), any remarkable
change is observed for the main PL band by increasing laser pumping power (see Figure
5.3a - b), hence none of above given conditions are fulfilled. That is, the observed
enhancement of the probe signal can be phenomenologically explained by a stimulated
emission process, even if the pumping laser power coupled to PNCs is below the ASE
threshold. Other possible gain assisted mechanisms include the superposition of the PL-
beam produced by the laser pump and the probe signal or scattered light. However, the
former is discarded by the deconvolution performed in the analysis of recorded spectra
at the exit of the fiber, while the latter would follow a linear dependence on the laser
pump power.

Alternatively, third order non-linear effects in PNCs may also explain the
experimental results presented here, at least to be considered as another
phenomenological model until being confirmed by other different experiments. In
previous works, we have already demonstrated that similar pumping conditions can
change the effective refractive index of colloidal QDs integrated in plasmonic [44] or
dielectric waveguides [47] due to a nonlinear interaction of pump plus probe beams with
QDs. On the other hand, a Four Wave Mixing (FWM) third order nonlinear process (see
Section 2.3.2.B of this Thesis) has been commonly proposed to provide parametric gain
in Fiber-based optical devices [48] or the generation of high energy femtosecond pulses
[49]. The four wave mixing and can be exploited to generate optical parametric gain at
the created wavelengths when it correctly is tuned. In these conditions, the parametric
gain generated by this process can be described by the following equation if the
operative range of wavelengths (the difference between the pump and the signal

wavelengths) does not exceed a band of 100 nm [50]:

2
Yha
Gag = 10logy (1 + 7smh (gL)
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Here G is the normalized output signal (G = Pou/Pn) produced though a length L; the
factor y = 2nn,/AA.¢ is the effective nonlinear optical coefficient, where n; is the fiber

nonlinear parameter. The parametric gain coefficient g is given by:

o)

where the phase mismatch AR is given by:

AR = B(ws) + Bwy) — 26(wp) (5.2)

Under resonant conditions, A =~ 0 ang also, g = 0. If we calculate the first terms of the

Taylor expansion for low gL values, it follows that:

Gag = 101 1+ PL21+gL2+gL4+ 2
dB = 0810 (yBL) 6 120

~ 101logy, (1 + (¥B,L)?)

In this way, the experimental data in Figure 5.2d can be also nicely fitted to Equation
5.8, the orange continuous line, with n, = 3.8 10-'© m?/W and phase mismatch values
AB < 1°. Therefore, the model suggests that a material with a large Kerr effect would
influence the propagation of a probe signal beam. Since the reported values of the silica
nonlinear refractive index are limited to 102° m2/W under nanosecond excitation, we
believe that nonlinear optical properties of PNCs can be responsible of the mechanism
proposed here. Indeed, similar measurements with an unloaded HC-NCF did not show
any signal enhancement. Although the application of PNCs in optical nonlinear devices
is currently at its very beginning, the few experimental studies show promising properties
[51]. The values reported for colloidal solution of CsPbBrs materials are about 2-10-'7
m2/W [51] and 1.2-10'® m2/W [52] for femtosecond and nanosecond excitation,
respectively, but it is necessary to take into account that the concentration of PNCs in
such colloidal solutions is usually low. Therefore, the nonlinear optical parameters can
be much higher in thin films, as it is in our device. In any case, further research is needed
to elucidate the ultimate origin of the nonlinear optical properties of PNCs under CW

pumping and if they are sufficient to support a parametric gain mechanism.
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5.4 CONCLUSIONS

In the present chapter, a novel HC-NCF optical amplifier is demonstrated by doping
the fiber with highly luminescent CsPbBrs nanocrystals. The PNCs were infiltrated by
capillary forces producing a 55 nm thick layer on the air tube walls of the fiber, producing
a change in the optical modes at the wavelengths of emitted light by PNCs (510-540
nm), whereas the pumping laser is guided in the main optical mode of the HC-NCF
(central hollow-core). A gain figure of merit of 3 dB was obtained for a 140 mm long fiber.
Given the absence of ASE in CsPbBr3 PNCs under continuous wave laser pumping at
room temperature, the observed amplification by the PNC-doped HC-NCF can be
alternatively explained by means of a third order non-linear optical mechanism. This kind
of promising device is expected to be a source of new and interesting applications in
high power optical fiber lasers, optical telecommunications or chemo-/bio-sensing, and
what is more important, a workbench for the study of high order optical nonlinear optics,
combining the light confinement properties of HC-NCFs and the optical properties of the
perovskite nanocrystals, which would be of great importance for both fundamental

physics investigation and practical multiphoton applications.
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6 AMPLIFIED SPONTANEOUS EMISSION IN THIN FILMS
OF PNCs

In this chapter, the generation of optical gain in CsPbXs perovskite nanocrystals
(PNCs) films are analysed. We establish the intrinsic mechanisms underlying ASE in
PNCs of three different bandgaps (CsPbBrs, CsPbBr1 sl1.sand CsPbls) and the conditions
to minimize the threshold of stimulated emission. Among the possible physical
mechanisms responsible for ASE (single excitions, biexcitons or free carriers) our
characterization reveals that the optical gain in these materials is produced by the
formation of single excitons. In these conditions, inverted population can be reached
under small thresholds (as low as 5 pJ/cm?) only limited by the self absorption losses,
which becomes stronger for thicker layers. We believe that these conclusions will pave
the road to more ambitious targets like lasing under continuous wave optical or electrical
excitation, and the development of a new generation of active devices based on PNCs.
Most of the results presented have been published in a peer reviewed scientific Journal
of Physical Chemistry Letters (journal with impact factor of 6.71 in 2019, ranked in Q1
within the Materials Science Multidisciplinary and Q2 in Nanoscience & Nanotechnology
categories of WoS). The synthesis of the PNCs was carried out by Andrés F. Gualdron-
Reyes and Ivan Mora-Ser6, both members of the Institute of Advanced Materials (INAM)
in the University Jaime | (Castellén, Spain). Experimental results and modelling were
carried out by Juan Navarro-Arenas under the supervision of Isaac Suarez and Juan P.

Martinez Pastor, and with the help of Vladimir Chirvony.

6.1 INTRODUCTION

Colloidal quantum dots (CQD) have been extensively studied as a cheap alternative
to epitaxial 1ll-V semiconductors for optical gain purposes [1,2]. Since the first
demonstration of the amplified spontaneous emission (ASE) in CQD in 2000 [3], a
significant progress has been achieved [2] including the demonstration of lasing under
continuous wave operation in 2017 [4] and, more recently, under electrical pumping in
2018 [5]. In particular, several important milestones have been achieved in the study of

optical gain mechanisms of optically excited CQDs: (i) the problem of Auger
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recombination was partially circumvented by employing femtosecond (fs) excitation and
densely packed QD films [6]; (ii) understand the impossibility of obtaining gain in neutral
(uncharged) core-only QDs within single exciton regime [7]; (iii) increase of absorption
cross-section using large-volume nanostructures [8]; and (iv) introduction of permanent
charges for reducing the gain threshold due to partial blocking of ground state absorption
[9].

In previous chapters, PNCs have been introduced as a potential material with
demonstrated applications in light emitting diodes, optical amplifiers and lasers [10].
Particularly, PNC-based films exhibited reduced ASE thresholds of the order of 1 pJ/cm?
[11], which are smaller than those measured in polycrystalline perovskite thin films [12]
or conventional CQDs (from groups II-VI, llI-V, IV-VI, ...) [2]. For this reason, we believe
that PNC-based films can be promising candidates for future integrated optical sources
or amplifiers. Over the past 3-4 years, many reports have been focused on the study of
the mechanism of optical amplification in CsPbXs (X = Br, ) PNCs [2,11,13-32]. Most of
these works, however, still required femtosecond (fs) excitation pulses to avoid or reduce
Auger recombination mechanism under high excitation conditions. Hence, further
investigations are needed to achieve more ambitious objectives such as lasing under
CW operation or electrical pumping. Indeed, the intrinsic mechanism underlying the
optical gain in PNCs remains poorly studied. It is still under debate whether single
exciton, biexciton or free carrier (electron-hole plasma) recombination regimes can be
dominant in the stimulated emission process in PNCs [33]. In addition, it is not clear what
is the role of self-absorption in ASE, how the inhomogeneous broadening of
photoluminescence (PL) spectra can affect ASE spectra, and what are the gain
saturation mechanisms. Finally, according to the data published in different papers
[11,15,17,28], ASE spectra significantly broaden at high excitation fluencies, although
this behavior has not been explained yet.

In CQDs, the two-fold degeneracy of the band-edge states requires that, for
achieving optical gain, at least a part of the excited CQDs must contain multiple excitons
(that is, the average number of excitons per dot, (N), should be higher than 1) [1].
Regardless of this, there is experimental evidence of single-exciton gain regime
achieved with high-quality CQD samples possessing low optical losses [6]. The single-
exciton gain regime is the most favorable in order to minimize losses because the non-
radiative exciton-exciton annihilation (Auger recombination) should be absent in this
scenario. In the case of PNCs, where the quantum confinement is very weak (tens of

meV), the two-fold degeneracy of the band-edge states was also discussed in literature
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[14], and the most frequent conclusion is that biexciton mechanism is responsible for the
observed ASE in PNCs at excitation fluencies around threshold of stimulated emission
[23,29,34,35].

As our literature analysis shows, the biexciton origin of ASE in PNCs was argued
either on the basis of analysis of the observed PL transients, without spectral evidences
[29], or due to the presence of a long-wavelength shift of the ASE peak relative to the
spontaneous emission position [35], or because of the quadratic dependence of the ASE
intensity upon the excitation fluency [23]. Here we show that the aforementioned features
can not necessarily be the markers of the biexciton mechanism of ASE. In particular, we
demonstrate that the size dispersion present in an ensemble of closely packed PNCs
results in the reabsorption of the high energy photons emitted by the smallest
nanocrystals of the ensemble that leads to the observed redshift of the ASE spectra
(dominated by low energy photons emitted by the biggest nanocrystals of the ensemble).
This is experimentally demonstrated by using PNC-based films of different thicknesses.
Finally, we propose a model explaining the ASE profile broadening at high excitation
densities as a result of the joint influence of PNC size dispersion and the consequent PL
inhomogeneous broadening. The study is performed by using thin films of PNCs with
three different compositions (i.e., effective bandgaps): CsPbBrs, CsPbBrislis and
CsPbls, whose PLQY is very close to unity at cryogenic temperatures. Our results enable
us to conclude that the observed optical gain at threshold pumping conditions is due to

single exciton emission.

6.2 PREPARATION AND CHARACTERIZATION METHODS OF
PNC THIN FILMS

6.2.1 SYNTHESIS OF COLLOIDAL SOLUTION

CsPbXs (X=Br, Broslos, I) were grown following the hot-injection method (detailed in
section 3.1.1 of this thesis) developed by Kovalenko and coworkers [36] with minor
modifications. The PNCs exhibit a cubic shape [36] (see TEM images in Figures 6.1a
and 6.1b) with an average size (L) of 11.8 nm (CsPbBrs) and 13.8 nm (CsPbls), with an
average size dispersion of about 7 %, as shown in Figures 6.1c and 6.1d, respectively.
Since the Bohr radius (ao) of these PNCs ranges between 7 (CsPbBrs3) and 12 nm
(CsPbls), the ratio L/2ag (L is the nanocube edge size) varies from 0.84 to 0.58,

respectively, which corresponds to a weak quantum confinement regime in both cases.
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Figure 6.1. TEM images of (a) CsPbBrs; and (b) CsPbls NCs. Size dispersion for (c)
CsPbBr; and (d) CsPbls NCs.

6.2.2 SAMPLE PREPARATION AND OPTICAL CHARACTERIZATION

PNCs were deposited on a commercial borosilicate substrate by using a commercial
Doctor Blade applicator (Elcometer 4340) and post-baking at 100 °C for 1 minute (see
Section 3.1.2 for details). These steps have been sequentially repeated until the film of
PNCs reached the desired thickness within the range from 20 nm to 1 um. Prior to the
deposition of these films, the substrates were carefully cleaned with acetone, ethanol
and isopropanol during 10 minutes in an ultrasound bath.

A commercial NanoCalc-2000 reflectometer (Mikropack) was used the absorption
spectra at room temperature of CsPbX; films deposited on borosilicate substrates (see

Section 3.2.2.A for details about this setup).

6.2.3 Low TEMPERATURE PL AND TRPL

Samples were held in a cold finger of a closed-cycle He cryostat, which can be
cooled down to 10K. PL was measured by using a Q-switch Nd:YAG (1 kHz, 1 ns) laser
doubled or tripled at 532 nm and 355 nm (CRYLAS 6FTSS355- Q4-S), respectively. The
PL signal was dispersed by a double 0.3 m focal length grating spectrograph and
detected with a Si CCD camera (Andor Newton EMCCD). Time-resolved PL was carried

out by using the same pumping laser, but analyzing the PL with a Hamamatsu
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C5658-3769 avalanche photodetector connected to a BOXCARDPCS-150 electronics
from Becker and Hickl GmbH. PL under femtosecond operation was carried out by using
PL a Ti:sapphire mode locked laser at a wavelength of 405 nm doubled by a BBO crystal.
In this case, Time-resolved PL have been carried out with the Ti:sapphire laser in pulsed
mode operation (pulse width 200 fs and 76 MHz of repetition rate) at the same
wavelength. The emitted light was dispersed by a monochromator with 300 mm of focal
length and detected by a Si avalanche photodiode connected to a time correlated single
photon counting electronics (electronic card TCC900 from Edinburgh Instruments). For

more details and explanations about this technique, consult the Section 3.2.2.C.

6.3 ASE IN PNC BASED THIN FILMS: RESULTS AND
DISCUSSION

The photoluminescence (PL) of the PNCs layer as a function of the excitation fluency
was studied by holding the samples on a cold finger of a closed-cycle He cryostat cooled
down to 15K (see Figure 6.2a for the scheme of the experimental set-up) with the
intention to prevent the influence of nonradiative channels. The cryostat presented two
glass windows confronted to the top and the bottom of the sample in order to allow the
excitation from both faces. In particular, absorption was deduced from the sample
transmittance measured at low temperatures by using a Xe lamp taking into account the
influence of the windows and the substrate, and the PL was measured in backscattering
geometry by pumping the nanocrystals with the Q-switch pulsed at 532 nm or 355 nm,
depending on the PNC bandgap. The excitation wavelength was chosen according to
the absorption band edge measured for PNCs at cryogenic temperature (see blue
symbols in Figures 6.2b and 6.2c): 500 nm (2.35 eV) and 685 nm (1.81 eV) for CsPbBrs;

and CsPbls, respectively.
6.3.1 EvOLUTION OF ASE wWITH EXCITATION FLUENCY

The evolution of the PL+ASE spectra in films of PNCs with the excitation fluency
(Pexc) are shown in 3D plots for 300 nm thick films of CsPbBr; (Figure 6.2d), CsPblisBr1 s,
(Figure 6.2e) CsPbls (Figure 6.2f) PNCs films. The evolution of the displayed spectra
indicates that more than one physical mechanism participates in the optical gain

formation, as will be explained below.
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Figure 6.2. (a) Experimental set-up. Absorption (blue and left axis) and PL (green/red
and right axis) of (b) CsPbBrs and (c) CsPbls. 3D image of PL as a function of excitation
fluency for (d) CsPbBrs (e) CsPbBrislis and (f) CsPbBIls. All PL and absorption
characterizations were performed at 15 K.

The behavior of thin films of CsPbBrs PNCs excited at 355 nm under increasing
excitation fluency (Pexc, See Figure 6.2a) clearly demonstrates three different regions.
When Pey < 3 pd/cm?, the PL shows a Gaussian shape centered at 522.4 nm (2.3768
eV) with a FWHM of about 10 nm (50 meV). Similar spectral shape has been reported
in literature for these PNCs at cryogenic temperatures [17,37] and it can be ascribed to
the spontaneous emission due to the exciton recombination (labeled as X in Figure 6.3a).
When Peyx= 10 pd/cm?; a narrow stimulated emission band (labelled as ASE in Figure
6.3a) appears on the long-wavelength side (526.6 nm) of the spontaneous emission,
which is in agreement with results previously reported for this material at room [11] and
cryogenic [25] temperatures. Then, as Pexc increases above 10 pJ/cm? (and below 48
pJ/ecm?), the ASE bandwidth progressively narrows down to 1.37 nm (6.1 meV) and
slightly redshifts up to 527.3 nm. With a further increase of Pex (>48 pd/cm?) the ASE
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band continues to redshift, but its linewidth broadens, with an ASE peak wavelength at
530 nm (2.3409 eV) and FWHM of 7 nm (30.1 meV) at Peyxc = 1.6 mJd/cm?.

In order to extract precise information about the generation of ASE spectra in the
spectra of Figure 6.3a, the PL curves were fitted by a Voigt + Gaussian function as shown
in Figure 6.3b. The deconvolution allows us to extract the integrated PL intensities (Isg),
the Full Width at Half Maximum (FWHM) and the centroids of the PL distributions (Figure
6.3c). As the excitation fluency is increased, the three different regions can also be
identified in Figure 6.3c). In the case of the bromide PNCs, for low Pexc (<10 pJd/cm?), Ise
obeys a linear dependence lIse x P due to the spontaneous emission process.
However, above the threshold at Pexc >= 10 pd/cm?, Ise exhibits a superlinear
dependence (lse o Pexc??) followed by a saturation above Pexc ~ 50 pd/cm? which can be
phenomenologically fitted (solid green line) by the expression log(lse) =
0.65+0.95l0g(Pexc) - 0.52:10g2(Pexc). Taking into account the absorption coefficient at the
excitation wavelength (355 nm) shown in Figure 6.2b (9.25 um-') and the nanocube edge
size (L) of the PNCs, the absorption cross section (c) can be estimated as ¢ = L3 =
1.5-10"3 cm?, which nicely agrees with results previously reported for this material
[38,39]. At these conditions, the average number of excitons per nanocrystal per pulse
can be estimated by the formula <N> = P-c/hv as equal to the value about 2 at the
threshold excitation fluency. It does not mean, however, that biexciton recombination is
the mechanism responsible for the ASE observed in thin films of CsPbBrs PNCs (see
discussion below).

In the case of thin films of CsPbls PNCs (see Figure 6.3d, excitation at 532 nm) the
PL dependence on Pe demonstrates three similar regions. For Pex<10 pd/cm? the
spectrum is well described by a Gaussian shape centred at 703.6 nm (1.76 eV) with a
FWHM of 18.4 nm (46.1 meV), which approximately corresponds to the spontaneous
emission band of this material at cryogenic temperatures [37]. When Pex: >10 pd/cm?the
spectra start narrowing down to 3 nm (7.5 meV) at Pexc~ 80 pd/cm?; and, with a further
increase of Pexc the ASE band progressively broadens up to 7.7 nm (19.3 meV) at Pexc
=1.6 md/cm?. Again, spectra can be simulated by the sum of Gaussian and Voigt
distributions (Figure 6.3e). Figure 6.3f shows the evolution of the FWHM and the
integrated intensity as a function of Pexc with blue and red symbols, respectively. Again,
this log-log plot clearly distinguishes the three regions commented above: spontaneous
emission (Ise X Pexc) for Pexe<10 pd/cm?2, stimulated emission (IsecxcPexc'8) above the
threshold of Pexc =10 pd/cmz2, and saturation (Isg & Pexc?3) for Pexc> 78 ud/cm2. There are,

however, some interesting differences when compared with the behaviour presented for
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thin films of CsPbBrs; PNCs: (i) ASE band is centered at the peak wavelength of the

spontaneous emission band, hence the ASE band is not redshifted as compared to the

spontaneous emission; (ii) the boundary region between ASE and saturation is sharper

here; (iii) in agreement with previous publications [14], the absorption coefficient at the

excitation wavelength (0.54 um-) is lower than that measured for CsPbBr; films, as

observed in Figure 6.2c). Due to this, the estimate for <N> at the threshold excitation

fluency decreases to 0.5 excitons per nanocrystal per pulse, approximately.
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Figure 6.3. Analysis of PL of 300 nm thick (a, b, ¢) CsPbBrs and (d, e, f) CsPbls PNC
layers. (a, d) PL spectra (b, e) spectral deconvolution and (c, f) integrated PL intensity
(green/red symbols) and FWHM (blue symbols) at different excitation fluencies.
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Discussion of the physical mechanism behind ASE

As the analysis of literature data on optical gain in PNCs reveals, it is very inviting
to say that the observed ASE can be explained by the so-called biexcitonic emission
(biexciton - exciton cascade recombination) [13], at least for CsPbBr; PNCs. Indeed, it
is commonly accepted for semiconductor quantum dots (QDs) such as CdSe among
others, that the optical gain in these nanostructures may be only due to the biexciton-
exciton transition that is a result of the double degeneracy for electronic states [3,7]. The
biexcitonic ASE band usually appears at energies (Exx) lower than the single-exciton
emission energy Ex due to the direct Coulomb and exchange interactions. The energy
difference Epxx = Ex— Exx is the so-called “biexciton binding energy”. In our results with
CsPbBr; layers the energy difference between the PL (spontaneous emission) and the
ASE peak energies at the ASE threshold (Figure 6.3a) is around 20.8 meV, that well
correlates with values reported in other works [14,29]. Such a shift of ASE relative to the
spontaneous PL is usually considered as the main evidence of the biexciton-exciton
transition as the mechanism of ASE in PNCs. As another proof of the biexciton nature of
the ASE band, a quadratic dependence of the ASE integral intensity on the excitation
density is also considered [7,23]. In fact, we have such a dependence for both CsPbBrs
and CsPbl; PNCs samples, see Figure 6.3c and 6.3f. Therefore, from the point of view
of common proofs usually used in literature, our experimental data also point to the
prevalent idea about the biexcitonic origin of the ASE band.

However, we have evidences supporting another interpretation of these results.
Indeed, the essential property of the biexciton-exciton transition is that two excitons form
one biexciton, which then decays to one exciton and one photon. Thus, the scheme of
the process can be presented as exciton + exciton = exciton + photon [40], that is an
interaction of two excitons does not result in any non-radiative losses of energy as in
case of exciton-exciton annihilation due to Auger recombination. Namely, this lossless
character of the biexciton-exciton transition is its principal sign, but not other (secondary)
characteristics such as ASE band spectral position, quadratic dependence of ASE
intensity on excitation density, and even the number of excitons per QD per pulse near
the ASE threshold are considered. We believe that one of the first characteristics that
should be checked to confirm or reject the biexciton-exciton nature of an optical transition
is the dependence of the PL quantum yield (QY) on the excitation intensity. If the
observed ASE band is due to the biexciton—exciton transition, then the PLQY should not
drop for excitation fluencies providing (N) between 1 and 2. However, for both our PNCs

we discovered a continuous monotonic drop of the relative PLQY values with increasing
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Pexc (see Figure 6.4). This observation corresponds well to the case of the
exciton—exciton annihilation due to Auger recombination [41], but not to the case of the

biexciton-exciton optical transition.
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Figure 6.4. QY as a function of the excitation fluency for CsPbBr; (green symbols) and
CsPbl; (red symbols). QY is calculated by the ratio of the total integrated intensity with
the excitation fluency.

Concerning the other commonly accepted proofs of the biexciton-exciton transition
in application to our PNCs, we have to say the following. In case of films of CsPbls PNCs,
the ASE band appears exactly at the maximum of the single-excitonic PL band (Figure
6.3d). Therefore, it would imply that the biexciton binding energy Enxx would be zero,
which is not consistent with the biexciton nature of ASE emission. Secondly, the
dependence of Ise x Pexc? (Figure 6.3f) is well correlated with the narrowing of the

spectra, i.e., the characteristic always ascribed to the single-exciton ASE [33].
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Figure 6.5. Absorption (in log scale, blue symbols) and PL spectra measured at 10
pJ/em2 (cyan) and 1600 mJd/cm2 (black) excitation densities for (a) CsPbBrs and (b)
CsPbl; layers of 300 nm thickness.

Finally, the overlap of the absorption band edge with the PL emission suggests that
the self-absorption effect should play an important role (Figure 6.5). In the case of
CsPbBr; layers (see Figure 6.5a) the absorption exhibits a sharp Urbach tail (blue
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symbols) overlapping with the spontaneous emission spectrum (cyan line), similarly to
the results reported in literature [14,38,42]. As a consequence, the spontaneous PL
spectrum experiences an asymmetric attenuation (10-2and 10-' um-! for the longest and
shortest wavelength tails, respectively) and the ASE line, observed under sufficiently
high excitation (black line), appears at the long wavelength side of the PL spectrum
(>530 nm) where reabsorption is practically negligible (< 102 um-). In the case of CsPbls;
layers (see Figure 6.5b) we measure an absorption attenuation as low as 102 um-' (blue
symbols) at the PL band wavelengths (cyan line), which is in agreement with other
reports [14]. This weak reabsorption ability makes possible to observe the ASE (black
line) and spontaneous PL spectra peaked at the same wavelength, i.e., Ex— Ease=0. In
addition, the weaker reabsorption results in the generation of ASE with lower <N>. Then,
CsPbls layers present similar ASE threshold as CsPbBrs, despite their lower absorption

cross section.

6.3.2 SELF-ABSORPTION EFFECT

After the above given discussion, further ASE spectra measurements implemented
for different thicknesses of CsPbBrs PNC films unambiguously demonstrate that the
difference Ex — Ease notably decreases with the film thickness reduction, as clearly
observed in Figures 6.6a-c. Of course, such a decrease is again inconsistent with the
biexciton ASE emission picture from one side and, contrarily, well agrees with the
hypothesis of a self-absorption effect determining the observed redshift of the ASE band
with respect to the spontaneous PL peak. It is well known in literature that lead halide
perovskites exhibit strong self-absorption effect, which well manifests itself in photon
recycling in perovskite devices [43]. Especially favourable for reabsorption is the
geometry of thin films, where the high confinement of light can enhance the intrinsic
absorption and/or gain effects [44]. The reabsorption effect will lead to a redshift of the
PL peak wavelength [45], which is even more drastic for the case of ASE [44], because
it is very sensitive to optical losses. If we consider the propagation of PL through the
PNC film, thicker films will clearly lead to more intensive PL reabsorption (see the model
below for further details). Consequently, the expected reduction of ASE threshold for
thicker layers as deduced from the FWHM reduction (Figure 6.6d) strongly correlates
with the redshift of the ASE peak (Figure 6.6e).

Therefore, the sample thickness dependence (Figure 6.6a-c) unambiguously
evidences that Ex — Ease is practically zero for a single-monolayer (20 nm) PNC film

(Figure 6.6e). Consequently, the redshift of about 6 nm measured for the thickest film
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(1000 nm) between the ASE band and the spontaneous emission at the threshold
excitation is due to self-absorption of emitted photons, which introduces important losses
at wavelengths where PL and absorption edge overlap. This full-optical approach
perfectly explains our results without introduction of the biexcitonic emission under near-
threshold excitation powers as the origin of ASE. It implies that single-exciton
recombination is responsible for the observed ASE. It is suggested for conventional
semiconductor QDs that such single-exciton ASE is impossible for neutral (uncharged)
QDs due to the double-degeneracy of the neutral exciton state, but it is possible for
charged species (negative and positive trions) [14]. We consider that there are two
possible explanations of the observed single-exciton gain in the case of lead halide
PNCs: i) photo-charging of nanocrystals due to the well-known effect of carrier trapping
by non-quenching shallow traps [46,47], or ii) the state filling model used for QDs with
strong quantum confinement (where Coulomb interaction is weak) does not hold for

PNCs (where Coulomb interaction is of the order of the quantum confinement) [48].
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Figure 6.6. (a-c) PL spectra of CsPbBr; layers as a function of the excitation fluency
measured for layers with different thickness: (a) 20 nm, (b) 300 nm, and (c) 1000 nm.
(d) FWHM as a function of the excitation fluency for the three different thicknesses,
observing a decrease of Ex with the increase of thickness, see dashed red line as a
guide for the eyes. (e) Shift of the ASE peak wavelength as a function of the excitation
fluency and thickness of the sample.
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Thus, we believe that in the case we studied, the threshold value of (N), which was
around 0.7 for both CsPbBr3; and CsPbls, is not necessarily related to the mechanism of
ASE formation. ASE is formed as a result of competition between stimulated emission
by a single-exciton mechanism and parasitic reabsorption of PL under a given geometry
of experiment. In fact, an increase of (N) above threshold should lead to reduction of the
PL lifetime due to Auger recombination that is observed experimentally (see 15 K curve
in figures Figure 6.10c and 6.10d). On the other hand, a growth of (N) up to the formal
values of (N) = 10—20 is accompanied by a narrowing of the ASE band (Figure 6.3e—
6.3f), which clearly indicates a single-exciton recombination regime for ASE generation
even for such high excitation densities. It is worth noting that the peak position of ASE
can vary if it is measured in either pristine or sintered CsPbBrs nanocrystal films [25],
which can be easily explained on the basis of absorption spectra reported by the authors
of Ref. [25], where a difference in the PL reabsorption for these two kinds of layers is
observed.

Note also that the optical excitation with sufficiently long laser pulses, the duration
of which is comparable with the exciton lifetime and much longer than the time of exciton-
exciton annihilation by Auger processes, should not result in the formation of a large
concentration of excitons in a single PNC. For example, formal calculations may result
in photogenerated exciton concentrations significantly exceeding the Mott density at
which excitons should dissociate (107 cm-) [33], but all these excitations are not formed
simultaneously in an individual PNC and annihilate during the excitation pulse. In
general, long excitation pulse conditions turn to be favourable for the detailed
investigation of near-threshold spectral manifestations of single-exciton ASE, whereas
the investigation of higher density mechanisms of the optical gain, such as the electron-
hole plasma recombination, require femtosecond excitation.lt is interesting to note here
that experiments developed with our PNC films at higher temperatures leaded to ASE
thresholds increasing with temperature, which correlates with the increasing influence of
excitonic nonradiative recombination (see Section 6.3.3).

Another important point of discussion is the reason of the ASE band broadening,
which starts when excitation fluency exceeds 75-100 pJ/cm?, as observed in Figure 6.3.
We believe that, regardless of the nature of the ASE band, a change in its shape could
be the result of two effects: the PL inhomogeneous broadening (PL bands in Figures
6.2b-6.2c), which is associated with the nanocrystal size dispersion (Figures 6.1¢c-6.1d),
[49,50] and the gain saturation effect [50,51]. This saturation occurs in optical amplifiers

[43] due to the lack of empty excited states along the optical path, whereas in PNCs
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would take place for the nanocrystals emitting at around the PL peak (i.e. those
corresponding to the average nanocrystal size). In this way, the higher the PL intensity,
the earlier the saturation is achieved when excitation fluency increases. Therefore, when
the gain saturation region is reached, the spectral edges of the ASE band would grow in
intensity faster with excitation intensity than its central part. In the case of CsPbBrs films,
the reabsorption will impact the range of wavelengths of the ASE broadening in such a
way that inhibits the growth of the ASE band in the short wavelength range (Figure 6.3a),
while the negligible self-absorption in CsPblsfilms practically allows the ASE emission at
the whole PL spectrum (Figure 6.3b). Nevertheless, since the quantum yield of emission
should be enhanced for small sizes of PNCs [52], the ASE spectrum at high excitation

fluencies is slightly asymmetric towards the short wavelength region.

Modeling the self-absorption effect

We have developed a model that incorporates the optical mechanisms discussed in
previous section (single exciton gain, emitted light reabsorption, gain saturation and
inhomogeneous broadening) in order to corroborate our experimental findings and
conclusions. For this purpose, we consider that the excitation beam homogeneously
illuminates a circular area of the PNC film with a diameter of 100 um. The beam is
exponentially attenuated along the z direction until the bottom of the film is reached due

to the Beer-Lambert law (see the illustration in Figure 6.7a);
Pexc = Pye~%ss5(L=2) (6.1)
The number of electron hole-pairs (Nen) at each propagation step is given by:

Nep(z) = Zesslexe® (6.2)

where o is the absorption coefficient at the excitation wavelength (355 nm and 532 nm
for films based on CsPBr; and CsPls PNCs, respectively). Then, the PL is generated

isotropically through this cylinder,
PPL(zi,A) = QY (Pexc) - Ng,(zi) - PL(A) (6.3)

where QY is defined as the ratio of the integral PL intensity to the excitation intensity,

which decreases continuously with increasing the excitation energy density, and PL(A)
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is the spectral shape of the spontaneous emission assumed as a Gaussian distribution

centered at 520 nm (2.37 eV) with a FWHM of 10 nm (45.5 meV):

_pE=EQ)? (6.4)
PL 2=
PL(E) = — 3[ = tn

Here, if considering an inhomogeneous broadening of the PL associated with the
PNC ensemble, one can assume that this Gaussian PL is the result of the sum of single
PNC emitters represented by Lorentzian functions of the type (we consider in our model
130 single PNCs whose PL peak energies are separated 1 meV and characterized by a
homogeneous linewidth w = 2 meV) [39]:

L(E,) = PL(E) - ———— (6.5)

4-(E—E)2+w?

where the sum of the emission of all PNCs gives PL(E) (= PL(A)). In this way, each

PNC will emit light at each propagation step according to the following rate equations:

w_goy N1 '2% (6.6)
dt - k T WinJT/2 €
A _ o Mk Tk S (6.7)
at Nk Tr Tox (le NO) o h-9
_,EEo)’ (6.8)
N = ﬂ . 1 - e len
k T WinJT/2

Here G is the number of electron-hole pairs per pulse, N the number of carriers in
excited states, nx is the number of excitons with energy k, 1; its radiative recombination
time, T« the time of formation of biexcitons, Ny the threshold of stimulated emission, o
the emission cross section, S the signal fluency and hv the photon energy of the signal.
Here, a saturation condition is introduced to include that the density of nanocrystals (i.e.

inverse volume) is correlated with the inhomogeneous size.
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Figure 6.7. Modelling of the SE band broadening due to gain saturation effect: (a)
schematic presentation of the experiment geometry; (b) results when self-absorption is
included in calculations; (c) results with negligible reabsorption effect.

Finally, the evolution of the signal along the optical path is obtained by solving the
propagation equation with a Runge-Kutta algorithm:
S =(g-a) S+Nep-PL-T,-8 (6.9)
where PL is the shape of the spontaneous emission, & a fitting parameter and g the gain
given by:

gk = 0 N * Snorm (6.10)

Here Sqom is the normalized shape of the ASE of S obtained in the previous step.
The introduction of the wavelength dependent absorption losses (reabsorption effect), a
> 0 (at the signal wavelengths), clearly results in a redshift of the ASE spectrum, as

observed in Figure 6.7b, while in case of a = 0 the ASE band does not exhibit any

redshift, see Figure 6.7c. In both cases, the model reproduces the gain saturation
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mechanism proposed here for both CsPbBrs; (a > 0) and CsPls (a = 0). The
inhomogeneous broadening of the spontaneous emission band due to the PNC size
dispersion is also the main contribution to the broadening of the ASE line towards the
tails of the PL line (towards the red in the case of CsPBrs due to reabsorption), when the

PNC films are pumped under high excitation fluencies (Figures 6.7b-6.7c).

6.3.3 EvoLuTiON OF ASE WITH TEMPERATURE

In order to provide deeper understanding of ASE generation of PNPs, PL spectra
was studied as a function of temperature (T) at an excitation fluency of 0.4 mJ/cm? (355
nm laser) in the case of the bromide PNPs and 0.36 mJ/cm?2 (532 nm laser) for the iodide
ones, as presented in Figure 6.8. The normalized PL spectra of figures 6.8a-b can also
be examined in the maps of Figure 6.8c-d. In these maps, the PL intensity was
normalized to the peak maximum at all temperatures. The ASE peak position in the
bromide PNCs (see de discontinued black line in Figure 6.8c) experiences a blue shift
of 0.8 nm (5 meV) from the initial position of 533.5 nm at T = 15 Kto 532.7 at T = 80 K.
Then, PL spectrum becomes constant until T = 250 K, when the ASE band shows a
significant nonradiative quenching, and the spontaneous emission becomes dominant in
the PL spectra. In the case of the iodide PNCs (Figure 6.8d), the blue shift is even more
pronounced than that found for bromide PNCs. The ASE band peak shifts up to 6 nm
(15 meV) from 703.5 nm at T = 15 K to 697.5 nm at T = 75 K. Then, the PL exhibits a
negligible variation until T = 150 K, where again, the optical gain cannot overcome the
thermal losses, and the ASE band experience a significant quenching.

The analysis presented above reveals that ASE peak on PNCs presents a blueshift
slope from 20 K to 80 K. Since phase crystalline transitions in PNCs were only reported
at much higher T (around 361 K and 403 K for CsPbBrs polycrystalline films) [53], this
effect need to be explained by another mechanism. More singularities can be observed
in Figures 6.9.

(i) 20-80 K the emission is predominantly radiative and PL (ASE dominant) intensity
increases because of the initial activation of traps that contribute to the filling of the
excitonic ground state, as detailed in the model below. The slight blue shift (Figures 6.8c-
d) is typically related to the formation of emitting species in the high wavelength range

of the spectra, causing the blue shifting of the PL peak [17].
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(i) 80-200 K the PL (ASE) intensity decreases because shallow traps are activated
and trapping/detrapping mechanism compete with radiative exciton recombination, as
proposed in Refs. [47,56,57], other than nonradiative recombination paths opened from
these shallow traps. Simultaneously, the constant ASE peak position does not move,
possibly because of the opposite effects of the bandgap energy increase and the
broadening of the absorption band edge with temperature.

(iii) Above 200 K, non-radiative recombination is more and more effective because
it is being activated by deeper traps (Shockley-Read-Hall mechanism). In this regime,
we observe a simultaneous important increase of the ASE threshold fluency (Figure
6.9b).
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Figure 6.8. PL spectra of (a)CsPbBrs (0.4 mJ/cm2) and (b)CsPbls 0.36 (mJ/cm?2) at
several temperatures and fixed pump fluency. Map of the normalized PL spectra as a
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(d) and CsPbls PNPs. Dark dashed lines show the positions of the PL spectra centroids.

123



Temperature (K) Temperature (K)
(a) 348 90 52 36 28 23 19 17 15 (b) 348 90 52 36 28 23 19 17 15
— =
4@ + = AE’O ZE; o
£ e 2 CsPbBr,
= =
e > CsPbl,
- [7]
£ 3
[%2]) [TH [
c °
% * CSPb|3 > ®
=01 CsPbBr, 2
| e °
o L
T L S
35 135 235 335 435 535 635 735 835 35 135 235 335 435 535 635 735 835
1 1
1/kgT (eV') 1kgT (eV')

Figure 6.9. (a)Integrated PL intensity at different temperatures with a fixed excitation

fluency of 0.4 mJ/cm2 (355 nm laser) in the case of the CsPbBrs; PNCs and 3.6 mJ/cm?2

(532 nm laser) for the CsPbls PNCs. The continuous line represents the fitting to the

model Equation 6.12 with the specified activation energies. (b) ASE threshold evolution

with temperature for CsPbBrs and CsPbls PNCs.

Since there the PL intensity initially suffers an increase (T < 80 K) and then a drop
(T > 80 K), there are must two kinds of trap states that get activated with temperature:
the one that contributes to the excitonic ground state by detrapping processes and the
one that depletes the excitonic ground state (nonradiative recombination). A fitting

equation that reproduces this kind of temperature dependence is given by:

Iy (6.11)
_AE; _ 4B,
1 + A1€ kBT - A2€ kBT

I(T) =

with A; and A4, as fitting constants and I, as the intensity at an asymptotic temperature
of 0 K. The results of the fitting of the data (solid lines in Figure 6.9a) for CsPbBrsPNCs
(green line) reveals a filling trap state (the term A, weighting with a minus sign) with an
activation energy of AE>= 11.0 meV and a quenching trap state with a higher activation
energy of AE1=17.2 meV. In the same way, CsPbls PNPs exhibit similar activation
energies AE,= 10.2 meV and AE; = 18.1 meV (the fitting weights are given in Table 1).

Indeed, our results agree with those presented in the literature [57].

Film Aq As AE+ (meV) AE> (meV)
CsPbBrs 22 11 17.2 11.0
CsPbl3 20 10 18.1 10.2

Table 6.1. Fitting parameters of Equation 6.11 in the data of Figure 6.9a.
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This model is common in literature and it has been already been used to study the
temperature dependence of the ASE band in CsPbBr; films [57]. In the carrier density
rate equation (Equation 6.12), R(t) is the pump rate; 1, is the radiative lifetime; AE; and
AE; the activation energy the nonradiative processes. The energy AE: corresponds to
the activation energy of a nonradiative process, whereas AE: is the activation energy
corresponding to the emission of trapped electrons (for this reason the term has a minus

sign in Eq. 6.11) towards the exciton level.

dn n n _42E pn _4E (6.12)
e kBT + —e kBT
dt Ty Tnr1 TAEZ

Assuming that the PL intensity I(T) is given by I(T) = n(T)/t,, when solving this
equation in the stationary case we get the Equation 6.11 used to reproduce Ip_ in Figure
6.9a.

PL recombination dynamics as a function of T agree with the conclusions obtained
with the PL spectra. The TRPL decay curves are fitted to a biexponential curve (Figure
6.10a and 6.10b) I(T) = I, + Aje~t/"t + A,e~%/"2 in which 7, is a short decay time
associated with the exciton lifetime (including radiative and nonradiative paths) and t, is
a long decay time associated with the carrier (electron) trapping/detrapping processes
from shallow traps, with corresponding weights A; (i = 1, 2) [47]. The long component
does not present a significant variation with the excitation fluency, contrary to the case
of the short component that exhibits a noticeable reduction, as shown in Figures 6.10c
and 6.10d for CsPbBr; and CsPbls, respectively. In both PNC films, the short component
of the PL decay decreases with the excitation fluency, because of the influence of
stimulated emission (see section 6.3.2). On the contrary, 7, slightly increases with T, as
expected from the increase of radiative exciton lifetime under low excitation conditions
(spontaneous emission). At high excitation conditions (above the ASE threshold) the
increase of 7; is more important, because in this case the observed decay contains the
contribution of the radiative exciton lifetime, but also the stimulated emission rate, which
is larger by increasing excitation fluency (observed time decay reduction) and smaller by

increasing temperature (due to the increase of the ASE threshold fluency).
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laser.

6.4 RANDOM LASING IN PNC THIN FILMS

In a mirrorless random scattering medium, the lasing feedback is provided by
constructive interference of the light scattered during its propagation in the active
medium. The PNCs or PNC-agglomerates of the film would act as scattering centers,

producing random closed loops determining the resonance wavelengths visible in the

spectra [58].
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Figure 6.11. Evolution of emission spectra of a 300 nm CsPbBrs PNC film under
different pump intensities and measured at 15 K temperature. The insert shows the
evolution of the main peak intensity spectra under low pump powers.

In the realization of the low temperature experiments to characterize ASE depicted
in this chapter, random lasing phenomena was often observed when focusing the
pumping laser at arbitrary points of the sample surface. The appearance of these
phenomena occurred unintentionally, but could be found more frequently in the corners
of the sample substrates, where surface morphology often present defects acting as
highly scattering centers. In the results reported in Figure 6.11, there can be identified
one main resonance, located at 525 nm, and two minor ones at 527 and 529 nm
(specially noticeable at higher excitation powers). Similar spectral shapes are attributed
to random lasing modes realized in weak scattering regimes in other publications dealing
with PNC based thin films [59,60].
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6.5 CONCLUSIONS

In summary, we stablished the role of different species (mainly exciton and
biexcitons) and physical mechanisms (reabsorption effect, inhomogeneous broadening
of the spontaneous emission spectrum, gain saturation) in the formation of optical gain
in PNCs. Although biexcitonic emission is usually the preferred mechanism to explain
the stimulated emission in these nanocrystals, our experimental data evidence that ASE
is produced by single exciton recombination. In particular, we have demonstrated that
the experimental redshift observed for ASE is highly dependent on the PNC-layer
thickness, which is incompatible with the biexcitonic emission and points out to the
influence of reabsorption effects. In addition, we have established the influence of the
size distribution of PNCs in the layers as the origin of the inhomogeneous PL spectrum,
which results in the gain saturation at the most intense luminescent nanocrystals and the
consequent broadening of the ASE spectra under high excitation fluencies. All these
physical effects were introduced in a rate equation model able to reproduce the
experimental ASE spectra and its evolution with the increase of the optical excitation
density. We have also examined the evolution of the process of the formation of ASE
with the temperature and the influence of trap states limiting ASE generation, because
of non-radiative recombination of excitons and carriers (from trap states). These results
are the basis for understanding the generation of ASE in PNCs, which paves the road
towards the future development of emitting devices under continuous wave optical (or
electrical) operation. Finally, we have found evidence of a random lasing effect naturally
occurring in thin films of CsPbBrs PNCs due to random scattering by them (or PNC-
agglomerates). Investigation following this trend could led to new applications of
perovskite materials, particularly the development of micro-nano lasers for integrated

optics.
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7 PHOTON RECYCLING EFFECT IN SANDWICH TYPE
PNC-PMMA WAVEGUIDES

The reabsorption and reemission events of primarily emitted photons by a
semiconductor, or photon recycling (PR), represents an outstanding mechanism to
enhance the carrier density in semiconductor thin films. Indeed, it is well demonstrated
that efficient PR can significantly improve the performances of solar cells, as well as
potentially other optoelectronics devices, as light emitting devices. PR effect in a
semiconductor would be originated if it have both a high absorption coefficient and a high
emission quantum yield. Furthermore, we can achieve a stronger PR effect if the
semiconductor is integrated in a photonic architecture that promotes the confinement of
light in a long (unidirectional) path. In this Chapter, we propose the use of a waveguide
structure containing, for the first time, a CsPbBrs perovskite nanocrystal (PNCs) thin film
(< 200 nm) between poly(methyl methacrylate) (PMMA) layers. This sandwich
configuration couples the excellent absorption and efficiency of emission properties of
the PNCs with a strong confinement of the TE, (TMo) mode within the active layer.
Therefore, with geometrical parameters properly optimized to increase the efficiency of
reabsorption, this structure is the ideal candidate to study the PR effect; it was properly
characterized by measuring the redshift and the decay time of the photons collected at
the one of the waveguide, after a certain propagation length. To this end, we propose an
experimental set-up based on a frequency modulated spectroscopy technique to extract
the decay time and other physical parameters. Finally, experimental results were
properly validated by a stochastic Monte Carlo model that reproduces the propagation
of emitted light in the waveguide structure by introducing random

reabsorption/reemission events.

7.1 INTRODUCTION

Photon recycling (PR) is a physical mechanism that takes place when a fraction of
the photons radiatively generated in a semiconductor is sequentially (re)absorbed and

(re)emitted before being extracted [1]. Such multiple (re)absorption/(re)emission cycles
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give rise to a gas of "recycled photons" densely concentrated in the semiconductor thin
film. Consequently, PR provides another degree of freedom to control the carrier density
of a semiconductor [2], and with it, a way to tailor-made its optoelectronics properties
[3,4]. Demonstrated applications of PR include semiconductor diodes with extremely
high open circuit voltages and light modulators [2].

In this context, PR has been recently related to metal halide perovskites (MHP),
in order to explain the excellent conversion efficiencies and emission rates reported for
this family of semiconductors [5,6]. Indeed, the strong absorption coefficient above the
bandgap [7,8], the small Stokes Shift (energy separation between the PL peak and
exciton resonance of the absorption spectrum) [9,10] and the high efficiency of light
emission (namely, the PLQY) [11,12] that are characteristic of MHPs are clearly
favorable for PR. In this way, over the last 3-4 years, different experimental and
theoretical papers have analyzed the efficiency of PR in MHPs and the potential benefits
for solar cells or light emitting diodes, among other devices [13,14]. In particular, studies
on CHsNHsPbXs (X = ClI, Br, I) polycrystalline thin films [14,15], CHsNH3zPbXs single
crystals [10,16,17], or CsPbBrs microwires [18,19] mainly conclude that photogenerated
PL experiences a redshift and an suffer an elongation of its decay time after traversing
some microns of the MHP material, which are clearly signatures for the PR effect [2].
Moreover, the theoretical analysis of PR predicts that it dominates over diffusion of
carriers [15], and that multiple photon absorption and emission events increase the
effective lifetime of the collected photons [20]. Although there has been a controversy
about the impact of PR in the efficiency of solar cells [16], recent studies on perovskite
single crystals [6] confirm that PR is the dominant energy transport mechanism, whereas
other theoretical and experimental works demonstrate a measurable enhancement of
the open circuit voltage in solar cells when PR is optimized [15,21,22].

Here, the use of an optical waveguide provides another degree of freedom to
increase the PR efficiency. Examples include the use of MHP nanofilms/microwires as a
waveguide for the emitted photons [15], scattering with silver nanoparticles to increase
the path for the emitted photons [23], or the enhancement of outcoupled light from the
photonic structure [24,25]. In particular, the ideal photonic structure should confine the
PL in the MHP, enable a long path for the emitted photons and allow an efficient of light
outcoupling.

In this work we propose a photonic architecture that fulfills all necessary conditions
to optimize PR on MHP films. This structure consists of a thin (50-200 nm) semiconductor

sandwiched between two (passive) poly(methyl methacrylate) (PMMA) layers. This
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elegant planar waveguide configuration efficiently exploits the light emission properties
of the semiconductor by the high confinement of the light within the active layer,
propagates the light with a reduced attenuation due to the absence of losses in the
polymer, and allows an efficient extraction of the PL by end fire coupling methods.
Indeed, we have already demonstrated similar structures that enhance the generation of
PL on close packed CdSe/ZnS quantum dots (QD) films [26] or generate optical
amplification on organic compounds [27]. Here, CsPbBrs perovskite nanocrystals (PNC)
films are chosen as nanocrystals with demonstrated high reabsorption and excellent
efficiency of emission. In fact, since the first publication by Kovalenko's group in 2015
[12], layers of PNCs have shown excellent efficiencies for light emission [28], optical
amplification [29—-31] and conversion performances [32]. Thus, although PR within these
nanocrystals has not been studied up to now, they present optimum properties to
enhance this mechanism. In this way, our PMMA/PNC/PMMA waveguide structure
results an excellent configuration that demonstrates an increased lifetime for the
collected photons with the length of the waveguide, up to 10 ns for the optimum device.
For this purpose, this lifetime is properly characterized by modulated PL spectroscopy
technique in the frequency domain [33], which, to the best of our knowledge, is the first
time that is applied to study the PR mechanism in MHPs. This set-up allows the
extraction of the PL decay time without expensive ultrafast photodiodes or time
correlated single photon counting cards. Indeed, we believe that this technique will be
very soon the basis of a light-to-light impedance spectroscopy able to extrapolate the
different recombination parameters (traps, diffusion, non radiative channels...) of the PL,
in analogy to the impedance spectroscopy used for the electrical characterization of solar
cells [34]. The accuracy of this experimental set-up is clearly demonstrated with a
correlation of the Stokes shift of the PL and the geometrical parameter of the
waveguides. Finally, experimental results will be validated by simulations carried out with
a stochastic Monte Carlo model that consider a sequence of random

(re)absorption/(re)emission events.

7.2 MEASURING THE PHOTON RECYCLING EFFECT

7.2.1 SYNTHESIS OF COLLOIDAL SOLUTION AND SAMPLE PREPARATION

CsPbBrs PNCs were grown following the hot-injection method (described in section

3.1.1 of this Thesis) developed by Kovalenko et al., [12] with the modifications detailed

135



elsewhere [31]. Then, PNC-PMMA sandwich waveguide was fabricated on a commercial
SiO,/Si substrate by the following steps: (i) cleaning the wafer sequentially with acetone,
ethanol and isopropanol, (ii) spin coating the bottom PMMA cladding at 3000 rpm and
post baking at 80 °C and 150 °C for two minutes each, (iii) deposition of a close packed
film of PNCs with the aid of a commercial Doctor Blade applicator (Elcometer 4340) and
postbaking at 80 °C for 2 minutes, (iv) spin coating the top PMMA cladding at 3000 rpm
and post baking at 80 °C and 150 °C for two minutes each. Step (iii) was sequentially
repeated until the film of PNCs reached the desired thickness (50 - 200 nm). Here, the
thickness was accurately characterized with a profilometer after scratching several

zones of the sample.

7.2.2 EXPERIMENTAL SETUP

Photon recycling can be characterized by measuring the Stokes shift of the PL with
respect to the propagation distance. The information regarding photon dynamics
(specially the (re)absorption/(re)emission events) can be extracted by the frequency
domain spectroscopy (FD-spectroscopy) of waveguided PL, as demonstrated below.
For the Stokes-Shift of PL, a modified version of the Variable Stripe Length method (VSL)
set-up was used [35], as it was described in Section 3.2.2.D. Similarly, the FD-

spectroscopy was also partially described in Section 3.2.2.F.

7.2.3 SAMPLE DESCRIPTION

After the synthesis, CsPbBrs PNCs exhibit a cubic shape (see Figure 7.1a) with an
average edge size (L) of 9 nm and a dispersion of 1.5 (see Figure 7.1b). The ratio L/2ao
(L is the nanocube edge size and ao de Bohr radius) results 1.3, which corresponds to a
weak quantum confinement regime. The characteristic absorption spectra of CsPbBrs
PNC layers used in this work show an excitonic resonance at 509 nm (blue line in Figure
7.1c), in agreement with results reported in previous publications for similar PNCs
[12,31]. In the same way, the PL spectrum (green line in Figure 7.1c) of these layers
measured under back scattering geometry under low excitation power is centered at 522
nm with a full width at half maximum (FWHM) of about 20 nm. Clearly, the absorption
presents a sharp Urbach tail (blue symbols) overlapping the PL, similarly to results
recently reported elsewhere [31].

The waveguide geometry used in this work consists of the PNC-PMMA sandwich

structure deposited on a commercial SiO2/Si (2 um of SiO,) wafer, as illustrated in Figure
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7.1d. The thickness of PMMA (d») was fixed to d>= 500 nm, while the thickness of the
PNC (ds) was ranged between 50 and 200 nm, as measured by profilometry (this
technique was described in Section 3.3.2). The waveguide structure is based on the
different index contrast (at 520 nm) between air (n = 1), PMMA (n = 1.4930) [36], PNC
(n = 1.9 — 0.23i) [37], SiO2 (n = 1.4613) [36] and Si (4.1882 — 0.0377i) [36]. In these
conditions, the analysis carried out with a transfer matrix algorithm reveals that the
waveguide supports one mode highly confined in the PNC layer in both transverse
electric (TE) and transverse magnetic (TM) polarizations. Figure 7.1e shows the mode
distribution of the TEo; mode, which is mostly confined in the PNC layer of 100 nm (TM
polarization presents a similar distribution). This mode presents an effective index (Ner)
of 1.64185 — 0.05504i, while their counterpart of the waveguides with d;=50 nm and
d1=200 nm are Ne=1.54591 — 0.02395i and Ne=1.77275-0.08061i, respectively. Both
real and imaginary parts of Nerincrease with the thickness of the PNC layer, indicating

that the thicker the films, the higher the confinement of the light in the active layer.
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Figure 7.1. Analysis of the waveguide structure: (a) TEM images of the CsPbBrsz NCs.
(b) Statistics of the size. (c) Absorption (blue line and left axis) and PL (green line and
right axis) of the PNCs layers. (d) Scheme of the sample. A CsPbBr; close-packed thin
(d1=50-200 nm) film is sandwiched between two PMMA films (d2=500 nm). (e) SEM
image of the sample cross section. (f) Power distribution of the TE; mode in a waveguide
with d1=100 nm.
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7.3 RESULTS AND DISCUSSION

7.3.1 SPECTRAL SIGNATURE OF THE PHOTON RECYCLING EFFECT

The large overlap between the absorption band edge and PL spectra (see Figure
7.1c) indicates that layers of PNCs would present a large reabsorption effect required for
a noticeable PR effect. Indeed, reported values in the literature shows attenuation of
around = 10" um* at the PL peak (520 nm) [31], which results on propagation lengths
of around = 100 nm for the PL photons traversing a PNC film. Since the quantum yield
of the PNCs synthesized in our laboratory is of 40% - 50%, the reabsorption by a given
PNC of emitted photons by a different PNC is expected to promote new emitted photons
of longer wavelengths. Consequently, photons extracted from a thick film of PNCs at
distances much longer than 100 nm will come from the two different contributions
illustrated in Figure 7.1d: a flow of secondary photons generated from multiple
(re)absorption and (re)emission processes is superimposed to the primary photons not
absorbed by the film. The ratio between both photon fluxes depends on the propagation
distance and the overlap between the propagation modes and the active material. In
particular, this waveguide geometry, where the PL is highly confined in the active layer
through the TE, (TMo) mode, would give rise a long path for the photons before extraction
and promote an efficient generation of secondary photons. Figures 7.2a - 7.2c present
the PL spectra decoupled at the output edge of the waveguide for different separations
between the excitation line and the edge of the waveguide (s), and thicknesses of the
PNC layer of di =50 nm (Figure 7.2a), d>= 100 nm (Figure 7.2b), ds =200 nm (Figure
7.2c). For d; =50 nm (Figure 7.2a) the PL spectra are identical for all separations (s) or
waveguided traveling distance. Indicating a negligible PL redshift. This is due to the fact
that the confinement of the fundamental mode within the PNC region (') is reduced to =
20 % of the total power distribution for this thin layer. However, for thicker layers, I
increases up to = 80 %, and the PL spectra now shifts to long wavelengths (Figure 7.2b
and 7.2c). In particular, for d; = 50 nm the PL peak is centered at 521-523 nm for all
separations (blue symbols in Figure 7.2d), while the PL peak exhibits a monotonous
redshift up to 533 nm for s =3 mm for d; = 100-200 nm (green and brown symbols in
Figure 7.2d). The redshift observed in the different samples is correlated with the
attenuation of the PL presented in Figure 7.2e. The PL intensity (/r.) measured as a

function of s obeys the equation: [35]

(7.1)
IPL = AO . e_S/Lpo + A1 : e_S/Lpl

138



where [y is the intensity at z = 0, A, the relative intensity of the mode J, and L, the
propagation length of the " mode. In this way, /,. measured as a function of z follows
two exponential decays. The first one is characterized by L,; =180 + 10 um, L,y =100 +
20 um and Lp1=150 #+ 20 for dv+=50 nm, d:;=100 nm and d;=200 nm, respectively; and
corresponds to the fundamental mode. The second propagation length is about L,2 =750

+ 250 um for all samples and only represents a 20-25 % (A1/(Ao+A1)) of the PL intensity.
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Figure 7.2. (a, b, ¢) Normalized spectra of the PL spectra plotted in collection of
increasing length of the waveguide with 50, 100 and 500 nm thick PNC layers. (d) Peak
of the PL spectra as a function of the distance between the stripe and the edge of the
sample z. (e) PL intensity as a function of z. Blue, green and brown symbols refer to 50
nm, 100 nm and 300 nm PNC layers. The discontinuous lines represent the fitting to a
biexponential decay function.

7.3.2 PHOTON RECYCLING DYNAMICS

Since PR comes from a sequence of multiple (re)absorption, (re)emission and
propagation events, there are different physical mechanisms potentially influencing its
efficiency and, therefore, its possible applications. For example, this process can be
modified by the radiative lifetime, nonradiative channels, Auger recombination, optical
path determined by the geometry and diffusion of photons, among other mechanisms

[15,20], In this way, a characterization technique able to separate all contributions would
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provide the required information to engineer PR in a given device. Here, we propose the
application of FD-spectroscopy [33] to determine the elongation of the decay time
produced by the PR process. We believe that the analysis of the PL as a function of the
frequency can be useful to extract some of the aforementioned mechanisms, in analogy
to the impedance spectroscopy often used for the characterization of solar cells. In
particular, a finite PL decay time of the sample under study will limit the PL intensity at
sufficiently high modulation frequencies. Particularly, the intensity and phase of the
collected PL signal exhibit a frequency dependence given by the following low pass filter

transfer function [35]:

m(w) = (1 + w?r?)71/? (7.2)

P(w) = tan Y (wt) = cos (1 + w?t?)~V%] (3) (7.3)

Here, m(w) is the absolute value of the PL normalized by the response of the laser,
¢(w) is the phase difference between the reference signal and the PL, Tis the effective
decay time, and w = 2rtf, where f is the frequency of the modulation applied to the
excitation laser. In order to provide the highest accuracy in the measurements, each
experimental point was obtained after five averages and signal was always kept at least
one-fold higher than the noise. In addition, it is worth to point out that the maximum
modulation frequency of our excitation laser is around 2-3 MHz (while minimum
measurable by the lock-in amplifier was 25 kHz), hence the analysis of modulated signal
by m(w) will only be sensitive to decay times between 1 ~ 1/w =~ 106s and 4 10°s. For
this reason, we propose to choose tan(¢(w)) as this function is more sensitive to changes
in the modulated PL. In this way, T will be accurately determined from the measured
variation of ¢(w) by the lock-in amplifier, that has a sensitivity as low as 0.01 radians.
Figures 7.3a, 7.3b and 7.3c show representative measurements in optical waveguides
incorporating PNC films of thicknesses d; = 50 nm, d; = 100 nm, and ds = 200 nm,
respectively, and propagation distances s = 0.2 mm (red symbols), s = 0.7 mm (blue
symbols), s =2 mm (green symbols). In all cases we observe a very low data dispersion
and allows an easy extraction of 1 by the slope of the tan(¢(w)) fitting curve (solid lines).

We obtain 7in the range from T =3 ns to 7 =7.5 ns depending on the geometrical
parameter s and d; (see Figure 7.3d). The smallest PL decay time of 3 - 3,5 ns measured
for s < 100 umin the three waveguides agrees quite well with the average recombination

time reported for CsPbBrs PNCs under low excitation fluencies (< 1 pJ/cm?) [38]. As
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expected, the separation (s) enhances the PR process by a longer path for the emitted
photons, resulting in an additional delay for the collected photons before reaching the
detector. Consequently, Trises with s and reaches 1=7.5 ns for the longest propagation
length studied in this work, s = 3000 um. Similarly, T also increases with the thickness
d; of the PNC film in the waveguide due to the fact that TE, is more and more confined
in the active layer. Indeed, there is a clear correspondence of T with the red-shift
measured in Figure 7.2, as it is shown in Figure 7.3e, where the lifetime is parametrized
by the red-shift AA of the samples with ds= 100 nm (green symbols) and d;= 200 nm
(brown symbols). The observed correlation between both parameters implies that photon
recycling contributes to the external Stokes Shift measured in our PNC-waveguides, as

it was shown in similar studies with perovskite single crystals [9,16].
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Figure 7.3. Tangent of ¢(w) for s=0.2 mm (red symbols), s=0.7 mm (blue symbols), s=
2 mm (green symbols): (a) 50 nm, (b) 100 nm, (c) 300 nm. The data is fitted by Equation
7.2 (solid lines). (d) Decay times extracted in Figure 7.2a-c as a function of s. (e) Decay
times as a function of the red-shift AA.

7.3.2 MODELLING OF PHOTON RECYCLING

The results presented in the previous section clearly indicate the influence on the
PR effect in the dynamics of the light propagation along the waveguide. In particular, the

photons extracted at the output edge of the sample are influenced by several parameters
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that results on a redshift of the spectra and an increase of the lifetime. According the
models proposed elsewhere for planar structures, [15,20] we propose the following rate
equations to simulate the generation of carriers and propagation of photons along the
waveguide:

a
6_71'1 = ZA ﬁly/l - kxn - kxxn2 (74)

%’1 = —fava + kyxPan? (7.5)
Here, Bx = can/n, is the rate of photon absorption, P, is the probability of emission at
the wavelength A, and the coefficients kx and kxx are the monomolecular and bimolecular
recombination rates, respectively. Pyis given by the normalized distribution of the
experimental PL measured at the shortest waveguide configuration, while Bx = cax/np;
where c is the speed of light, axthe absorption coefficient at the wavelength A obtained
from the experimental curve (Figure 7.1c) and npois the refractive index. Monomolecular
and bimolecular recombination rates of carriers are given by k, =10°s' and k,,, = 1071°
cm3 s1[15,20]. Since the geometry proposed in this work requires including the boundary
conditions of the waveguide and the field distribution of the propagating TEo (TMo) mode,
Equations 7.4-7.5 were solved by using a Monte Carlo ray-tracing technique [39] based
on the following steps: (i) the method introduces the flow of primary photons that are
spontaneously generated at the input of the waveguide and calculates independently the
trajectory of each photon inside the structure (green arrows in Figure 7.4a); (i) the
algorithm calculates the probability of reabsorption by PNCs embedded inside the
structure (yellow circles in Figure 7.4a) as a function of the wavelength and the position
z; (iii) the absorbed photons generate carriers that will recombine when triggered by a
probabilistic calculation, spawning a secondary flow of emitted photons. The secondary
photons are reinjected into the waveguide at the position at which the carrier
recombination occurred with an arbitrary direction. The wavelength of the newly
photogenerated photon is assigned following the un-redshifted PL curve distribution (as
measured in backscattering conditions). The simulation can be executed in discretized
time steps between 1 and 100 femtoseconds. Photons and carriers can be counted at
every time step to obtain a histogram plot of their densities. When the nanosecond time
scale is reached, the simulation reaches a stationary state that reproduce quite well the

propagation inside a waveguide of 2500 pum length.
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Figure 7.4. Simulation with a Monte Carlo algorithm (a) Steps carried out by the
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nm tick waveguide, extracted from Figure 7.3e, is plotted as a continuous black line
while the bin-average tendency curve of the 2D-map is plotted as a black discontinuous
line). (d) Map of the number of chained absorption-emission events for each photon
inside the waveguide.

The simulation predicts a spectral red-shift of 10 nm (see map in Figure 7.4b), in
agreement with the experimental results presented in Figure 7.2c. Also, the simulation
allows to predict the maximum number of chained PR events of a single photon (Figure
7.4d). In this particular configuration, the average number of (re)absorption an
(re)emission processes that a single photon suffers until it reaches the end of the
waveguide (2500 - 3000 um) is of around 15 - 20 events. This translates into a time delay
of around 7 - 10 ns, as can be seen in Figure 7.4c, for photons that have travelled a
distance of around 2500 um after undergoing several PR events, which again is in very

good agreement with the measured lifetimes reported in Figure 7.3d.
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Figure 7.5. Secondary photon population inside the waveguide simulated with the
Monte Carlo method (bar histogram). The simulated data is fitted to a rise/decay
function (solid black curve).
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Finally, the secondary photon population density was fitted to a rise/decay function,
A(e™?/tp — e%/tR)/(L, — Lg), in which A is the fitting amplitude and the lengths L,
and L, are the decay and rise propagation lengths, respectively. Thus, the model
predicts (from the fittings of the data in Figure 7.5) a rise length of Lgr =500 + 100 um,
which is the average propagations length that primary photons (those with shorter
wavelengths) will travel until being absorbed, and a decay length of Lp =900 + 100 pm,
which correspond to the propagation length of the secondary photons (those with longer
wavelengths) aided by the photon recycling effect. This result is are in agreement with
the averaged propagation length obtained from the experimental data shown in Figure
7.2b. Therefore, we can say that our system, which restricts the flux of photons within
the plane of the waveguide (and mainly along the direction of the waveguided primary
flux), exhibits a behavior which can be described by Fick's laws of diffusion [40]. Hence,
we could deduce a diffusion coefficient (D = L3/7) by considering a photon mean
lifetime of t = 7.5 ns, as extracted from Figure 7.3, and an average propagation length
of 700 um, obtaining a value in the order of 65 m?/s for this hypothetical photon diffusion

propagation mechanism.

7.4 CONCLUSIONS

In this work, PR mechanism is studied in PNC thin films by using a
PMMA/PNC/PMMA sandwich waveguide structure. This configuration highly confines
the PL within the active material by the TE; (TMo) propagation modes, an optimal
strategy to enhance the reabsorption effect necessary to observe the PR. In this way,
the geometrical parameters of the structure were optimized to maximize this interaction.
Consequently, PL line experiences a redshift with the propagation length up to 10 nm for
the best device (thickest PNC film), which indicates the strong reabsorption effect in the
structure. The impact of PR is corroborated by a correlation of the redshift with the decay
time of the collected photons. For this purpose, a frequency domain spectroscopy
technique is developed to properly characterize the decay time together with other
intrinsic effects that influences the PR. The influence of each parameter is stablished by
Monte Carlo stochastic model. These simulations reproduce and verify the experimental
results. Since this effect is carried out along several mm, this elegant configuration
provides an enhancement of the waveguide propagation distance due to increased

photon lifetimes. Consequently, and making an analogy with the case of carriers
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generated and diffusing in a semiconductor slab, we obtain a diffusion length very close

to the mm range (340 um). Therefore, the proposed device is expected to provide

potential applications in integrated optics incorporating perovskite materials as active

media, but also photovoltaics and light emitting diodes.
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8 Conclusions

The main objective of this Thesis was focused into bringing new materials for
photonic integrated circuits (PICs), particularly the use of thin-film processed colloidal
nanocrystals, for developing devices that could be embedded into or used together
(optical fibers) in PIC systems. For this application, it is necessary the development of
active waveguides for optical amplification, lasers, modulators and photodetectors, most
of them studied in this work by using CsPbXs perovskites nanocrystals. These
semiconductors present high PLQY and strong absorption in the UV-VIS region, together
with a straightforward integration into optical architectures, which are important
properties for future integrated photodetectors, light sources and amplifiers, or even

more complex systems. The most important results accomplished in this PhD are:

¢ Synthesis of PNCs and fabrication of thin films: The CsPbXs (X = Br,
X=Broslos, and X =1) nanocrystals used in this Thesis were synthetized following
the hot-injection method with the modifications detailed in Chapters 4, 5, 6 and
7. With these colloidal solutions of PNCs, a layer-by-layer deposition method
based on doctor blading technique was optimized to produce homogeneous films
up to several hundred nanometer thick on a large variety of substrates. This
method consisted of a sequential deposition of close packed PNC layers, with
precise control of the thickness of the final film by choosing the amount of
deposited layers. We used this technology to develop several photonic

applications as well as other fundamental investigations PNCs.

o Fabrication of PNC-based photodetectors: In Chapter 4 we have
presented several photodector devices based on CsPbBrs PNC thin films. The
purpose of this research was to improve the carrier mobility of the PNC film via
solid state ligand exchange. In this way, the short inter-particle distance imposed
by the supplanting MPA ligands improved the mobility up to 5 x 10-3cm?/Vs, as
measured in FET devices, one order of magnitude higher than films based on
pristine OA/OLA capped PNCs. This mobility enhancement led to an important

20-fold improvement in the photodetector’s figures of merit: Responsivity
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increased from 7 to 100 mA/W (corresponding to a detectivity as high as 8 x 10°
jones), as measured in our Schottky-based heterojunction photodiodes. We went
a step forward with these photodevices by demonstrating the processability a
bilayer PbS QDs (lead sulfide semiconductor operating at telecom wavelengths)
and PNCs tandem photodiodes. The resulting device had a spectral response
ranging from UV to NIR with responsivity levels of 40 mA/W at visible
wavelengths and 20 mA/W around the telecom C-band (1525-1565 nm). These
results can be basis of future photodiode arrays or CMOS-like cameras operating
simultaneously at visible and NIR wavelengths or low-cost applications in the

fields of IOT and optical sensing.

e PNC-doped HC-NCF optical amplifiers: In an effort to produce optical
amplification at room temperature under continuous-wave excitation, in Chapter
5 we have shown a novel all-fiber amplification device by doping a HC-NCF with
highly luminescent CsPbBrs PNCs. The PNCs were infiltrated by capillary forces,
producing a thin coating layer on the inner walls of the holes in the fiber, inducing
a strong modification in the fiber's modal structure at the PNC resonant
wavelengths (510-540 nm). The observed amplification by the PNC-doped HC-
NCF was explained by means of a third order non-linear optical mechanism, as
the most plausible hypothesis. High optical nonlinearities on PNCs were excited
by the high mode confinement allowed by this particular geometry, an idea that
can be the starting point for the design of more advanced hollow-core PNC-filled
optical fibers. For example, an increase of the effective area of the tube modes
can enhance the light-matter interaction inside the fiber, allowing the study of
high order optical nonlinearities with perovskite nanomaterials and facilitating the

development of new future nonlinear photonic devices.

o Amplified spontaneous emission with thin films of PNCs: In Chapter
6, ASE is demonstrated in PNC films with different halide compositions (X = Br,
X = Broslos and X = 1) at liquid Helium temperatures. This study allowed us to
determine the physical mechanisms involved in the formation of optical gain in
PNCs, and also to stablish the role of different excitonic species to explain the
stimulated emission in these nanocrystals. Our experimental data evidences that

ASE is produced by single exciton recombination. In addition, we have
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established the influence of the size distribution, of the individual PNCs colloids
in the layers, as the origin of the inhomogeneous broadening and gain saturation
of the ASE spectra under high excitation fluencies. The experimental ASE
spectra and its evolution with increasing optical excitation density was explained
by a rate equation model. These results allow us to explain the generation of ASE
in PNCs, which paves the road towards the future development of emitting
devices under continuous wave optical (or electrical) operation. Moreover,
random lasing resonances, produced due to the formation of closed loops of
scattered light in big nanoparticles or agglomerates, were observed. To fully
harness this potential for efficient lasing devices, it will be necessary to develop
photonic architectures with high confinement of light, as considered in Chapters
5 and 7, and to reduce the effect of nonradiative recombination of excitons at

room temperature.

¢ PNC active waveguides: Once the optical gain was demonstrated, in
Chapter 7 PNC films were integrated in a polymer/PNC/polymer sandwich-type
waveguide on top of Si/SiO. substrates. The high refractive index contrast
between the different materials results in the propagation of a highly confined
fundamental TEo, (TMo) mode in the active layer, specially for PNC-film
thicknesses above 100 nm. The strong overlap between the propagating mode
and the active film enhances the reabsorption process responsible for stimulated
emission. In addition, the top and bottom claddings reduce the losses of the light
travelling along the waveguide, therefore allowing the propagation of the light
along the whole length of the structure. At these conditions, PL spectra is red-
shifted for long separations due to the influence of the
(re)absorption/(re)emission of photon events (secondary photons) along the
propagation path. The experimental characterization of the recombination time
by frequency domain spectroscopy revealed that the red-shift is correlated with
the decay, hence with the recycling of photons inside the waveguide. We have
evaluated by means of Monte Carlo simulations that the generation of secondary
photons (photons generated by the reabsorption of the PL) enhances the light
emitted by the structure, indicating that this is a promising configuration for future

efficient optical amplification and lasing devices.
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Everything considered, we believe that PNCs are promising candidates for future
integrated devices. Exploiting light confinement in either a waveguide configuration or a
hollow-core fiber, the generation of light was enhanced and can also trigger high order
non-linear effects. As a result, PNCs can provide signal amplification with very low
(seemingly thresholdless) pump powers at room temperature. However, there is still
much room for improvement; it could be very interesting to pursue light confinement in a
cavity configuration to demonstrate lasing. Parallel to the experiments shown in this
Thesis, some trials were done in this direction; for example, including gratings at the
ends of the PNC waveguides or depositing Bragg reflectors enclosing a PNC thin film,
yielding promising, but still inconclusive results. Future projects may continue following
this objective, eventually achieving more ambitious goals like the development of
integrable PNC-based electrically pumped lasers. Concurrently, the implemented PbS-
QDs/PNC tandem photodetectors offer interesting perspectives in the development of
PIC applications, especially when considering the cost-effectiveness of perovskite

nanocrystals and the possibility to fabricate the devices by ink-jet printing techniques.
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APPENDIX A RELATED PUBLICATIONS

A1

A1l.

RESULTS INCLUDED IN THIS THESIS

1 Navarro Arenas, J.; Soosaimanickam, A.; Pashaei Adl, H.; Abargues, R.; P. Boix,
P.; Rodriguez-Cant6, P.J.; Martinez-Pastor, J.P. Ligand-Length Modification in
CsPbBrj Perovskite Nanocrystals and Bilayers with PbS Quantum Dots for Improved

Photodetection Performance. Nanomaterials 2020, 10, 1297.

ABSTRACT

Nanocrystals surface chemistry engineering offers a direct approach to tune charge
carrier dynamics in nanocrystals-based photodetectors. For this purpose, we have
investigated the effects of altering the surface chemistry of thin films of
CsPbBrs perovskite nanocrystals produced by the doctor blading technique, via solid
state ligand-exchange using 3-mercaptopropionic acid (MPA). The electrical and
electro-optical properties of photovoltaic and photoconductor devices were improved
after the MPA ligand exchange, mainly because of a mobility increase up to 5 x
103 cm?/Vs . The same technology was developed to build a tandem photovoltaic
device based on a bilayer of PbS quantum dots (QDs) and CsPbBrs perovskite
nanocrystals. Here, the ligand exchange was successfully carried out in a single step
after the deposition of these two layers. The photodetector device showed
responsivities around 40 and 20 mA/W at visible and near infrared wavelengths,
respectively. This strategy can be of interest for future visible-NIR cameras, optical

sensors, or receivers in photonic devices for future Internet-of-Things technology.
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A.1.2 Navarro-Arenas, J.; Suarez, |.; Chirvony, V.S.; Gualdron-Reyes, A.F.; Mora- Seré,
l.; Martinez-Pastor, J.P. Single- Exciton Amplified Spontaneous Emission in Thin
Films of CsPbXs (X=Br, I) Perovskite Nanocrystals. J. Phys. Chem. Lett. 2019, 10,
6389-6398.

ABSTRACT

CsPbXs; perovskite nanocrystals (PNCs) have emerged as an excellent material for
stimulated emission purposes, with even more prospective applications than
conventional colloidal quantum dots. However, a better understanding of the physical
mechanisms responsible for amplified spontaneous emission (ASE) is required to
achieve more ambitious targets (lasing under continuous wave optical or even
electrical excitation). Here, we establish the intrinsic mechanisms underlying ASE in
PNCs of three different band gaps (CsPbBrs, CsPbBrislis, and CsPbls). Our
characterization at cryogenic temperatures does not reveal any evidence of the
biexciton mechanism in the formation of ASE. Instead, the measured shift toward
long wavelengths of the ASE band is easily explained by the reabsorption in the PNC
layer, which becomes stronger for thicker layers. In this way, the threshold of ASE is
determined only by optical losses at a given geometry, which is the single-exciton
mechanism responsible for ASE. Experimental results are properly reproduced by a

physical model.
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A.1.3 Navarro-Arenas, J.; Suarez, |.; Martinez-Pastor, J.P.; Ferrando, A.; Gualdron-
Reyes, A.F.; Mora-Ser6, |.; Gao, S.-F.; Wang, Y.-Y.; Wang, P.; Sun. Optical
Amplification in Hollow-Core Negative-Curvature Fibers Doped with Perovskite
CsPbBrs; Nanocrystals. Nanomaterials 2019, 9, 868.

ABSTRACT

We report a hollow-core negative-curvature fiber (HC-NCF) optical signal amplifier
fabricated by the filling of the air microchannels of the fiber with all-inorganic CsPbBrs
perovskite nanocrystals (PNCs). The optimum fabrication conditions were found to
enhance the optical gain, up to +3 dB in the best device. Experimental results were
approximately reproduced by a gain assisted mechanism based on the nonlinear
optical properties of the PNCs, indicating that signal regeneration can be achieved
under low pump powers, much below the threshold of stimulated emission. The
results can pave the road for new functionalities of the HC-NCF with PNCs, such as

optical amplification, nonlinear frequency conversion and gas sensors.
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A.2 RESULTS PARTIALLY INCLUDED IN THIS THESIS

A.2.1 Andres-Penares, D.; Navarro-Arenas, J.; Sanchez-Alarcon, R.l.; Abargues, R.;
Martinez-Pastor, J.P.; Sanchez-Royo, J.F. Enhanced optical response of InSe
nanosheet devices decorated with CsPbXs (X = I, Br) perovskite nanocrystals. Appl.
Surf. Sci. 2021, 536, 147939.

ABSTRACT

The combination of several two-dimensional materials opens the door for the creation
of cooperative nanodevices with functionalities that complement to each other and
even compensate the weaknesses of the individual components. Two-dimensional
indium selenide (InSe) shows one of the largest tunability bandgap found in two-
dimensional materials with application in optoelectronics. However, the intrinsic out-
of-plane luminescent dipolar nature limits its implementation in devices operating in
vertical configuration. All-inorganic CsPbXs (X = Br, 1) cubic nanoparticles offer high
absorption and emission quantum yields and great integrability with two-dimensional
materials. Combining these two compounds, it is found that InSe-perovskite nano-
heterostructures enhances the photoluminescence of the InSe side of the device, as
compared to the bare InSe nanosheet, due to the multi-oriented down-shift light
conversion mediated by the perovskite-nanocrystals. Similar nanostructures have
been prepared by using Molybdenum Selenide (MoSe.), but a reduction of its
photoluminescence is observed in this case due to its well-known in-plane dipole

orientation.
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A.2.2 Abargues, R.; Navarro-Arenas, Juan.; Rodriguez-Canté, P.J.; Maulu, A.; Sanchez-
Royo, J.F.; Martinez-Pastor, J.P. Enhancing the photocatalytic properties of PbS QD
solids: the ligand exchange approach. Nanoscale 2019, 11, 1978—-1987

ABSTRACT

Surface engineering of nanomaterials is a promising tool towards the design of new
materials for conversion of solar energy into chemical energy. In this work, we
examine the influence of ligand exchange on the photocatalytic performance of
solution-processed PbS films. We test different ligands such as oleylamine (OAm),
1,2-ethanedithiol (EDT), 3-mercaptopropionic acid (MPA) and tetrabutylammonium
iodide (TBAI). The study demonstrates that PbS films capped with MPA and EDT
exhibit 3.5-fold enhanced photocatalytic performance for the photodecomposition of
methyl orange upon sunlight exposure. Both band energy alignment and charge
carrier transport have a strong impact on the generation of reactive oxygen species
(ROS), which play a key role in the photodecomposition process. Moreover, the
stability and reusability of the photocatalysts are clearly improved after ligand
exchange. We prove how both MPA and EDT provide much more stability to PbS QD
films to operate very efficiently up to 8 cycles of photocatalysis. As observed in XPS,
the oxidation of PbS is prevented after ligand exchange. We demonstrate how
surface chemistry engineering of solution-processed QD films can open a new
approach towards the design of highly efficient and stable visible-light-driven
photocatalysts, which paves the way to low cost and large area fabrication of high-

performance photocatalytic devices.
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A.2.3 Maulu, A.; Navarro-Arenas, J.; Rodriguez-Cant0, P.; Sanchez-Royo, J.; Abargues,
R.; Suarez, |.; Martinez-Pastor, J.P. Charge Transport in Trap- Sensitized Infrared
PbS Quantum-Dot-Based Photoconductors: Pros and Cons. Nanomaterials 2018, 8,
677.

ABSTRACT

Control of quantum-dot (QD) surface chemistry offers a direct approach for the tuning
of charge-carrier dynamics in photoconductors based on strongly coupled QD solids.
We investigate the effects of altering the surface chemistry of PbS QDs in such QD
solids via ligand exchange using 3-mercaptopropionic acid (MPA) and
tetrabutylammonium iodide (TBAI). The roll-to-roll compatible doctor-blade technique
was used for the fabrication of the QD solid films as the photoactive component in
photoconductors and field-effect phototransistors. The ligand exchange of the QD
solid film with MPA yields superior device performance with higher photosensitivity
and detectivity, which is due to less dark current and lower noise level as compared
to ligand exchange with TBAI. In both cases, the mechanism responsible for
photoconductivity is related to trap sensitization of the QD solid, in which traps are
responsible of high photoconductive gain values, but slow response times under very
low incident optical power (<1 pW). At mediumhigh incident optical powers (>100
pW), where traps are filled, both MPA- and TBAI-treated photodevices exhibit similar
behavior, characterized by lower responsivity and faster response time, as limited by
the mobility in the QD solid.
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A.2.4 Maulu, A.; Rodriguez-Cant6, P .J.; Navarro-Arenas, J.; Abargues, R.; Sanchez-
Royo, J.F .; Garcia-Calzada, R.; Martinez Pastor, J.P. Strongly- coupled PbS QD
solids by doctor blading for IR photodetection. RSC Adv. 2016, 6, 80201-80212.

ABSTRACT

Solution-processed QD solids are emerging as a novel concept for high-performance
optoelectronic devices. In this work, doctor blading is proposed for the fabrication of
strongly-coupled QD solids from a PbS nanoink for photodetection at telecom
wavelengths. The key step of this procedure is the solid-state ligand exchange, which
reduces the interparticle distance and increases the carrier mobility in the resulting
strongly-coupled QD solid. This is accomplished by replacing the original long
oleylamine molecules by shorter molecules like 3-mercaptopropionic acid, as
confirmed by FTIR, TGA and XPS. Further, a detailed investigation with XPS confirms
the air-stability of the QD solids and the extreme reduction of the principal oxidation
product, PbSOs, from ligand exchange times of 60 s. Finally, the QD solid is tested
as an active layer for the fabrication of a Schottky NIR photodetector. The device
shows a maximum responsivity of 0.26 A W-'that corresponds to an internal

quantum efficiency higher than 30% at 1500 nm and detectivity around 10" jones.
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APPENDIX B ResumeN EN EsparoL

Los cristales con estructura de red tipo perovskita conforman una gran familia de
materiales que comparten la férmula quimica general ABXs. En una celda unidad, las
vacantes A y B son cationes y pueden ser ocupadas por un metal o semimetal de la tabla
periddica. Los &tomos A estan ubicados en el centro del cubo mientras que en los vértices se
enlazan los atomos del elemento B; los del tipo X son aniones (oxigeno, nitrdgeno, halégeno,
hidrogeno) que se encuentran octaédricamente coordinados con los atomos del tipo B. Estas
estructuras reciben el nombre de perovskita en referencia al mineral del titanato de calcio
(CaTiOs), descubierto en los Montes Urales, en Rusia, en 1836 y bautizado en reconocimiento
al gedlogo Lev Alekseyevich von Perovski. A dia de hoy existen muchas subfamilias de
perovskita, cada una con con un conjunto de propiedades fisicoquimicas que las hacen mas
interesantes para su estudio en determinadas regiones de la ciencia de los materiales.

La investigacion recogida en esta Tesis se centra en la subfamilia de perovskitas de
halogenuros de plomo (del inglés Lead Halide Perovskites, LHP). Durante los ultimos afos
se ha demostrado que este tipo semiconductor presenta unas propiedades optoelectronicas
fascinantes, las cuales lo sitian como un candidato potencial para el desarrollo de una nueva
generacion de dispositivos fotonicos y fotovoltaicos. En este caso, la estructura esta
compuesta por un cation monovalente A, que puede ser metilamonio (MA), formamidinio (FA),
o cesio (Cs); B es un metal, en este caso Pb; y X es un halégeno (CI-, Br-, I-) [2]. En particular,
en el trabajo desarrollado en la presente Tesis, se han empleado nanocristales de perovskitas
de la familia CsPbXs;, totalmente inorganicas. Sus propiedades Opticas incluyen altos
coeficientes de absorcion, la capacidad de sintonizar el borde de absorcién con la
composicion de halégeno (X), una alta eficiencia de emision, y altos coeficientes no lineales,
entre otras caracteristicas que hacen de las LHP un semiconductor flexible capaz de ser
utilizado tanto en tecnologias fotovoltaicas como en otras aplicaciones dentro del marco la
Optica integrada. Estos nanocristales semiconductores se fabrican por medio de una quimica
coloidal sencilla y de bajo coste, que da lugar a nanoparticulas con una eficiencia de emision
superior al 90% y anchuras de linea inferiores a 100 meV. Poco después del descubrimiento,
en 2014, de sus excepcionales propiedades como medio activo para la generacién de
ganancia, se empezaron a desarrollar dispositivos laser y diodos LED, entre otras
aplicaciones destacadas. Siguiendo con este progreso, se espera que los nanocristales de
perovskita (PNCs) con estequiometria CsPbXs provean un éxito similar en la generacion de

ganancia 6ptica. Estas razones justifican que el interés de la comunidad cientifica por este
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material haya crecido rapidamente durante los Ultimos afos. De hecho, segun la WOS (Web
of Science), el tema halide perovskites cuenta ya con mas de cinco mil articulos cientificos
publicados desde el afio 2017.

El objetivo de la presente Tesis consiste en aprovechar las excelentes propiedades de
este material para investigar nuevas aplicaciones dentro del marco de la 6ptica integrada. En
concreto, se han desarrollado dispositivos fotonicos y optoelectronicos basados en capas
delgadas de PNCs en diferentes tipos de estructuras fotdnicas, como guias de onda,
cavidades o fotodetectores. De esta manera, el trabajo incluye el disefio, fabricacion,
caracterizacion y modelado de los dispositivos mencionados, asi como su aplicacion como
laseres, amplificadores o fotodetectores.

Como paso previo al desarrollo de dichos dispositivos, se perfeccioné previamente la
sintesis quimica de las nanoparticulas de perovskita, y una tecnologia adecuada para el
crecimiento de capas delgadas con las mejores propiedades para la generacién de ganancia
o el transporte de carga. Para ello, en primer lugar, se optimizé la distribucién de tamanos,
eliminando el exceso de material quimico en la solucion coloidal a través de una purificacion
multietapa. Una vez alcanzadas las condiciones reolégicas que ha de reunir una dispersion
coloidal 6ptima, que llamaremos nanotinta, se procedié con una técnica de impresion de
pelicula delgada conocida como Doctor Blade, cuyo nombre recuerda una pieza mecanica
clave en los primeros equipos de hueco grabado. Esta técnica permite una deposicion
homogénea de las nanotintas sobre una gran variedad de sustratos con un control preciso
del espesor (desde decenas de nandbmetros hasta algunas micras), y consiste en la
imprimacion secuencial de varias peliculas delgadas con un paso intermedio para la
evaporacion del disolvente de la nanotinta. De esta manera, se fabrican capas compactas
aptas para el transporte de carga y la generacién de ganancia.

Los primeros dispositivos optoelectronicos fabricados aprovechando esta técnica de
deposicion fueron fotoconductores y fotodiodos. El propésito de este primer proyecto fue el
de mejorar la movilidad de los portadores en las capas delgadas de PNCs. El nucleo de una
PNC se encuentra rodeado en su capa exterior por unas moléculas que reciben el nombre de
ligandos, generalmente agrupaciones hidrocarbonadas lineales, que le confieren estabilidad
en el medio liquido (el disolvente de la nanotinta) evitando su agregacion. Ademas, dichos
ligandos suprimen centros de recombinacion superficiales, incrementando la eficiencia
cuantica del nanocristal. Puesto que la relacion superficie/volumen es relativamente grande
en esta clase de nanoestructuras, la quimica superficial de los nanocristales tiene un impacto
critico en sus propiedades optoelectrénicas. En el caso que nos ocupa, ademas, los ligandos

que rodean los nanocristales también los interconectan cuando estan ensamblados en una
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pelicula delgada. Por este motivo, en esta clase de materiales la longitud de los ligandos es
un factor critico para la movilidad electronica de la capa, puesto que el mecanismo de
conduccion viene dado por efectos como el de Frenkel-Poole. Con el fin de eliminar los
ligandos largos heredados de la sintesis, en este trabajo se realiza un cambio de ligando
sobre capas compactas PNCs. Para ello, se reemplazan los ligandos originales (oleiamina y
acido oleico) por un hidrocarburo alifatico (acido 3-mercaptopropionico) mas corto.

En la presente Tesis Doctoral se realizd una caracterizacion detallada de las
propiedades de conduccién de los PNCs en diversos dispositivos optoelectrdnicos. En primer
lugar se disefid un fotodiodo tipo Schottky (metal-semiconductor) con la estructura
ITO/PEDOT:PSS (50 nm)/CsPbBr; (300 - 400 nm)/MoQOs (15 nm)/Au (100 nm) con cambio de
ligando en la capa de PNCs y una capa de 6xido de molibdeno como bloqueador de
electrones para mejorar la eficiencia de recoleccion de cargas del dispositivo. De estos
fotodiodos se extrajeron varias propiedades con un modelo de doble heterounion. En
concreto, se demostré una mejora de un factor 20 en las figuras mérito del fotodetector, y un
incremento de la Responsividad de 7 a 100 mA/W (correspondiente a una Detectividad de 8
x 107 jones). Este tipo de cambio de ligando en estado sélido también pudo aprovecharse
para el desarrollo de dispositivos mas complejos, como una heterounién tipo tandem de films
de PNCs con capas de puntos cuanticos (QDs) de sulfuro de plomo (PbS). Los QDs de PbS
operan en la banda C (1525-1565 nm) de las telecomunicaciones mientras que los PNCs
tienen el borde de la banda de absorcion sobre los 500 nm. El resultado es un fotodetector
con una respuesta que se extiende desde el ultravioleta (UV) hasta el infrarrojo cercano (NIR),
con niveles de Responsividad de 40 mA/W en el UV y 20 mA/W en el NIR. Finalmente,
durante este proyecto se construyeron fotoconductores con arquitectura metal-
semiconductor-metal (MSM) y dispositivos tipo FET (del inglés Field Effect Transistor) con
cambio de ligando. De los FET se extrajo un valor para la movilidad, obteniendo un valor de
of 5 x 10-8 cm?/Vs, un orden de magnitud mayor de lo esperado con los ligandos originales.

El siguiente proyecto abarcado en la Tesis se centra en la generacion de amplificacién
de la emisidn estimulada (del inglés Amplified Spontaneous Emission, ASE) que se obtiene
al bombear O6pticamente capas de CsPbBrs con pulsos de femptosegundos (fs) o
nanosegundos (ns). Las prestaciones demostradas por este material no alcanzan todavia los
umbrales de emision estimulada y de ganancia 6ptica obtenidas con las capas policristalinas.
De hecho, la generaciéon de ganancia éptica en los PNCs presenta ciertas limitaciones que
incluyen su poca estabilidad en condiciones ambientales, la falta de una tecnologia
establecida para depositar capas, o las trampas no radiativas que limitan la ganancia 6ptica

a temperatura ambiente.
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En concreto, en este trabajo se presenta un analisis detallado de las propiedades de
emision de luz y ASE en capas de CsPbXs con emisidn (absorcion) a tres longitudes de onda
diferentes, sintonizadas con la cantidad de hal6geno (X = Br, X = Bros los, X = 1). Para ello,
se propone en primer lugar una tecnologia de depdésito de PNCs en capas que maximicen la
generacién de luz, como la descrita anteriormente. El depésito éptimo de las capas da lugar
a la generacion de emision estimulada con umbrales de ASE alcanzados para las capas de
X =Br, X=Broslosy X=1 de hasta E =5, Ex, =80 y Et», =20 pud / cm2, medidos a temperaturas
criogénicas (de esta manera se pretende inhibir las transiciones no radiativas y, con ello,
favorecer la generacion de ganancia) con pulsos de nanosegundos de bajas potencias (<1
pnJ/ecm?). Aqui, cabe destacar que, pese a que en la mayoria de los trabajos previos la
generacion de ganancia éptica es demostrada con excitaciones de fs, en este trabajo se han
obtenido estos resultados con pulsos mas largos (ns), lo cual es indicativo de la calidad de
las capas fabricadas. Por ejemplo, en publicaciones previas con X = Br era necesario utilizar
pulsos de fs para alcanzar umbrales de ASE similares, ya que la excitacion con pulsos mas
largos implicaba en un incremento dramético de la energia umbral. Los mayores umbrales
obtenidos con las capas de X = Bros los 0 X=I pueden ser achacados a una menor calidad de
las capas o una peor estabilidad de los PNCs que contienen yodo. De hecho, este uno de los
primeros trabajos en los que se demuestra ASE en PNCs de CsPbls, debido probablemente

a la peor estabilidad de este tipo de perovskitas, lo cual dificulta su caracterizacion éptica.

Asimismo, durante este segundo objetivo se realizd una investigacion mas fundamental
para establecer el papel de las diferentes especies (exciton, biexciton y portadores libres) y
de los mecanismos fisicos (efecto de la reabsorcién, ensanchamiento inhomogéneo de la
banda PL y saturacién de la ganancia) en la generaciéon de ganancia 6ptica en capas
delgadas de PNCs. Aunque la emision biexcitonica suele ser el mecanismo elegido para
explicar la emision estimulada de estas nanoparticulas, nuestros datos experimentales
demuestran que la generacidén de ASE se debe principalmente a las transiciones que implican
un solo exciton, y que esta viene influenciada por la reabsorcidén de la emision por el propio
material. Por otra parte, establecemos la influencia de la distribucion de tamarios de los PNC
en el fenébmeno de la saturaciéon de la ganancia y el ensanchamiento de los espectros. Estos
resultados ayudan a entender como se genera la ganancia en las capas de PNC, algo que
resulta fundamental a la hora de disenar dispositivos optoelectronicos funcionales con este

tipo de nanoparticulas.

Finalmente, es importante resaltar que dado que los resultados obtenidos demuestran la

generacion de amplificacion Optica a tres longitudes de onda diferentes (528 nm, 600 nm y
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705 nm, para X = Br, X = Bros los y X = |, respectivamente), se puede pensar en futuras
aplicaciones derivadas de sintonizar la longitud de onda de ASE con la composicién, como
por ejemplo el multiplexado en longitud de onda, o la implementacién de laseres

sintonizables.

De forma paralela a este proyecto se inicié el desarrollo de laseres basados en nanotintas
de PNCs. El primer dispositivo que se traté de construir fue un VSCEL (Vertical-Cavity
Surface-Emitting Laser) por bombeo 6ptico, donde el medio 6ptico en encuentra embebido
en una microcavidad resonante Fabry-Perot (FP) en la que la emision es perpendicular a los
espejos. Los espejos Bragg empleados en la construccion de la cavidad, crecidos mediante
la técnica de deposicién conocida como ALD (del inglés Atomic Layer Deposition), alternan
capas de Oxidos con alto contraste de indice como TiO2 y Al,Os. Con estos espejos se
consigui6 una cavidad FP centrada en 520nm, longitud de onda que coincide con el maximo
de emisién de los PNCs sintetizados en nuestro laboratorio. Otra de las aproximaciones
planteadas para obtener fue la fabricacién de un DFB (del inglés Distributed Feedback Laser).
Para ello, se empled una técnica de nanolitografia por haz de Electrones (en inglés Electron-
Beam Lithography, EBL) para trazar una red de difraccién en una guia de ondas de Poli(metil
metacrilato) o PMMA sobre un sustrato de silicio, sobre la que se depositaron las
nanoparticulas. La estructura fue configurada para emitir en direcciéon normal a la superficie,
puesto que la emision paralela a la superficie resulté problematica a la hora de recoger la
sefial generada por la cavidad, y se demostr6 que la fotoluminiscencia se acopla a los modos

de la cavidad.

Con el objetivo de fabricar un dispositivo capaz de operar a temperatura ambiente y bajo
bombeo continuo, finalmente se opt6 por emplear las novedosas fibras O&pticas
microestructuradas como estructura confinante del campo electromagnético para favorecer
la generacion de fotoluminiscencia de los PNCs infiltrados en su interior. Estas fibras estan
recibiendo gran atencién actualmente debido a las ventajas que presentan en comparacion
con las fibras convencionales. En concreto, dentro del gran abanico que abarca este tipo fibra
Optica, cabe destacar las fibras de curvatura negativa (negative curvature fibers, NCF), una
clase especial de fibras de nucleo hueco en las que el revestimiento estd compuesto de una
serie de capilares de silice puro rodeando al nucleo — también hueco — de la fibra. Asimismo,
esta variedad puede subdividirse mas, aunque mencionaremos sélo las tipo hollow-core anti-
resonant fibers (HC-ARFs) — las que hemos empleado en los experimentos descritos en este
articulo —. El mecanismo responsable del guiado por el interior de estas fibras recibe el

nombre de ARROW (del inglés Antiresonant Reflecting Optical Waveguide) e inhibe el acoplo
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ente los modos que se propagan por el nucleo y el revestimiento donde se encuentran los
capilares. Este nuevo tipo de fibras Opticas introducen diversas ventajas con respecto a las
ya instituidas PCF (Photonic Crystal Fibers). Por ejemplo, puesto que la propagacion ARROW
no requiere de un revestimiento perioddico, la fabricacion de los dispositivos se simplifica
considerablemente, permitiendo incluso el uso de calcogenuros en sustitucion de la silice de
los capilares —posibilidad que es de gran interés para aplicaciones que operan en el infrarrojo—
. Por otra parte, introducen una mejora con respecto a las PCF en cuanto al confinamiento de
los modos al nucleo de la fibra debido a las opciones de disefo que introduce la curvatura
negativa otorgando nuevos grados de libertad para controlar el numero y la constante de
propagacion de los modos guiados. Finalmente, uno de los principales intereses de las fibras
HC radica en el hecho de que pueden servir de huésped para alojar otros materiales,
facilitando asi el estudio de sus propiedades fundamentales o su aplicacion como sensor de
parametros quimicos o biolégicos. Entre diferentes aplicaciones, las HC-ARF resultan muy
interesantes para emplearse en el area de las telecomunicaciones, con la introduccion de un

material activo para o la fabricacion de laseres u otros dispositivos fotonicos.

En este contexto se propone la integracibn de PNCs en fibras tipo HC-ARF para la
generaciéon de ganancia Optica. Para ello, la disolucion de PNCs se ha optimizado para
permitir su infiltracion a través de los capilares de la HC-ARF hasta alcanzar longitudes de
decenas de centimetros. El primer desafio a resolver en este proyecto fue determinar si la
HC-AFR se dopaba uniformemente mediante el proceso descrito en el apartado anterior. Con
este proposito, se secciono la fibra cargada con PNCs para realizar varios mapas de PL (del
inglés photoluminiscence) de las secciones cruzadas intermedias. En los mapas de PL se
aprecia que la emision de luz se produce en los anillos que conforman los capilares de la HR-
ARF, lo que confirma la adherencia de las nanoparticulas en las paredes. Estos resultados
fueron corroborados mediante una simulacién por elementos finitos en el software COMSOL
Multiphysics, demostrando que los PNCs formaban capas concéntricas de 55 nm de espesor

alrededor de los capilares de la fibra microestructurada.

El dispositivo resultante es capaz de amplificar una sefial de prueba de 515 nm cuando
la fibra dopada se bombea con un laser de onda continua de 405 nm con potencias de
bombeo inferiores a 3 pW. Debido a que, aparentemente, el sistema no presenta un umbral
de emision estimulada, se propone un mecanismo de ganancia basado en las propiedades
no lineales de tercer orden de este tipo de nanocristales, reciente reportadas. De esta manera,

se propone un modelo basado en la generacion de mezcla de cuatro ondas capaz de
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reproducir los resultados experimentales con buena precisién. En concreto, los resultados de

ganancia obtenidos concuerdan con un mecanismo de amplificacion paramétrica.

Debido a la relativa juventud de las HC-ARF, todavia no existen antecedentes de este
tipo de dispositivos en la literatura. Unicamente se han encontrado publicaciones basadas en
puntos cuanticos coloidales en guias de onda plasmoénicas, y dieléctricas, que demuestran
amplificacion de luz por mecanismos similares. Con todo ello, se espera que estos resultados
preliminares sirvan como base de la integracién de nuevas funcionalidades Opticas en fibras
HC-ARF.

Siguiendo con la estrategia del confinamiento de la PL en las capas de PNCs, se inicié
un ultimo trabajo basado en una arquitectura de guia de ondas plana con alto contraste de
indice. En particular, los dispositivos se disenaron para demostrar y amplificar un efecto
conocido como el reciclaje de fotones (en inglés photon recycling, PR), muy frecuente en este
tipo de perovskita, que pasa a describirse a continuacion.

El PR es mecanismo fisico que ocurre cuando una fraccion de los fotones generados
radiativamente por un semiconductor es absorbida y emitida secuencialmente antes de ser
extraida. Los ciclos multiples de (re) absorcion / emisibn dan como resultado un gas de
"fotones reciclados", densamente concentrados en el medio activo por el que se propagan.
En consecuencia, el PR proporciona otro grado de libertad a la hora de controlar la densidad
de portadores de un semiconductor, y con ello una forma de controlar sus propiedades
optoelectrdnicas para obtener dispositivos més eficientes. Las aplicaciones demostradas del
PR incluyen diodos semiconductores con voltajes de circuito abierto extremadamente altos,
y moduladores de luz y células solares mas eficientes.

El efecto del PR cobra especial importancia en el caso de las LHP. De hecho, el gran
solapamiento entre la funcion de absorcién y la de absorcién en este material, sumado a la
alta eficiencia de emision caracteristica de las LHP, establecen unas condiciones claramente
favorables para el PR. Es por que ello que en los ultimos 3-4 afios han ido publicandose
diferentes trabajos experimentales y teéricos que relacionan el mecanismo del PR con las
excelentes eficiencias de conversion y las tasas de emisidn reportadas para esta familia de
semiconductores. Aunque existe una controversia sobre el impacto de la RP en la eficiencia
de las células solares, hay estudios recientes con células monocristalinas de perovskita que
confirman que el RP es el mecanismo dominante de transporte de energia, y otros trabajos
tedricos y experimentales que demuestran que el PR introduce una mejora en el voltaje de
circuito abierto de la célula. El disefio 6ptico de la arquitectura es un factor determinante a la

hora de optimizar el impacto del PR. Por ejemplo, algunos dispositivos eficientes hacen uso
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de las MHP estructuradas en forma de microhilos. Estos filamentos actian como guias de
onda para la PL generada por el propio semiconductor, con gran eficiencia puesto que se
evitan pérdidas por acoplamiento, entre otras ventajas. Otra estrategia seria la de la
dispersidon de la PL con nanoparticulas de plata para aumentar la trayectoria de los fotones,
incrementando el tiempo de vuelo de los fotones hasta ser recolectados por el circuito
fotovoltaico. Una estructura fotonica ideal, optimizada aprovechar el fenbmeno del PR,
deberia tener una gran distancia de propagacion y al mismo tiempo un acoplamiento 6ptico
eficiente.

Este es el caso de la arquitectura fotbnica empleada en el presente trabajo, la cual
cumple con todas las condiciones necesarias para optimizar PR en capas delgadas de PNCs.
Esta estructura consiste en un nucleo activo en forma de capa delgada (50-200 nm)
intercalado entre dos capas (pasivas) de PMMA. Esta elegante configuracion de guia de onda
plana explota de manera eficiente las propiedades de (re)emisién/absorcion de luz del
semiconductor por el alto confinamiento de los fotones dentro de la capa activa, ademas de
ofrecer una propagacion con un coeficiente de atenuacion reducido debido a la trasparencia
del polimero. Por otra parte, esta clase de guia permite una extraccion eficiente de la PL
mediante el acoplamiento a lente (end-fire). De esta manera, nuestra estructura de guia de
onda PMMA / PNC / PMMA resulta ser una excelente configuracion para estudiar el PR,
demostrando ser capaz de introducir un incremento en los tiempos de vida de los fotones
extraidos de la guia de ondas guia de onda, de hasta 10 ns en el caso de un 6ptimo, tras
propagarse una longitud de 3 mm.

Para ello, se ha caracterizado el tiempo de vida de los fotones mediante una técnica de
espectroscopia conocida como FDS (del inglés Frequency Domain Spectroscopy). Dicha
técnica se basa en la modulacion del bombeo y en la correspondencia en fase entre la
excitacion y la fluorescencia, permitiendo extraer el tiempo de recombinacién de la muestra,
sin necesidad de implementar costosas tarjetas de correlacién, a partir del desfase y la
modulacion de la amplitud de la fluorescencia haciendo uso de un amplificador de corriente
sincrono tipo Lock-In.

Para finalizar esta investigacion se corroboraron los resultados experimentales con una
simulacion realizada por el método de Monte Carlo en la que la trayectoria de cada foton, asi
como su interaccion con el medio semiconductor, es calculada individualmente. Con
suficiente estadistica, el modelo predice un tiempo de retardo para los fotones que atraviesan
la guia de ondas que describe bien los resultados experimentales.

En conclusion, los trabajos recogidos en esta Tesis presentan los PNCs como candidatos

prometedores para su implementacibn como medio activo en una generacion futura de
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dispositivos fotonicos y optoelectrdnicos. Con esta finalidad se presentan una serie de
estrategias que pueden mejorar el rendimiento y la aplicabilidad de estos nanocristales: (i)
una técnica optimizada para el crecimiento de capas compactas de PNCs; (ii) una mejora de
la movilidad de los portadores tras un cambio de ligando en estado sélido; (iii) un disefo
adecuado para explotar el confinamiento de la luz en una configuracion de guia de onda o en
una fibra de nacleo hueco, mejorando la generacién de luz y desencadenando efectos no
lineales; (iv) andlisis detallado sobre el mecanismo de generacioén de ganancia el interior de
una capa delgada de PNCs. Los presentes resultados muestran que los PNCs pueden
proporcionar amplificacién de sefial con potencias de bombeo muy bajas, y a temperatura
ambiente, si son implementadas en condiciones Optimas. Sin embargo, todavia hay mucho
margen para la mejora. Por ejemplo, para alcanzar la emision laser se ha de mejorar la
arquitectura de los dispositivos, optimizando el disefio de la cavidad 6ptica o haciendo uso de
los efectos caracteristicos de este semiconductor, como los efectos Opticos no lineales o el
reciclaje de fotones. Un proyecto futuro puede conducirse por esta linea de investigacion para
finalmente alcanzar objetivos mas ambiciosos, como el desarrollo de laseres de bombeo
eléctrico. Por otra parte, los fotodetectores tipo tAndem fabricados, con la heterounién PbS
QDs / PNC, ofrece perspectivas interesantes para el desarrollo de aplicaciones
fotodeteccion/fotoemision integradas ya que abarca un amplio rango espectral, desde el UV
hasta el NIR. Estos dispositivos son especialmente interesantes teniendo en cuenta la
rentabilidad de la quimica coloidal empleada en su sintesis y la posibilidad de construir los

dispositivos mediante técnicas de impresion estandarizadas.
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APPENDIX C ListT OF ACRONYMS

ARROW: Antiresonant Reflecting Optical

Waveguide

ASE: Amplified Spontaneous Emission

BBO: Barium borate (nonlinear crystal)

BNC: Bayonet Neill-Concelman

CB: Conduction Band

CQD: Colloidal Quantum Dot

CW: Continuous Wave

DFB: Distributed Feedback Laser

EBL: Electron Blocking Layer

EDFA: Erbium Doped Fibers Amplifiers

EQE: External Quantum Efficiency

ETL: Electron Transport Layer

FA: Formamidinium

FD: Frequency Domain

FET: Field Effect Transistor

FWHM: Full Width at Half Maximum

FWM: Four Wave Mixing

HBL: Hole Blocking Layer

HC: Hollow-Core
-ARF: Anti-Resonant Fiber
-NCF: Negative-Curvature Fiber
-PCF: Photonic Crystal Fiber

HCF: Hollow-Core Fiber

HTL: Hole Transport Layer

IC: Integrated Circuit

IQE: Internal Quantum Efficiency

ITO: Indium Tin Oxide

LBL: Layer-by-layer

LHP: Lead Halide Perovskite

MA: Methylammonium

MHP: Metal Halide Perovskites

MPA: 3-Mercaptopropionic acid

MSM: Metal-Semiconductor-Metal

NC: Nanocrystal

NEP: Noise Equivalent Power
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NIR: Near Infrared

Nd:YAG: Neodymium-doped Yttrium
Aluminum Garnet

OA: Oleic Acid

OAm: Oleylamine

OFET: Organic Field Effect Transistor
PEDOT:PSS: poly(3,4-
ethylenedioxythiophene) polystyrene
sulfonate

PIC: Photonic Integrated Circuits

PL: Photoluminescence

PLQY: Photoluminescence Quantum Yield
PML: Perfectly Matched Layer

PMMA: Poly(methyl methacrylate)

PNC: Perovskite Nanocrystal

PR: Photon Recycling

PV: Photovoltaic

PVD: Physical Vapor Deposition

QD: Quantum Dot

QE: Quantum Efficiency

QY: Quantum Yield

SCLC: Space-Charge-Limited Current
SEM: Scanning Electron Microscopy
SMU: Source Measure Unit

SRH: Shockley—Read—Hall

TE: Transverse Electric

TEM: Transmission Electron Microscopy
TIR: Total Internal Reflection

TM: Transverse Magnetic

TRPL: Time Resolved Photoluminescence
UV: Ultraviolet

VB: Valence Band

VCSEL: Vertical-Cavity Surface-Emitting
Laser

VSL: Variable Stripe Length

WDM: Wavelength-Division Multiplexing



