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Abstract

The overuse of fossil fuels is a crisis for the existence of man-kind. Fossil fuels, such as coal

and natural gases, are limited, and the rapid increasing demand of energy will exhaust them.

Apart from their limited availability, they are harmful to the environment. One way to cut back

the uses of natural resources is to rely on an unconventional, unlimited, and constant source

of energy, such as solar energy. Currently, this alternative and renewable source of energy may

not be as cost-effective as fossil fuels but the cutting-edge research in the fabrication of solar

devices could match this discrepancy. Silicon (Si) is the most frequently employed material in

the fabrication of solar cells. Therefore, there is a demand of the efficient and cost-effective

Si-solar cells.

The present study focuses on the efficiency-improvement of Si-solar cells by reducing the spectral

losses arising due to the spectral mismatching between the solar spectrum and the absorption

spectrum of Si. Photons with energy lower than the bandgap of Si, called sub-bandgap photons,

can not be absorbed, therefore, their conversion into photons with energy either equal or higher

than the bandgap could improve Si-based device performance. The process of this conversion,

where two- or more low energy sub-bandgap photons are converted into one higher-energy pho-

ton, is called upconversion. Upconversion is an inefficient process observed in Lanthanides but

has the potential to be improved by optimizing the host material for the optically active Lan-

thanide dopant and/or enhancing by plasmonic coupling with the dopants. This is the main

objective of this PhD study. In this work, I have optimized two hosts; TiO2 and NaYF4 in their

film configurations for Er3+ ions and ensured the optimal coupling between the ions and the

electron-beam-lithographic deigned Au-nanodiscs for the efficient conversion of 1500 nm wave-

length photons, considering their possible collective implementation in crystalline (c)-Si solar

cells. The optimal coupling was ensured in two ways: (1) by determining the best possible

arrangement of Au-discs close to the ions, and (2) by geometric optimization of Au-discs for the

maximum e-field accumulation for nearby ions. The arrangements and geometry of the discs

were numerically guided by a simple single-particle finite element method for both TiO2 and

NaYF4 films.

The Er3+-doped ( 5.1 at% ) TiO2 thin film fabricated at 350 ◦C substrate temperature was inves-

tigated as an efficient upconverter. The external quantum upconversion luminescence efficiency

(EQLE), a ratio of the number of upconverting photons to the incoming 1500 nm photons, of

the efficient 100 nm thin film was measured to be 1.5×10−6 at an irradiance of 0.3 kW/cm2.

The upconversion luminescence (UCL) yield of the film was enhanced by depositing numerically

guided Au-nanodiscs on top of the films. Experimentally, a maximum 7 folds UCL-enhancement

was observed for the discs, where the localized surface plasmon resonance (LSPR) wavelength

matched with the excitation wavelength (1500 nm).

The next stage upconversion-improvement in this sputtered oxide was ensured by fabricating

Au-discs-embedded multi-layered Er3+-doped TiO2. However, the encountered fabrication chal-

lenges demanded a detailed study of the impact of temperatures (deposition and annealing) on

a single layer TiO2 film. It was observed that the annealing has adverse impact on the UCL

of the thin films. However, it was proposed that the annealing in hydrogen atmosphere could

resolve the encountered challenges of the multi-layered system fabrication.
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The UCL yield of Er3+-doped β−NaYF4 upconversion nanocrystals (UCNCs) was investigated

in their two-dimensional arrangements. The UCL yields of spin coat-assisted self-assembled

monolayers were improved by optimizing the NaLuF4 shell thickness around the Er3+-doped

core-nanocrystals. A maximum ∼100 folds UCL-improvement was observed for a core-shell

UCNC monolayer, where the shell thickness was 10.1 nm. The EQLE of the most efficient

monolayer was measured to be 9.3×10−10 at an irradiance of 0.3 kW/cm2. The next stage

UCL-improvement in the monolayers was performed by depositing resonant Au-discs either on

top or buried in monolayers. The maximum Au-discs induced UCL-enhancement was ∼5 folds

in the core-UCNC monolayers, which dropped exponentially to 1.5 folds in the monolayer where

the core was shelled by 10.1 nm NaLuF4.

The normalized UCL yield (UCL per Er3+ ion) was ∼5× larger for the optimized NaYF4 −
NaLuF4 UCNC monolayer as compared to the optimized TiO2 thin film at an irradiance of

0.3 kW/cm2, while the longest decay times were ∼54× higher. In addition, the ions in NaYF4

host would be much more efficient for intensities below saturation, i.e. for lower-laser irradiance

or one sun irradiance. Therefore, not only laboratorical but also in practice, NaYF4 hosts are

comparably better for solar cells.
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Dansk resumé

Overforbruget af fossile brændstoffer udgør en krise for menneskeheden, som vi kender den i

dag. Fossile brændstoffer, s̊asom kul og naturlige gasser er begrænsede, og derfor vil den øgede

efterspørgsel p̊a energi udtære de fossile brændstoffer. De fossile brændstoffer har desuden en

begrænset tilgængelighed, og samtidig er de skadelige for miljøet. En m̊ade at reducere forbruget

af fossile brændstoffer p̊a er, at udnytte den ukonventionelle, ubegrænsede og konstante energik-

ilder, s̊asom solenergi. I øjeblikket er denne alternative og vedvarende energikilde m̊aske ikke

s̊a omkostningseffektiv som fossile brændstoffer, men med den banebrydende forskning indenfor

fremstillingen af solceller kan det, p̊a sigt, være muligt imødeg̊a dette problem. Silicium (Si) er

det mest benyttede materiale til fremstilling af solceller. Derfor er der en stor efterspørgsel p̊a

effektive og billige Silicium-baserede solceller.

Den foreliggende undersøgelse fokuserer p̊a effektivitetsforbedring af Si-solceller ved at reduc-

ere energitabet, der opst̊ar p̊a grund af den spektrale uoverenstemmelse mellem solspektret

og absorptionsspektret af Si. Fotoner med energi lavere end b̊andgabet af Si, kaldet sub-

b̊andgabsfotoner, kan derved ikke absorberes; deres omdannelse til fotoner med energi, lig

med eller højere end b̊andgabet, kan derfor forbedre Si-baseret solcellers ydeevne. Processen

for denne konvertering, hvor to eller flere lavenergi sub-b̊andgapfotoner omdannes til en foton

med større energi, kaldes opkonvertering. Opkonvertering er en ineffektiv proces observeret i

lanthanider, men kan potentielt forbedres ved at optimere værtsmaterialet for de optiskaktive

doterede lanthanider, og / eller indføre en plasmonisk kobling til lanthaniderne. Dette er det

vigtigste form̊al med dette ph.d.-studie. I dette arbejde har jeg optimeret to værter; TiO2

og NaYF4 i deres filmkonfigurationer for Er3+-ioner. Her har jeg sikret den optimale kobling

mellem ionerne og elektronstr̊alelitografisk deignere Au-nanodiske til effektiv omdannelse af 1500

nm bølgelængdefotoner under betragtning af deres mulige implementation i krystallinsk (c)–Si-

baserede solceller. Den optimale kobling blev sikret p̊a to m̊ader: (1) ved at bestemme det bedst

mulige arrangement af Au-diske tæt p̊a ionerne, og (2) ved geometrisk optimering af Au-diske

til maksimal elektriskfeltakkumulering for nærliggende ioner. Den eksperimentelle geometri og

af fordeling af nanodiske blev guidet af enkeltpartikel finite-element beregninger for b̊ade TiO2-

og NaYF4-film.

Er3+-doterede (5,1 at%) TiO2 tynde film, fremstillet ved 350 ◦C , blev undersøgt som en ef-

fektiv opkonverterer. Den eksterne kvanteopkonverteringsluminescenseffektivitet (EQLE), dvs.

forholdet mellem antallet af opkonverterende fotoner og antallet af indg̊aende 1500 nm fotoner,

blev m̊alt til til 1,5×10−6 for 100 nm tyndfilm ved en intensitet p̊a 0,3 kW / cm2. Udbyt-

tet af opkonverteringsluminescens (UCL) filmen blev forstærket ved at deponere Au-nanodiske,

hvis størrelse blev vejledt af numeriske beregninger, oven p̊a filmene. Et 7-gange forbedret

UCL-udbytte blev observeret for nanodiske, optimeret s̊aledes at den lokaliserede overfladeplas-

monresonans (LSPR) var tilpassetmatchede med excitationsbølgelængden (1500 nm).

Den næste fase af opkonverteringsforbedringen i TiO2 blev sikret ved fremstilling Au-diske-

indlejret i flerlagsstruktur best̊aende af Er3+-doteret TiO2. Imidlertid viste fremstilling sig

at være udfordrende, i det den krævede en detaljeret undersøgelse af virkningen af temper-

aturer (under deponering og udglødning) p̊a enkeltlags-TiO2 film. Det blev observeret, at
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udglødningen havde en negativ indvirkning p̊a UCL i de tynde film. Det blev imidlertid foresl̊aet,

at udglødningen i hydrogenatmosfære kunne løse de udfordringer, der opst̊ar under multilag-

fabrikationen.

UCL-udbyttet af Er3+-doterede NaYF4 opkonverterende nanokrystaller (UCNC’er) blev un-

dersøgt i todimensionelle arrangementer. UCL-udbyttet af monolag, fremstillet ved spin-coating,

blev forbedret, ved at optimere NaLuF4- skaltykkelsen omkring den Er3+-doterede kerne i

nanokrystallerne. En maksimal UCL-forbedring p̊a en faktor 100 blev observeret for en UCNC

monolag, med en skaltykkelse p̊a 10,1 nm. EQLE af den mest effektive monolag blev m̊alt til

9,3×10−10 under bestr̊aling ved 0,3 kW / cm2. Den næste fase UCL-forbedring i monolagene blev

udført ved deponering af resonante Au-diske enten ovenp̊aeller indeni i monolagene. Den maksi-

male Au-nanodisk-assisterede forbedring af UCL-udbyttet var 5 gange i for UCNC-monolagene

uden skal, som faldt eksponentielt til 1,5 gange i monolag, hvor kernen var dækket med 10,1 nm

tryk skal af NaLuF4.

Den normerede UCL yield (UCL yield pr. Er3+-ion) for den optimerede Er3+: NaYF4−NaLuF4

monolag var 5 gange højere end den tilsvarende værdi for den optimerede Er3+: TiO2 tynd-

filmunder samme bestr̊aling ved 0.3 kW/cm2, mens den længste levetid var 54 gange højere

Grundet den lavere mætningsintensitet, vil ionerne i NaYF4-værten fungere bedre under lavere

intensiter, fx under én sol. Derfor kan NaYF4-værten være bedre til anvendelse i solceller.
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Chapter 1

General Introduction

1.1 Introduction and motivation

It has been reported that sunlight, which arrives on the surface of the earth, delivers energy
10,000 times the world energy demand [1, 2]. As a result, the use of solar energy has the
potential to meet a large portion of future energy requirements. The high abundance and non-
toxic nature of silicon (Si) makes it an attractive material over other materials (i.e. GaAs, GaN,
AlGaAs/GaAs, etc) for the solar cell industries. Today, around 93 % of the total photovoltaic
(PV) industries are based on Si-technology. Despite a significant development of the solar cell
industry, an efficient and a cost-effective solar energy conversion is still a challenging task [3–5].
One of the main reasons for the poor conversion efficiency is the spectral mismatch between
the very wide spectrum of photon energies of the solar radiation and the bandgap of the solar
cell material [6]. When photons with energy lower than the bandgap of the absorbing materials,
strike the surface of a solar cell, it simply passes through without being able to generate electron-
hole pairs in the material. These losses of photons are called sub-bandgap or transmission losses.
On the other side, photons with energy higher than the bandgap, are able to generate electron-
hole pairs but lose the excess energy in the form of heat, and such losses are called thermalization
losses. The contribution of the sub-band gap losses in a single junction crystalline-Si (c-Si) solar
cells is around ∼ 20 % whereas thermalization losses cover ∼ 30 % of the total losses [7]. This
limits the theoretical efficiency of an undoped crystalline-Si solar cell (110 µm thick) to 29.4 %
for non-concentrating PV [8], also called Shockley-Queisser (S-Q) limit. However, control of
these losses could further increase the efficiency limits in such devices.

One of the ways to reduce the sub-band gap or transmission losses of solar cells is to upgrade the
low-energy photons into high-energy photons as depicted in Figure 1.1(a). The process of con-
version of two or more low-energy photons into one high-energy photon is called upconversion.
Upconversion is also known as anti-Stokes emissions as it violates the Stoke emission law where
the emission energy must be lower than the absorption energy. Back in 1959, N. Bloembergen[9]
has made breakthrough on photon upconversion based on lanthanide ion-doped material. The
conventionally spaced 4f energy levels of lanthanides make them suitable for the upconversion
process. Upconversion of photons from a non-coherent radiation source like the sun is mostly
a multi-step process. Firstly, the meta-stable state gets populated by the absorption of low-
energy photons. Afterwards, the energy transfer between neighboring ions or molecules leads to
the population of higher excited state. The detailed upconversion processes are discussed in the
Chapter 2 of the thesis. A ladder-like 4f energy levels of Er3+ ions [10], one of the lanthanides,
allow the conversion of ∼1500 nm wavelength photons into near-infrared (NIR) (<1000 nm
wavelength) and visible photons, which can be absorbed by c-Si solar cells. Therefore, Er3+ ions
are one of the promising candidates for the efficiency enhancement in c-Si solar cells. However,
Er3+ ions are needed to be incorporated into a host material for the upconversion process to
occur. The upconversion luminescence (UCL) efficiency of incorporated Er3+ ions is the figure
of merit for optimizing the fabrication of such upconversion materials. For the practicability in
PV, the upconversion materials should be studied and optimized in the state of thin films.
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This PhD work addresses some of unresolved questions in pursuit of understanding the physics
of the UCL optimization and to develop flexible and highly efficient upconversion materials
for c-Si solar cell applications. The first unresolved question is: (i) What are the underlying
mechanisms that affect the upconversion in Er3+-embedded thin films and how can the material
be optimized for an efficient upconversion? Since the last decade, Er3+-doped semiconductor
nanocrystals are typically fabricated by chemical synthesis due to scalability and flexibility in
the process. Previously, an extensive research in the luminescence-efficiency enhancement in
such colloidal nanocrystals has been performed by several means [11, 12]. Application-wise, it
is important to fabricate thin films from such nanocrystals. This leads to the second question
(ii) how does the upconversion luminescence of colloidal nanocrystals vary with a transforma-
tion from the solutions to the films? Despite all the optimizations at material’s level, the UCL
efficiency stays limited due to the small absorption cross-section of Er3+ ions [13] and the non-
concentrated light from the sun. Therefore, there is a need to increase the intensity of light
around the luminescent centers so they can absorb more incident light and consequently, emit
more upconverted light. This will improve the relevance of the materials for PV applications.

Figure 1.1: A demonstration of the concept of upconversion via a solar-spectrum and a plausi-
ble implementation of a upconverter material in a solar cell platform (a) A variation in irradiance
of solar radiation with wavelength in AM-1.5 solar spectrum. The green section of the spec-
trum shows the absorbable light whereas gray and red sections represent the light considered
as the transmission losses for c-Si solar cells. The red section of the spectrum overlaps with
the absorption band of Er3+. The curved arrow shows the conversion of the photons of the red
section to the green section of the spectrum. (b) A sketch of a Silicon solar cell assembly with
a upconversion layer at the back and a plausible mechanism of a conversion, via an angeled
arrow, of ∼1500 nm wavelength photons (straight red arrows) to NIR and visible (straight green
arrows) photons.

The conventional lenses could concentrate the solar radiation for Er3+ ions but the large size
and the expensive installation make them impractical to implement. However, a manipulation
of light-matter interactions at nanoscale with metallic nanostructures has been considered to be
a very prominent way to concentrate light for the luminescent centers[14–18]. The free electrons
of metal nanostructures interact strongly with light at the localized surface plasmon resonances
(LSPRs) of the nanostructures. The LSPRs, collective oscillations of the free electrons in the
metal nanostructures, localize the electric field (E-field) around the nanostructures[19]. The
luminescent centers those are in close vicinity of the metal nanostructures feel such enhanced
E-field that increase the absorption [20] of the ions and consequently enhance the UCL of ma-
terials. It is noteworthy to mention that the enhancement only works due to the non-linearity
of the upconversion process. The LSPR frequency of metal-nanostructures can be tuned by the
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geometry[21], and the refractive indices of the material[22, 23] and surroundings[24]. Consider-
ing the implementation of metal nanostructures with Er3+ ions, a tuning in plasmon frequency
from visible to near-infrared to match the absorption in Er3+ (λ ≈1500 nm) can be achieved by
altering these parameters. This opens the discussions about (iii) what is the nature of interaction
between metal nanostructures and the luminescence centers? and how does altering the inter-
actions tune enhancement factors of the upconversion luminescence of the films ? In principle,
the implementation of such plasmon-enhanced upconversion thin films behind the commercially
available solar cells, as shown in Figure 1.1(b), could make solar cells more efficient in photo-
current generation than the conventional cells. 1

1.2 Aim of the research

This PhD work is a part of a project entitled ’High-efficiency solar cells by spectral transfor-
mation using nano-optical enhancement’, commonly abbreviated SUNTUNE. The SUNTUNE
project is commenced with an aim to enhance solar cells efficiency by the spectral tuning of
the solar radiation. The spectral tuning is achieved by an implementation of an efficient up-
converting and a downshifting materials. An upconversion material should convert two or more
low low-energy photons to one high-energy photon whereas a downshifting material should be
in engagement of the conversion of one high-energy photon to one low-energy photon. The
maximum efficiency in the upconversion material is ensured by the optimal arrangements of the
topologically optimized metal nanostructures in a close vicinity of the luminescent centers. Ulti-
mately, with use of both materials, a range of solar spectrum from λ ≈1100 nm to λ ≈1550 nm
is converted to visible and lower-NIR photons, which can be absorbed by c-Si solar cells. This
is a collaborative project among several universities and industries to find the practicability of
the laboratorial deigned materials on the industrial prepared bi-facial c-Si solar cells and on
the home-grown organic solar cells. The overall aim of SUNTUNE project is subdivided among
several PhD studies including the present one.

In this PhD study, we optimize the upconversion luminescence of materials while ensuring their
applicability in c-Si solar cells. Er3+-doped TiO2 and NaYF4 are the studied materials of the
present work. The optimum efficiencies of the upconversion materials are ensured by the use
of Au-nanodiscs. The aim of this work is to answer all the above-asked questions in order to
achieve the material optimization for the upconversion of 1500 nm wavelength photons.

1.3 PhD dissertation outline

The thesis is divided in 8 chapters. Chapter 2 and 3 collectively provide the theoretical back-
ground and literature overview of the fields related to this PhD work. Specifically, Chapter 2
presents the introduction about the trivalent lanthanides and discusses mainly about the 4f
energy levels and possible transitions in lanthanides. The discussions further shift to the in-
troduction of upconversion, mechanisms behind the upconversion process, and time-evolution of
UCL emissions. In addition, an overview about the focused upconverter system, Er3+ ions doped
in TiO2 and NaYF4 matrices, of this PhD work is presented. Chapter 3 provides the following
overview: theoretical background behinds plasmonics, discussions on plasmonic materials (i.e.

1As per rule of GSST (AU), it is allowed to reuse the text of part A report of the PhD study without any
references. I would like to mention that some part of the Section 1.1 (Introduction and Motivation) are taken
from my part A report.
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Au-nanodiscs), and a link between plasmonics and upconverison. In this way, both the chapters
cover the theoretical understanding of the work presented afterwards.

Chapter 4 and 5 collectively provide the theoretical and technical backgrounds behind the fab-
rication tools and the instruments used for the structural and the optical characterizations in
this work. Chapter 4 discusses the different tools and methods used in fabrication of thin films
and in chemical synthesis of the fluorides upconversion nanocrystals (UCNCs). The process for
developing Au nanostructures is briefly discussed. Chapter 5 describes all techniques used for
the structural and optical characterizations of the materials.

Chapter 6 exhibits all results and discussions of the PhD work. It summarizes all published and
unpublished works. The summary of each article is presented as following: specific contribu-
tions to the work, introduction and motivation behind the work, summary, and conclusions of
the work. The chapter summaries three submitted or published works and a detailed descrip-
tions of an unpublished work. Article 1, Article 2, and the unpublished work are based on the
optimization of TiO2 host for an efficeint luminescence from Er3+ ions and Article 3 is mainly
focused on the optimization of colloidal NaYF4 UCNCs and their films for the same.

Chapter 7 summarizes the PhD project based on three articles and provides outlook of ther
presented work.
Chapter 8 briefly describes all other articles relevant to the thesis. It also defines my contribu-
tion in the articles.

1.4 Contributions to the PhD work

The PhD work involved both experimental and numerical tasks. I have been engaged in about
all the experimental work, unless stated explicitly. All numerical computation for the PhD
work were performed by Søren P. Madsen, Associate Professor at Department of Engineering,
(data are presented in Article 1) and by Emil Eriksen, PhD student at Department of Physics
and Astronomy (data are presented in Article 3). The experiments planning, fabrications of
sputtered thin films, chemical synthesis of nanocrystals, monolayers and multilayers formation of
nanocrystals, and nearly all structural and optical measurements were performed by the author.
Other contributions to the experimental work are explicitly mentioned in Chapter 6. However,
the major contributions to the experimental work are as following: all metal nanostructures
used in this PhD work were fabricated by Adnan Nazir, Postdoc at IFA (data are presented in
Article 1 and 3) and all time-resolved photoluminescence experiments and data analysis were
performed by Jeppe D. Christiansen, PhD student, and Søren Roesgaard, Postdoc at IFA (data
are presented in Article 1 and 3). A schematic is presented in Figure 1.2 for a simplified overview
of the contributors of this PhD work.
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Chapter 2

Lanthanides and Theory of Upconversion

2.1 Introduction

The chapter begins with a literature review of the optical properties of lanthanide ions. The
electronic structures, 4f energy-levels in particular, and the mechanisms involved in excitations
and de-excitations of lanthanide ions are discussed in the very first section. The next section
describes the physics of upconversion and provides a literature review on the lanthanide-based
upconversion. This section consists of the definition of upconversion and the mechanisms in-
volved in upconversion. Finally we describe in detail the specific lanthanide and the host lattices
involved in the present work.

2.2 Electronic structures of lanthanides

Lanthanides have unique luminescent properties in conversion of photons and are considered
to be non-toxic. Their ability to emit ultraviolet (UV), visible, and near-infrared (NIR) lights
of the spectrum make them suitable for applications in optical (e.g. lasing and optical fibers),
electronic (e.g. photovoltaic), medical (e.g. tissue sensing and cancer diagnosis), and life science
(e.g. biological assay sensitivity) fields. The lanthanides (Ln) comprise fifteen metallic elements
from lanthanum (atomic number = 57) through lutetium (atomic number = 71) in the periodic
table. Ln along with the chemically similar elements scandium and yttrium, are collectively
called the rare-earth elements. The electronic configuration of neutral Ln is a xenon core ( 1s2

2s2 2p6 3s2 3p6 3d10 4s24p6 4d10 5s2 5p6) with two or three out shells (6s2 4f 0−14 or 6s2 5d1

4f 0−14). Neutral lanthanides are optically inactive and for optical activation they needed to
be mixed in a solid. In a solid, Ln become in trivalent state, represented as Ln3+, by loosing
electrons from 6s and 5d shells. The electrons of the 4f shell are non-interacting with the
external environment due to shielding from the outermost shells (5s and 5p) even in their 3+

configurations. Therefore, in Ln3+, 4f energy levels are essentially uninfluenced by various hosts.
Transitions involved in the upconversion processes mentioned in the thesis are 4f−4f transitions,
which is considered in the next section.

2.3 4f Energy levels of lanthanides

In this section, L, S, and J are the total orbital angular momentum, the total spin, and the
total angular momentum, respectively, of the lanthanide element. The total angular momentum
is given by ~J =~L + ~S where J is restricted to |L-S | ≤J≤ |L+S |. The perturbation of Ln 4f
levels are caused by the Coulomb interaction between the electrons and spin-orbit coupling of
the electron’s spin with its motion. The Coulomb repulsion between the electrons within the
4f shell has the largest contribution to the energy splitting followed by the spin-orbit coupling as
mentioned in Figure 2.1. The Coulomb interaction splits the 4f energy levels into 2S+1L energy
levels with a multiplicity of (2S+1)(2L+1) micro states and spin-orbit interactions further split
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Figure 2.1: Interactions responsible for the perturbation in the 4f levels of lanthanides

this into 2S+1LJ, each with multiplicity of (2J +1). On the insertion of Ln into solids, 4f energy-
levels interact with the crystal field of host lattice. This results in a further splitting called Stark
splitting or crystal field splitting as depicted in Figure 2.1. The interaction with the crystal field
is weaker than the other two discussed interactions thus its influence on the energy-level splitting
is minor. It is worth to mention that the number of Stark sub-levels depend upon the point
group symmetry of the crystal-host, in which they are inserted.

Figure 2.2 shows the arrangements of the sub-levels of 4f energy levels in energy scale in
different lanthanide ions doped in LaCl3 host. This arrangements was first measured by Dieke
[1] therefore it is also called Dieke diagram, which became a reference used to approximate the
energy levels of the 2S+1LJ multiplets of trivalent lanthanides doped in any host afterwards. The
diagram represents the above mentioned splittings in the 4f energy levels. The width of each
sub-levels in Figure 2.2 represents the magnitude of the Stark splitting, and the center of each
multiplets approximates the position of the free ion 2S+1LJ level.

In the next section we discuss more about the excitation of the lanthanides by electromagnetic
radiations and the number of the ways of their de-excitations.

2.4 Excitation and emission processes in lanthanides

The excitations in lanthanide ions involve three possible transitions: 4f -4f, 4f -5d, and charge-
transfer transitions.

4f -4f transitions
These transitions are important in the spectroscopy and are also the focus of this PhD work.
They involve the transitions of electrons upon electromagnetic excitation among various 4f en-
ergy levels in the same ion. Such transitions are forbidden in the electric dipole approximation
because the states have the same parity. However, insertion of ions in inorganic solids could lift
the forbidden transition: the intermixing of 4f orbitals of ions with the crystal field of the host
relax the selection rule due to the insertion of the electronic states of opposite parity of the host
and allow the electric dipole transitions to occur.
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Figure 2.2: Dieke diagram: 4f energy levels of 2S+1LJ multiplets of trivalent lanthanides
embedded in LaCl3 host [2].

4f -5d transitions
An excitation of 5d orbitals to higher energy from the electrons of 4f orbitals constitute the 4f -
5d transitions. Such transitions, also called 4fn → 4fn−15d, occur in the ions where the 4f shell
has excess electrons to loose to achieve most stable configuration (i.e. empty, half filled or full
filled 4f shell) afterwards, i.e. Ce3+, Sm3+, Eu3+, and Pr3+ ions. The observed spectra of this
transitions are called f d spectra. Unlike 4f -4f transitions, such transitions are dipole-allowed
therefore, the absorption and emission are broad and intense.

Charge-transfer state transitions
This transition involves a transfer of 2p electrons from the host anions (e.g. O2− in oxides and
F− in fluorides) to the 4f orbitals. These kind of transitions are observed in the lanthanides
which requires one or two electrons to achieve stable configuration. The transitions are allowed
and result in larger absorption.

2.4.1 Excitation processes in lanthanides

Consider a simplified two-level quantum system. Upon absorption of a photon with an energy
of hν, an electron is excited from the ground state |1〉 of energy E1 to an excited state |2〉 of
energy E2, where the energy of the incident photon is equal to the energy gap between both
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I 2 >

I 1 > E 1

E 2

E 2  - E 1 =  h ν

Figure 2.3: Two-level excitation processes in trivalent lanthanides

states (E2 - E1= hν). If the light interaction is treated as a perturbation, the probability of
transferring a electron from |1〉 to |2〉 is proportional to | 〈2|H |1〉 |2, where H is a Hamiltonian
operator describes the interaction between the incoming light and the atomic structure of the
system. This transferring probability is called transition rate. In the electric dipole nature of
the transition, the Hamiltonian can be described as H=~p. ~E, where ~p is a dipole operator and
~E is an electric field component of the incoming light. The electric dipole operator is basically
a product of the charge of the electron and the position of the electron from the nucleus (r). If
the wavelength of the electromagnetic wave is much larger than the size of the atom, the field
(Es) of the incoming light is considered constant. This is the dipole approximation. Therefore,
the transition probability (Γ) is

Γ ∝ (eEs)
2.| 〈2| r |1〉 |2 (2.1)

Such transitions are called electric dipole (ED) transitions and from (2.1) it depends upon the
electric dipole moment only. Therefore, this transition is allowed on the condition of 〈2| r |1〉
6= 0. The odd parity of r operator allows the possibility of 〈2| r |1〉=0 with the same parity
of |1〉 and |2〉. As per Laporte’s parity selection, the states with the same parity cannot be
connected by ED transitions. However, the interaction with a non-centrosymmetric crystal field
causes mixing between 4f orbitals and orbitals of opposite parity, thus relaxing the selection
rules. Consequently, the transitions are partly allowed and are called forced ED transitions.
The magnetic dipole (MD) processes (the interactions of atoms with the magnetic field of the
incoming light) are, in contrast, weak but allowed transitions. The interaction Hamiltonian is
~µm. ~B, where ~B is the magnetic field and ~µm is the magnetic dipole moment. The magnetic

dipole moment (µm) has even parity, therefore transitions between states of the same parity are
allowed. Apart from the MD transitions, the electric quadrupole (EQ), and vibronic and forced
ED are some other possibilities of transitions. The EQ transitions, on the one hand, are usually
not visible due to much weaker strength than MD transitions but they are partly allowed. The
magnetic and forced electric dipole transitions, on the other hand, are the one which have been
observed [3].

2.4.2 Emission processes in lanthanides

The transitions of electrons from the excited state |2〉 to the lower-lying state |1〉 can be either
radiative or non-radiative. In this section we study both of these decay processes associated
with lanthanides.
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2.4.2.1 Radiative emission

In the de-excitation of an electron from the high-excited energy level |2〉 to the low-excited level
|1〉, a photon with energy, E2 − E1 = hν, is emitted. The rate equation provides the time-
evolution of the population in a given energy level. It also describe the decays from the higher
excited energy levels. The time evolution of the population of the state |2〉 is given by

dN2/dt = −AtN2(t) = −(Ar +Anr)N2(t) (2.2)

where At is the total decay rate from the level |2〉 to the level |1〉, which is a combination of a
radiative part of the decay rate, Ar and non-radiative part of the decay rate, Anr. The solution
of Equation 2.2 provides the following expression for the population of the level |2〉

N2(dt) = N2(0).e−(Ar+Anr)t (2.3)

where N2(0) is the population before any decay. Therefore, we can conclude that the population
decays exponentially with time. The decay time or lifetime of level |2〉 is as follows

τ = (Ar +Anr)
−1 (2.4)

where τ is the lifetime of an electron remains in the excited state. We can also determine the
radiative quantum efficiency of the level by

ηr = Ar/(Ar +Anr) (2.5)

For a high upconversion yield, the radiative quantum efficiency must be high. In other words,
the radiative decay should be higher than the non-radiative decay.

2.4.2.2 Non-radiative decay

In this de-excitation, an electron from the high-excited energy level |2〉 to the low-excited level
|1〉 decays without emitting a photon. Some of the most relevant non-radiative processes are
discussed below.

Concentration quenching

This is observed in the system when the average distance between lanthanide-dopants is small
while assuming their homogeneous distribution in a host. High dopant concentrations vigorously
increase the energy transfer between the dopants. Sometimes the excited-ions transfer their
energy for a long distance involving multiples ions before relaxing. In this long distance excited
energy transfer, the possibility of trapping the energy in the host lattice, defects, or impurities
is very high, therefore increasing the probability of non-radiative decay.

Multiphonon relaxation

The emission of a photon in the de-excitation of an electron also depends upon the spacing
between the excited energy level and the level below. In the large energy-spacing between the
participant energy levels, the probability of the emission of a photon is higher compared to the



Chapter 2. Lanthanides and Upconversion 24

case were the energy-spacing is very low. The multiphonon relaxation rate (Amp) decreases ex-
ponentially with the energy-spacing (∆E) between the involved energy-levels and it also depends
upon temperature. As shown below

Amp(T ) = Amp(0)e−α∆E (2.6)

where Amp(0) is the multiphonon rate at T = 0 K and α is a positive constant depends upon
the host lattice. The phonon energy of host materials is important in deciding the non-radiative
decays. The high-phonon energy materials are more likely to bridge the gap between the energy
levels and that eventually increase the multiphonon relaxation rate and consequently, more
non-radiative decays. The needed number of phonons (p) needed for bridging a energy-spacing
is

p = ∆E/hνmax (2.7)

where hνmax is the maximum energy of a phonon. The rule of thumb is that if ∆E ≤ 5p (i.e.
if the spacing can be bridged by less than or equal to 5 phonons), then multiphonon relaxation
is likely to occur[4]. Therefore, the selection of low-phonon energy hosts is important for an
efficient upconversion luminescence from the optically active lanthanide dopants.

2.4.2.3 Energy transfers

The de-excitation of an electron is also possible if the electron transfers its energy to a nearby Ln
ion. In this process, the ion, which absorb the photon is called the sensitizer and the ion, which
receives the energy from the sensitizers is called the activator. The relaxation of the sensitizer
ion to the ground state involves the transfer of excited energy, either radiative or non-radiative,
to the activator ion. Note that the activator ion can be either in its ground state or an excited
state before the energy transfer occurs. Based on this the energy transfer are two types:
Radiative energy transfers consist of the emission of a photon during the energy transfer. The
emitted photon then gets absorbed by the activator ion. The excited activator then emit a photon
with the same as energy or a different energy depending upon the energy-level arrangements. It
is important to mention that this process is only possible within a photon travel distance.
Non-radiative energy transfers, in contrast, do not emit any photons during the transfer
process. Depending upon the distance between the neighboring ions the process is governed by
two interactions. For short distance (high dopant concentrations), exchange interactions happens
between the involved activator and sensitizer ions. In this interaction, the energy transfers
occur via exchanging the electrons between both ions however, the overlapping between the
energy-levels is important. The transfer probability decreases exponentially with increasing the
distance [4]. In case of comparably long-distances between neighboring ions, the electromagnetic
interaction dominates. The electric dipole nature of the activator and sensitizer ions make this
a dipole-dipole interaction. The transfer consists of oscillations in the activator induced by
the excited sensitizer. The transfer probability in the dipole-dipole interactions depends upon
several factors: (1) The distance between the activator and sensitizer (∝ 1/R6 where R is the
distance), (2) The spectral overlap between the emission spectrum of the sensitizer and the
absorption spectrum of the activator, and (3) The associated oscillator strength.

Therefore, an efficient energy transfer demands a sensitizer with a large and a broad absorption
cross section as well as with a longer decay rate than the transfer rate.
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2.5 The concept of upconversion

The conversion of low-energy incident light to high-energy emitted light is well-known and several
processes may be involved. The most relevant processes are summarized in Figure 2.4, all the
processes are non-linear, where two low-energy photons are converted into a photon with higher
energy. The emitted intensity of upconverted light (Iem) varies typically quadratically with the
incident intensity (Iin): Iem = µIin

2, where µ is proportionality coefficient. There are several
ways to define an energy conversion efficiency. The way adopted for this PhD work is mentioned
in Chapter 4. For a fair comparison among all the shown processes (Figure 2.4), one can compare
the values of µ.

Ground state

Intermediate state

Excited state

Virtual state

Virtual state Real state

Real state

(b) Second harmonic generation

(SHG)

(c) Upconversion

(i.e. Excited state absorption)

Real state

Virtual state

(a) Two-phton absorption

(TPA)

Figure 2.4: A conversion of two low-energy photons (represented by red arrows) to one high-
energy photon (represented by blue arrows) by three different processes (a), (b), and (c). The
dashed and solid lines indicate virtual and real nature of the energy-states.

Figure 2.4 shows the two-photon absorption and single photon emission processes via three
different processes. From left to right, the first two processes are the less efficient compared
to the process depicted in Figure 2.4(c). TPA and SHG involve virtual intermediate states
which implies a must coincide of two-excited photons whereas SHG also has a virtual excited
state that resembles the requirement of a coherency in excited photons for the process to be
occurred. These qualities make the TPA and SHG very unlikely to happen and consequently,
very inefficient. Therefore, they require very high excitation power. Upconversion, on the other
hand, is a process, which depends upon a real intermediate state. The intermediate state must
have a sufficiently long lifetime for storing the excitation so that a second photon or even a
third photon can participate in excitation of an electron to the state-lying above or beyond.
Therefore, upconversion processes do not need high-excitation power compared to the SHG
and TPA to occur. It is also important to mention that a coherent excitation source is also
not required for upconversion. The high conversion efficiency and the low threshold power
make the upconversion process applicable for the several fields of study ranging from medical to
photovoltaic. Lanthanides are popular for UCL applications because the 4f − 4f transition lies
in the Vis and NIR spectrum, where upconversion is most relevant. Therefore, as like other non-
linear processes the dependency of the upconversion light on the incoming light is also non-linear
and it can be generalize as follows:

IUC ∝ Inin, (2.8)

In a weak pumping power regime, n shows the number of photons requires to populate the
excited state [5]. It is worth to mention that the non-linearity as we see in SHG where the value
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of n stays 2 even at infinite excitation power does not hold here in upconversion. In the low
excitation power, on one hand, the process is non-linear and the value of n is two or three as in
two-photon or three-photon upconversion processes. On the other hand, the excited states get
saturates with electrons once pumping power raises to high limits and consequently, n decreases
and approaches 1 at extreme pump power and ultimately, upconversion loses its non-linearity.

2.5.1 Main upconversion mechanisms

The most relevant upconversion processes are now described. Figure 2.5 shows three different
processes namely: Ground state absorption-excited state absorption (GSA-ESA), and energy
transfer processes either resonantly (ETU) or with assist of phonons (Ph-ETU). In GSA-ESA
process, a photon with energy either equal to or higher than the band-gap (a gap between two
consecutive states) excites the ions from the ground state to an intermediate state, and a further
absorption by the same ion excites it to the emitting state. This process is likely to occur in the
materials with a long lifetime of the intermediate state. Energy transfer processes, in contrast,
involves the transfer of excited energy between two ions as explained in Section 2.4.2.3. The
resonant ETU involves the overlapping between the intermediate states of the involved ions. As
discussed earlier, firstly, a ground state absorption (GSA) of two photons in two different but
nearby ions happens which excite them to the intermediate state. Then the first excited ion
transfers its gained energy to the second excited ion. Now the second ion gets further excited
to the emitting state while the first one goes to the ground state. Generally, this resonant ETU
is the most efficient process observed in materials[6, 7]. Phonon-assisted ETU, in contrasts,
happens in the materials where dopants intermediate levels do not share spectral overlapping
instead they posses energy-gaps. It is a pre-requisite that the energy-gap should be in a covering
range of 1-3 phonons energy (∼ 100 cm−1).

(b) Resonant energy transfer upconversion

(ETU)

(c) Phonon-assisted

energy trasfer upconversion

( Ph-ETU)

(a) Excited state absorption

(ESA)

Ion 1 Ion 2 Ion 2Ion 1

hν

Figure 2.5: Upconversion mechanisms present in lanthanides: (a) a combination of two-step
processes (ground-state absorption and excited-state absorption), (b) energy transfer between
states of same energy, and (c) energy transfer with assistance of a phonon with energy hν. The
red and blue arrows show the excitation with low-energy photons and de-excitation with the
emission of high-energy photons. The dashed arrows represent the non-physical appearance of
the excitation and de-excitation of energy-states.

2.6 Details of the upconverter system of the present PhD work

In this PhD study, we used Er3+ ions as an upconverter and focused on two host materials:
TiO2, and NaYF4.
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2.6.1 Erbium (Er3+) ions as an upconverter

Erbium is a lanthanide that comprises a xenon core with two electron in its 6s shell and twelve
electron in its 4f shell. The element becomes interesting only when it is in stable ionic state.
The eleven 4f electrons of Er3+ ions are responsible of its unique luminescence properties.
A complete 4f energy-level diagram of this element along with other lanthanides is shown in
Dieke-diagram, Figure 2.2. In this section, we will discuss about the excitation of Er3+ ions
via 1500 nm wavelength photons. The ladder-like energy levels of Er3+ allow the possibility of
multiple excitations with photons of different energy. However, only the excitation by 1500 nm
wavelength photons is considered in this PhD work. Figure 2.6 shows the involved energy levels
of Er3+ ions in the upconversion of 1500 nm wavelength photons. Upon excitation, an electron is
lifted from the ground state (4I15/2) to the first excited state via the transition 4I15/2 → 4I13/2.
Depending on the lifetime of the energy level, which also depends on the host matrices, the
second photon is absorbed by the excited electron via the ESA process. This pumps the excited
electron to 4I9/2 energy state. Now the excited-electron either can absorb another 1500 nm
wavelength photon and jump to above-lying state or de-excite to ground state via two possible
ways. Either the excited-electron decay from the 4I9/2 to the 4I15/2 with an emission of a
photon with 810 nm wavelength or the excited electron first decay non-radiatively to the 4I11/2

and then radiatively via 4I11/2 → 4I15/2, thus emitting a 980 nm photon. In contrast, if the
excited-electron absorb another photon while at 4I9/2, it is elevated to 2H11/2. In consideration
further possible non-radiative decays (see gray-dashed arrows in Figure 2.6), the excited electron
may decay radiatively via: 2H11/2 → 4I15/2 with an emission of 525 nm wavelength photon,
4S3/2 → 4I15/2 with an emission of 550 nm wavelength photon, and 4F9/2 → 4I15/2 with an
emission of 660 nm wavelength photon.
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Figure 2.6: The involved 4f energy levels in the upconversion of 1500 nm wavelength photons
in Er3+. The black upward arrows represent the excitation whereas the downward solid and
dashed arrows show the radiative and non-radiative decays, respectively. The color in arrows
are linked to the wavelength of the emitted photons.

The photons with wavelength >1100 nm or energy <1.1 eV do not participate in the photo-
current generation in crystalline-Si solar cell, therefore, their conversion to higher-energy photons
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would allow their participation. The energy-levels of Er3+ ion give the environment for such
conversion by converting 1500 nm photons to the photons with wavelength 980 nm, 810 nm,
660 nm, and 550 nm.

2.6.2 TiO2 as a host

Titatinum dioxide (TiO2) is considered to be a possible host for the optically active lanthanides.
Previously, it has been observed that all three crystal phases of the material: anatase, brookite,
and rutile, and amorphous phase are suitable in lanthanide-based upconversion [8–10]. There
are mainly few reasons regarding the choice of the material for upconversion. Firstly, the low-
phonon energy of the host lattice reduces the vibration and consequently, reduces multiphonon
relaxation, mentioned in Section 2.4.2.2. It has been found that the phonon energy of TiO2

stays nearly same in all crystal structures as expected. The phonon energy in anatase and rutile
crystal phases are 639 cm−1 and 612 cm−1, respectively [8, 11]. The 1500 nm excitation involves
the transition between the 4S3/2 and the 4I15/2 energy levels and the bridging between these
levels requires 10 phonons. Therefore, the multiphonon relaxation can not be possible at room
temperature between these levels. Secondly, TiO2 is a widely acceptable material for solar cell
industry and it is a cheap material. Thirdly, the large bandgap of this material doesn’t allow any
absorption in the emission spectrum of the luminescence dopant (i.e. Er3+). Thus the material
will not absorb any upconverted light generated by Er3+ ions. Lastly, the fabrication of the
material is easier in both thin films as well as nanostructures forms.

The insertion of Er3+ into TiO2 lattice either substitutes the cations (Ti4+ ions) or settle on
interstitial sites[12]. Independent of the site-occupancy, distortion in the lattice is likely present
due to the difference in the ionic radii of both cations. In case of Er3+ doped TiO2 system, the
ionic radii of Er3+ and Ti4+ are 0.89Å and 0.69Å. Recently, it has also been seen that the high
dopant concentration can also affects the crystallinity of the materials due to the possible lattice
distortion [9, 11]. Despite the distortions in the host symmetry, TiO2 is still an obvious choice
for the lanthanide-dopants.

2.6.3 NaYF4 as a host

NaLnF4 (Ln= lanthanide and yttrium) is one of the well-known fluoride used for upconversion.
Cations such as Na+ , Ca2+, Gd3+, and Y3+ are chosen in the host lattices to match the ionic
radii of the lanthanide dopant ions. The radii-matching prevents the formation of crystal defects
and lattice stress, and thus generally Na+ and Ca2+ fluorides are superior host materials for
upconversion [13, 14]. Likewise, Gadolinium (Gd) and Yttrium (Y) are the most studied due to
their optically inert nature. In the composite form (NaYF4 or NaGdF4) both elements are in
their 3+ ionic state which make their electronic configuration either half-filled or filled stable.
NaYF4 is extensively studied in its microstructures and nanostructures forms. Its microstruc-
ture form is limited in applicabilities due to their comparably large size therefore, nanostructures
form of the material is the current interest. However, the luminescence efficiency of the nanos-
tructures is much lower than the microstructures and thus present research is mostly focused on
enhancing the upconversion efficiency by chemical modifications of NaYF4 nanostrctures. The
chemical modifications involves the dopant concentration variation, formation of optically active
[15] or inactive [16] shells around the optically active core, size and shape variations [17], and
the crystal phase variation [18]. NaYF4 nanostructures are one of the best hosts available for
lanthanide doping since it comprises (1) very high upconversion quantum efficiency [19] (2) very
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low hygroscopic property, and multi-solvent dispersibility make them chemically stable [20, 21]
(3) optical transparent over wide wavelength[22, 23] and (4) low phonon energies (350 cm−1)[24].

Structurally, the material exist in two common phases: cubic (α) and hexagonal (β). The
crystal structure of hexagonal phase possesses an ordered array of F− ions and two types of
low-symmetry lanthanide and Na+ ions sites [25]. At the cation cites, distorted electron cloud
forms strong coupling with lattice [25]. As a result, many non-harmonic phonons deprecating
the energy transfer between absorption and emission centers. In the cubic phase, Na+ and
lanthanide cations randomly substitute with each other in the lattice [25], naturally complicating
the bonding situation. This leads to even more non-harmonic phonon modes serving as the source
of non-radiative decay pathways, in comparison with the highly ordered cation distribution in the
hexagonal phase counterpart. For this reason, lanthanide-doped cubic NaYF4 materials always
exhibit an order-of-magnitude lower upconversion efficiency than their hexagonal counter-parts
[25, 26]. Therefore, the present PhD work is focused on upconversion enhancement in hexagonal
NaYF4 material only.
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Chapter 3

Theory of Plasmonics and Plasmon-Enhanced
Upconversion

3.1 Introduction

The use of colloidal solutions of metal nanoparticles were in trend from 500 B.C. in making
stained glass panels or giving different colors to glass [1]. It was 1908 when Gustav Mie pro-
posed a mathematical explanation to different colors given by colloidal gold (Au) nanoparticles
[2]. Mie calculated analytically the scattering and absorption in Au nanoparticles and also de-
fined their variation with the size of the nanoparticles [2]. Despite his significant discoveries, the
experimental and theoretical advancement in the field has only recently come into light. In the
recent decades, the advancements in the field of fabrication tools, optical investigation tools and
numerical tools have greatly progressed the research in metal nanostructures. Lithographies and
chemical synthesis techniques are some of the fabrication tools those have contributed in the ad-
vancements. Electron microscopes and their modification with the associations of several other
characterization techniques make them top-notch techniques in investigation of the material even
at single-atom levels. The advancement in computational analysis tools increased the speed of
calculations to find the physical phenomenon behind the experimental outcomes. Therefore, the
applications of metal nanoparticles (i.e. plasmonic structures) have become broader and wider.
Today they are applicable in biomedical as well as in energy fields.

In this chapter, we discuss plasmonics and plasmon-enhanced upconversion. The field of plas-
monics has been attracting wide interest due to providing routes to guide [3–5] and concentrate
[6] light at a scale smaller than the free space wavelength. Unlike the conventional optics, the
major building block of plasmonics is metal. Plasmonics is a broad field but we mainly focus on
defining localized surface plasmon resonance (LSPR) in this chapter. We explain the possible
parameters tune the LSPR wavelength in detail. After achieving a understanding about LSPR
and its possible controls, we shift our focus in finding the interaction between the lanthanide-
based upconversion, explained in Chapter 2, and LSPR of metal nanoparticles. Furthermore, the
possible ways to increase the plasmon-enhanced upconversion in optical emitters (lanthanides)
is also proposed.

3.2 Principle of plasmonics

Metals contain a significant fraction of free electrons that may respond to external electro-
magnetic fields. Metals consist of a large number of unbound (free) electrons moving around
randomly and colliding with each other in a background of bounded positive charged ions as per
Drude, called Drude model. The numbers of positive and negative ions are constant in a defined
volume at equilibrium. At non-equilibrium, the non-uniformity in charge distribution induces
electric field to restore the charge neutrality. The induced electric field provides momentum to
the electrons to overshoot the equilibrium and creates oscillations. Such collective oscillations

32
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of electrons are termed as plasma oscillations and plasmons are the quanta of these oscillations.
The resonance frequency of the plasmon is given by [7]

ωp =

√
4πe2ne
mεo

(3.1)

Where ne is the free electron density, e is the charge of the electron, m is the mass of the
electron and εo is the dielectric constant of free space. There are mainly three kind of plasmon
studied: bulk plasmons, surface plasmon polaritons (SPPs), and localized surface plasmons
(LSPs). Bulk plasmons, shown in Figure 3.1(a), are longitudinal waves directing in the direction
of resorting electric field due to charge separations and they cannot be excited by the light
which are transverse wave(i.e. the electric field is perpendicular to the direction of propagation)
[8]. On the surface termination of a bulk metal (at interface), new plasmons develop that are
strongly localized to the surface. These surface plasmons are the SPPs (the name highlights
the hybrid nature of the excitation) propagate parallel to the surface around few micrometers
[8]. The SPPs propagate along the metal-dielectric interface (at the metal surface) as presented
in Figure 3.1(b), until they decay either to absorption in the metal or scattering into random
directions. SPPs have both transverse and longitudinal electric field components of the wave
where the transverse component allows the interaction with light. However, the SPP can not be
excited by freely propagating light due to it having a wave-vector whose magnitude greater than
the incident light [7, 8]. A scattering of light via prism before its interaction with the metal or
the dielectric could excite the SPPs.

+ + + +

- - - -

+++ +++- - - - - -

+++

+++- - -

- - -

Electric field

MetalMetal

Dielectric

X

X

Z
(a)

(b)

(c)

Metal spere

Electron cloud

Figure 3.1: Schematic representations of (a) plasmon in bulk metal, (b) propagating plasmon
at interface (i.e. SPPs), and (c) plasma oscillation at metal sphere coupled with electromagnetic
wave, i.e. a localized surface plasmon.

In comparison to SPPs, LSPs are non-propagating plasma oscillations that are present in struc-
tures with sizes comparably smaller to the wavelength of light. The excitations of LSPs in
nanostructures through direct electromagnetic illumination do not require any prisms or grat-
ings configurations as we see in SPPs modes. At illumination, the conduction electrons inside
the nanostructures experience the force from the induced electric field which displaces them with
respect to the lattice as shown in Figure 3.1(c). However, the attraction to the ions provide the
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restoring force of the oscillation. The matching between the incident light frequency and the
frequency on which the electron oscillates inside the nanostructures creates resonance, called
LSPR. The position and strength of the LSPR depends on the density of the electrons inside
the nanostructures and the physical dimension of the nanostructures [9]. The LSPR are the
responsible for strong absorption and efficient scattering of incident light therefore, it can be
advantage to shift the LSPR frequency to that of the exciting light wave.

3.3 Calculation of localized surface plasmon

The LSP calculations are described based on the size and shape of metal particle. Electrostatic
approaches are valid for very small nanoparticles (a << λ), Mie theory provides analytic so-
lutions of spherical NPs embedded in homogeneous media. The response of more complicated
system generally requires numerical approaches.

3.3.1 Electrostatic approximation

The particular section gives the analytical expressions of the interaction of a very small nanosphere
with electromagnetic wave in the electrostatic approximation, i.e. a << λ. Therefore, the in-
duced electric field is taken to uniform over the nanosphere which allows the electron to react
simultaneously and be in phase with each other. In addition, the uniform field across the par-
ticle also allows the calculation of spatial field distribution with an assumption of one particle
problem in an electrostatic field. Let us consider, a nanosphere with dielectric constant εnp and
radius a in a uniform E-field (E=E0ẑ) (Figure 3.2). The surrounding medium is non-absorbing
with the dielectric constant εm, and the field lines are parallel to the nanosphere surface. In the
electrostatic approach, The potential outside and inside the sphere are obtained by solving the
Laplace equation, O2φ = 0, where φ is the potential. From this we can calculate the E-field,
E = −Oφ.

+
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+
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Figure 3.2: Electric field and a resultant charge distribution in a nanosphere in a quasi-static
approximation.

The quasi-static solutions for the E-field inside and outside the nanosphere are given by

~Ein = E0
3εm

εm + εnp
(3.2)

~Eout = E0ẑ + E0
εnp − εm
εnp + 2εm

a3

r3
(2cosθ.r̂ + sinθ.θ̂) (3.3)
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where θ is the angle between the position vector r and z-axis. From (3.2) and (3.3), it is clear
that at lowest value of εnp + 2εm, the E-fields near the particle will be strongest. From the
equations, we can conclude that the E-fields around the particle varies as 1/r3 and consequently,
fields decay rapidly with the distance from the particle. This is achieved when

Re[εnp(ω)] = −2εm (3.4)

where Re is the real part of the dielectric function. This relationship is known as Fröhlich
condition or the associated mode (plasmon resonance) of the metal nanosphere. In metals, the
dielectric function is described by

Re[εnp(ω)] = 1−
ω2
p

ω2 + γ2
(3.5)

where ωp is the bulk plasmon frequency, presented in (3.1), γ is the collisions caused damping
of the electron motion. If we neglect the damping term and insert (3.4) into the equation we
achieve the resonance frequency of the metal nanosphere

ωLSPR =

√
ω2
p

1 + 2εm
(3.6)

From the equation is it clear that the plasmon resonance of the metal nanosphere depends on
its surrounding environment (εm). In the next section we will discuss this relationship in detail.
In air (εm=1), the LSPR for a spherical particle is defined by

ωLSPR =
ωp√

3
(3.7)

Hence the LSPR of a metal nanosphere depends on the electron density and the effective electron
mass via ωp, referenced from (3.1).
Refreshing the memory of Figure 3.2, we see that the applied field induces dipole moment inside
the sphere. The dipole moment can be calculated by

p = εmαE0 (3.8)

where α can be described by

α = 4π3 εnp − εm
εnp + 2εm

(3.9)

From an optical perspective, the resonantly enhanced polarization, α, is associated with en-
hanced absorption and scattering in the nanosphere. The associated absorption and scattering
cross sections, Cabs and Cscat, can be calculated by [10]

Cabs = kIm(α) = 4πa3Im

[
εnp − εm
εnp + 2εm

]
(3.10)

Cscat =
k4

6π
(|α|2) =

8π

3
k4a6

∣∣∣∣∣ εnp − εmεnp + 2εm

∣∣∣∣∣
2

(3.11)

From (3.10) and (3.11), the absorption and scattering of light are hugely enhanced when the
Fröhlich condition (3.4) is met [11]. For a small particle (a << λ), the absorption efficiency,
scales according to a3, is dominant over the scattering efficiency, scaling at a6. Scattering is
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therefore dominant for larger particles. The cross sections can be larger than the geometrical
areas of the particle. Importantly, the difference in size become more observable where the
incoming light frequency of the nanosphere is in the match with the excitation frequency (i.e.
resonance), the cross sections get bigger than the geometric areas, presented in Figure 3.3(a).
At resonance, the E-field lines get deflected to a large extend where some strongly conversed
at center of the nanosphere thus, the absorption as well as the scattering cross sections of the
sphere are increased as shown in Figure 3.3(a). The dashed-line shows the diameter of extinction
cross-section (sum of absorption- and scattering cross sections) and the bright area around the
particle in the simulated image (inset image) also shows the near-field in Figure 3.3(a). Fig-
ure 3.3(b), in contrast, shows a small deflection of incoming E-field lines and most of them passes
without being affected at out-of-resonance condition. The simulated image of Figure 3.3(b) show
no E-field accumulation near the sphere. This points out the importance of hitting the LSPR.

The extinction cross-section is defined as Cabs + Cscat for a sphere with volume V and complex
dielectric constant, εnp = ε1 + ιε2, can be expressed as

Cext = 9
ωp
c
ε3/2m V

ε2
[ε1 + 2εm]2 + ε22

(3.12)

Figure 3.3: The E-field lines distribution around an aluminum nanosphere. (a) Plane wave
incident from below of the frequency in resonance with dipole LSPR frequency and the E-field
intensity distribution around a in-resonance nanosphere, and (b) the E-field intensity distribution
around a off-resonance (LSPR frequency is not in match with the frequency of the incident
light) nanosphere. The insets show the corresponding field distributions around the sphere. The
dashed line shows the diameter of extinction cross section. The figure is taken from [12]

3.3.2 Mie Theory or the optical properties of large spherical particles

In the previous section, we have discussed how very small nanoparticle (a << λ) interacts with
electromagnetic plane waves, considering uniform E-field across the particle. However, if the
particle gets bigger and violets a << λ, the dipole approximation is not be applicable. In
such cases, the full machinery of classical electrodynamics is required to determine the optical
responses of larger spherical particles. Gustave Mie has proposed a theory called Mie theory
which provides the analytical solution to Maxwell equations for a single sphere regardless the
size of the particle and the wavelength of incoming light. It is worth to mention that the non-
spherical particles can not be explained by Mie theory. Further details are accessible in book
”Plasmonic fundamental and application” by Maier [7].
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3.3.3 The optical properties of non-spherical large particles (Numerical ap-
proaches)

As per previous section, Mie theory only provides the complete solutions to Maxwell’s equation
for spherical particle in a non-absorbing homogeneous medium. Nevertheless, in practice, multi-
ple examples are needed to be solved analytically. Recently, several numerical analysis tools have
emerged in solving several complex shaped or sized structures. Finite element method (FEM)
[13] and finite difference time domain (FDTD) [14] are the most used numerical approaches
in solving Maxwell’s equations for complex structures. FEM is one of the widely acceptable
computational tool in determining the near-field in plasmonics. It is a technique to find the
approximate solutions to the integral forms of partial differentiation equations under defined
boundary conditions. The approach uses a computational domain where the integral are calcu-
lated based on the problem, required accuracy, and to include at least one wavelength of the
electromagnetic field. The model computes the E-field distributions around a single particle of
any geometry induced by a normal plane wave.

3.4 Localized surface plasmon resonance (LSPR) dependence

It has been discussed in section 3.2.1 that the LSPR depends on the particles geometry as well
as the particle and surrounding materials. This allows an easy tunability of LSPR in metal
nanostructures.

3.4.1 Geometric dependence

Geometric dependence has been studied on several chemically synthesized colloidal nanostruc-
tures as well as on lithographically designed nanostructures. Geometric alteration includes the
variation in the size and the shape of nanostructures. In case of size alteration, a red-shift in
the LSPR peak position is expected with increase in the size. The red-shift in LSPR can be
translated as a decrease in the restoring force due to the increase in the distance between the
opposite charges of the dipole [15, 16]. In addition, increase in size also leads to the higher-order
modes of oscillations due to the non-homogeneously respond of spatial variation of the incident
electric field across the particle [15, 16]. This non-homogeneous is due to a delay in the field
across the structure [15]. The shift in LSPR wavelength becomes short or nearly invisible when
the increase in size occurs in very small particles, considered under electrostatic approximation
[17]. Here, we include an experimental example of Au-nanodiscs where the structures were fab-
ricated by electron beam lithography [18] in Figure 3.4. From the figure, we can conclude that
the increase in the size of nanodisc basically shifts the LSPR peak positing towards the higher
wavelength. This is a very good example in demonstrating the shift in the LSPR from visible
to NIR spectrum region with increasing the size roughly ten times the original one.
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Photon energy (eV)

Figure 3.4: Extinction efficiency spectra of EBL-designed random arrays of Au nanodiscs. The
variation in the LSPR peak positioning with the size of the nanodiscs is shown. The figure is
adopted from [18].

The nanostructures shape dependence, on the other hand, is the other form of geometric alter-
ation to vary the LSPR peak positing. Apart from nanosphere which is a very common shape,
plenty of other shapes can be designed experimentally and simulated numerically to enhance the
strength of the localized field. The formation of many sharp edges around the structures is the
main motivation in fabrication of multi-shaped particles. The increase in the sharpness in the
edges shifts the LSPR peak positioning towards higher wavelength, as shown in Figure 3.5. In
addition, the sharp edges are considered to be concentrating fields comparably more than the
round shaped structures. They are therefore supposed to be more useful in upconversion en-
hancement by providing more incoming light to Er3+ emitters, discussed in details in section 3.5.
The present advancement in both fabrication tools and computational domains allows the fab-
rication of several complex structures. In our research group, work in designing some hollow
structures of different shapes to reduce the parasitic absorption in materials and simultaneously,
concentrate more light by providing an extra boundary is in progress [19]. In addition, the
advancement in both tools also makes it possible to topologically optimize the nanostructures
for the desired application [20].
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Figure 3.5: Absorption efficiency of differently shaped nanostructures with volume equivalent
to the volume of a 10 nm nanosphere. Both cubes and octahedron have multiple peaks whereas
the sphere is dominated by one peak in the spectra. The field enhancement in all simulated
shapes are shown in the right panel of the figure.The figure is adopted from [21].

Here, we have included an example of relatively simple shape-dependent LSPR peak position
in Indium-doped cadmium oxide nanostructures [21]. Figure 3.5, based on Agarwal et al. [21],
shows the variation in the LSPR peak positioning in the absorption spectra with the different
simulated shape of the nanostructures. It is clear that the increase in the number of Sharpe
edges red-shifts the absorption peak (i.e. LSPR peak), however, the peaks also get broader. Fur-
thermore, the increase in number of sharp edges around the structures also increase the number
of oscillation modes and in results, multiple peaks observed going from sphere to octahedron.

3.4.2 Material dependence

The plasmonic material as well as the material surrounds the plasmonic structures affect the
LSPR peak positioning. The dielectric properties of the nanostructures tune their LSPRs. The
same geometric nanostructures in a same medium show different resonance positions if they are
different materials. The dielectric function [εm(ω)] of a material is a complex entity that defines
the polarizability of the material under the electromagnetic wave illumination. The real part,
Re[εm(ω)], and imaginary part, Im[εm(ω)], of the εm(ω) describe the strength of the field induced
polarization and the internal losses caused by polarization, respectively. Re[εm(ω)] is a negative
value entity in metals as well as in semiconductors with the high number of conduction electrons
which is in agreement with Fröhlich condition, mentioned in (3.4). The wavelength-position
of the internal absorptions or losses of plasmonic materials limit the applicability. In case of
our Er3+-based upconversion of 1500 nm wavelength photons system, the plasmonic structures
should not be having internal losses or internal absorption at visible spectrum as the emitted
upconverted photons will be in that range. Gold (Au), silver (Ag), copper (Cu), aluminum (Al),
and tin (Sn) are some of the metals have negative real part of the dielectric function (i.e. per-
mittivity (n)) and the abundance of conduction electron to support surface plasmon resonance.
However their applicability depends upon their internal losses, reactive nature, and fabrication
challenges. Al and Sn are well-suitable for far-UV range field-enhancement whereas Au and Ag
are suitable for visible and NIR range field-enhancement. In our system, Au and Ag are appro-
priate, however, Ag has the tendency to get oxidize in air with time, and consequently, degrades
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its plasmonic property. Thus, in the present thesis Au is chosen for its fairly low absorption at
visible spectrum, effortless LSPR tunability, and chemically robust.

The effect of surrounding medium on the plasmonic resonance of the nanostructures is immense.
It depends on the dielectric function of the media [22], the arrangements of the nanostructures
on a solid support [23], distance between the supports and the nanostructures [23], and etc. It
is for instance evident from (3.6) that the LSPR wavelength of the metal nanostructures is also
influenced by the dielectric function of the surrounding media. Here, we show a shift in LSPR of
a 10 nm Au nanoparticle in a different refractive media in Figure 3.6. It is clear that an increase
in permittivity (n) shifts the LSPR towards higher wavelength.

Figure 3.6: Calculated absorption spectra of 10 nm sized Au NPs embedded in different
dielectric function media. The figure is adopted from [22]

.

3.5 Plasmon-enhanced upconversion

In this section we try to find the interaction between upconversion of lanthanides, that we
studied in Chapter 2, and the E-field enhancement through metallic nanostructures. The partly
forbidden transition in 4f − 4f states and low absorption cross section of lanthanides limit their
upconversion efficiency. It has been extensively studied that the upconversion luminescence can
be enhanced by the use of plasmonic structures in the close proximity of the emitters (optically
active lanthanide dopants). The plasmonic structures alter the nearby environment by localizing
the E-field near the emitters. The concentrated E-fields can enhance both absorption [24, 25]
and emission [24] in the emitters. The strength of the enhancement in absorption and emission of
emitters can be increased further by matching the LSPR of metal nanostructures with the optical
transition of emitters. The resonance-matched plasmon enhanced upconversion is the one way
to ensure the efficient upconversion. However, if the resonance-matched plasmonic structures
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increase the non-radiative emission along with radiative then instead of overall enhancing it
might result in quenching [26]. Previously, it has been reported [26] that at the smaller separation
(< 2 nm) between the emitters and metal nanoparticles the non-radiative decays were dominant
whereas increasing the separation led to the more radiative decays until a maximum distance
achieved. A further increase in spacing leads to a decrease in the upconversion enhancement due
to the reduced localized-field for the emitters. Figure 3.7 shows the variation in upconversion
enhancement, calculated by the ratio between the integrated area under the emission peaks of
upconversion system with and without metal nanoparticles (Au and Ag), with a spacer thickness.
The spacer was added by physical vapor deposition. It is very important how the spacer is
maintained, and based on this, the present thesis shows the such variations in upconversion
enhancement where the spacing is achieved by the shell of the upconversion nanoparticles instead.
The obtained results are discussed in Chapter 6.

Figure 3.7: Upconversion enhancement (integrated area under the emission peak normalized
to the pure upconversion films) as a function of Al2O3 spacer thickness. The left panel shows
Au nanoparticles buried in two upconversion systems with a variable Al2O3 spacing: Yb, Er
doped-NaYF4 (green lines), and Yb, Tm doped-NaYF4 nanoparticles (blue line). The right
panel shows the Ag nanoparticles in both systems. The green solid lines correspond to the 540
nm emission band and the green dashed lines correspond to the 650 nm emission band of Yb,
Er doped-NaYF4 system. The blue solid lines correspond to the 475 nm emission band in Yb,
Tm doped-NaYF4. The data point corresponding to pure upconversion films in the absence of
metal nanoparticles as a reference (Ref) are added for comparison. The figure is taken from [26]

.

Therefore, by achieving an optimized distance between emitters and metal particles one can
reduce non-radiative decay, and consequently increase the upconversion efficiency. The main
focus in the present thesis is on the way to strengthen the plasmon-enhanced upconversion in
Er3+ emitters incorporated into two host lattices, discussed in Chapter 2.
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Chapter 4

Experimental: Fabrication Methods

4.1 Introduction

This Chapter provides an overview of the experimental techniques employed to fabricate the
materials used in this project. I begins with a description of the techniques incorporated in
fabricating Er3+-doped TiO2 and NaYF4 films, and in the deposition of Au-nanodiscs on top
of quartz, TiO2, and NaYF4 surfaces. This chapter will begin with an evaluation of the radio
frequency magnetron sputtering (RF-MS) technique employed for the deposition of Er3+-doped
TiO2 thin films. RF-MS parameters have carefully been considered, as this could affect the
the deposition or make necessary changes to produce highly efficient upconversion films. Fur-
thermore, the chemical synthesis of fluoride upconversion nanocrystals (UCNCs), Er3+-doped
NaYF4, is explained. The possible application of the nanocrystals in photovoltaic (PV) is in
their film configuration, therefore, the spin-coating as a technique to produce such films of UC-
NCs will be introduced later in the chapter. Focused ion beam (FIB) tool which was employed
for lamella preparation to measure the thickness of ultra-thin (∼10 nm) Er3+-doped TiO2 films.
Shifting from the upconversion materials to the plasmonic material, Au-nanodiscs were fabri-
cated by the electron beam lithography (EBL). The chapter, thus, finishes with the discussions
about the technique, the importance in this study, and the possible challenges and their solutions
in the use of the technique for the desired outcomes.

4.2 Upconversion materials fabrication

Fabrication of Er3+-doped TiO2, and NaYF4 thin films were performed by the RF-MS and the
chemical synthesis associated with the spin coating routes, respectively. The section begins with
the full description about the RF-MS technique and its controlling parameters. The chemical
synthesis route of the fluoride nanocrystals and their film realization via a drop cast-assisted
spin coating technique is a follow-up discussion.

4.2.1 Radio frequency magnetron sputtering

Radio frequency magnetron sputtering (RF-MS) is a technique used to deposit thin films with
the assistance of a plasma. The plasma is generated between the cathode (target side) and the
anode (substrate side) by the application of a high radio frequency (RF) voltage in a vacuum
chamber with a mtorr range gaseous pressure of Ar. The presence of permanent magnet under
the target confines the plasma near the cathode (target), as illustrated in Figure 4.1. Under the
RF voltage, the electrons are accelerated and collide with the neutral Ar atoms. The collision
results in ionized Ar and a cascade effect breakdowns most of the neutral Ar atoms. The ionized
atoms close to the cathode form a plasma. The applied RF voltage is an alternating voltage
which periodically changes directions at 13.56 MHz frequency. The pulsating field hits the
electrons in between the cathode and the anode, and under right circumstance the electrons
may acquire additional force and ionize Ar effectively. Therefore, the generation and sustain of

44



Chapter 4. Fabrication methods 45

the plasma is easier in RF-MS than its DC counterparts [1, 2]. During the plasma formation
the chamber gets full of positive-ions and electrons. The lighter mass and the higher speed of
electrons allow to make the cathode negatively charged. The negatively charged cathode attracts
more Ar+ ions and the bombardment of the ions knock-out the target atoms. The removal of
target atoms is a consequences of the momentum transfer from Ar+ ions. The removed target
atoms travel towards the anode (substrate) when the alternating field reverses. The deposition
of a single atom or the fragment of atoms on the substrate result in the formation of thin films,
as illustrated in Figure 4.1 .

O2

Ar

95% Ar +5% O2

Heater + Anode

Substrate holder
Quartz Si

~

N S

Pump

N

Er2O3 + TiO2

~

Cathod

Target

Magnets

PlasmaMagnetic field

Ar+ ions
Ar atoms

Target atoms

Figure 4.1: A schematic representation of RF-MS. The plasma creation and the film formation
are illustrated.

4.2.1.1 Growth of the films

A continuous deposition of atoms on the substrate under Ar-plasma forms thin films, however,
this is a complex process. In the process, the knocked-out atoms consist of different energies,
which depend upon their generation by the ionized Ar and subsequently, deposit differently on
the substrate based on the acquired energy. The probability of de-adsorption of atoms is higher
for the initial few atoms, however, it gets lower with increasing number of pre-deposited atoms
at the substrate. The continuous adsorption of atoms form clusters at different places of the
substrate. The clusters continue to grow until it reaches to a critical size. The critical size
provides stability for each cluster and therefore, no further de-adsorption of atoms takes place.
These clusters are also termed nuclei, a unit of the process called nucleation. The growth of the
nuclei is bi-directional; vertical (downwards or perpendicular to the substrate) and horizontal
(lateral). The nuclei form islands of atoms with different crystallographic orientations. A con-
tinuous horizontal growth of the film eventually connects the islands. The resulting continuous
film possesses grain boundaries to reduce the overall energy of the prepared film. Upon the
continuity of the film at the surface, the lateral growth starts to thicken the film. The formed
grain boundaries either, stay the same size and form columnar grains or increase in size within
the resulting film.



Chapter 4. Fabrication methods 46

4.2.1.2 Controlling parameters

The structural properties (i.e morphology, roughness, and thickness) of the grown films can be
controlled by the deposition and post-deposition parameters. In addition, the optical properties
of films, i.e. Er3+-doped TiO2, can also be altered with these parameters, presented in Article 2.
The temperatures and sputtering power are the two main parameters that control the structural
and the optical properties of the Er3+-doped sputtered oxides.

Deposition temperature
The rate of nucleation and deposition are directly associated with the temperature at which the
films are grown. If the deposition of the film is performed at higher substrate temperatures,
the atoms will have higher diffusion rates and as a result, form compact films [3]. However, a
higher substrate temperature increases the critical size of the nuclei,which is the building block
of film formation process, and consequently delay the continuous film formation in a defined
period of sputtering. Therefore, an increase in the temperature decreases the possibility of the
continuity in ultra-thin films [2, 3]. The probability in fabrication of a continuous ultra-thin (i.e.
∼10 nm) film is low if the film is deposited at higher substrate temperatures compared to the
low-temperature counterparts.

Annealing temperature
Annealing temperatures do not show any direct effect on the morphology of the deposited films.
However, the annealing process plays an essential role in the creation and passivation of the
defects present in sputtered films. A detailed study about the annealing effects on the optical
properties of Er3+-doped TiO2 is presented in Article 2, Chapter 6. The variation in defects
density associated with the annealing temperature strongly affects the optical properties of the
films.

Sputtering power
The deposition rate is strongly influenced by the power of the RF-MS on which the films are
deposited.The sputtering power alters the energy and number of target atoms and consequently,
affects the growth rate and the thickness of films. An increase in the power pumps high energy
to the deposited atoms which allows their diffusion efficiently to settle at the low-energy stable
configuration.

4.2.1.3 Experimental details of our experiment

We employed a commercial ATC Orion RF-MS system from AJA International to deposit Er3+-
doped TiO2 thin films. The target and the substrate were 10 cm apart from one an other. During
fabrication, the chamber was filled with Ar and O2 gases. The flow rate of Ar was maintained
to 13 sccm whereas O2 was set to only 0.01 sccm. The gaseous (Ar and O2 ) optimizations in
the synthesis of TiO2 thin films were acquired from the previous work performed on the same
instrument by S. Johansen [4, 5]. The low amount of oxygen is unreliable if added separately,
therefore it is supplied with oxygen with Ar (i.e. O2 (5%) in 95% Ar) and monitored the flow
with mass-flow controller. The pressure of the gas was set to 0.4 Pa. Er3+-doped TiO2 thin
films were fabricated from a commercially available target consisted of a mixture of TiO2 and
Er2O3 powders. The targets were ordered with the desired concentration of dopant in the TiO2

powder. The films were deposited at various substrate temperatures (25◦C to the maximum
possible temperature given in the RF-MS (420◦C)) to optimize the optical properties of the
films. The power of the RF-MS, in contrast, was set to 100W, optimized previously by Johansen
et al. [5], for all depositions. The effect of the annealing temperature on the films were also
examined, presented in Article 2. The employed target had a diameter of 5 cm and a thickness
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of ∼1 cm. The films were either deposited on Si substrate, for the thickness and the elemental
composition analysis, or on quartz, for the optical investigations.

4.2.2 Nanoparticle synthesis

The fluoride host for Er3+ ions were fabricated as nanoparticles using the well-known chemical
synthesis route [6, 7]. The present section gives an outline of the solvo-thermal method which
was adopted for the synthesis of Er3+-doped NaYF4 nanocrystals.
In this method, Er3+-doped NaYF4 core nanocrystals were synthesized at 300◦C reaction tem-
perature. The shells of NaLuF4 were developed around the core afterwards. In this study, I have
varied the shell thickness by varying the amount of injected precursors. A complete description
of the synthesis is reported in the Supporting Information of Article 3.

4.2.3 Drop-cast assisted spin coating

Once the nanoparticles were prepared, the next task was to cast them into films. The films were
prepared by drop cast-assisted spin coating technique. The technique allowed the formation of
thin films without assistance of external hosts (i.e. polymethylmethacrylate (PMMA)). In the
film formation process I spread some drops of colloidal upconversion particles on quartz by the
centrifugal spinning force. The thickness of the films were controlled by optimizing the spinning
parameters of the spin-coater as well as by the colloidal solution properties (i.e. viscosity and
volatility of solvent, and size distribution of synthesized nanoparticles). Furthermore, we were
able to successfully lower the thickness down to one particle forming monolayers of nanocrystals.
A complete description of the film formation is reported in the Supporting Information of Article
3.

4.3 Focused-ion beam technique

A focused ion beam (FIB) uses a beam of ions that can directly modify the sample surface,
via a local sputtering process. The technique allows the milling with nanometer precision.
This technique is useful in designing samples with nanometer sharpness or removing unwanted
materials by the proper control over the energy and the intensity of the ion beam. It consists
of positively charged Gallium ions (Ga+) with the acceleration energy in range of 5 to 30 keV.
The FIB is a self-sufficient technique, capturing pictures while milling or depositing materials.
However, each scan of FIB damages the sample. Therefore, its integration with scanning electron
microscope (SEM), explained in Chapter 5, is advantageous. The FIB and SEM are stand-alone
instruments, however, their integration allows continuous monitoring while modifying sample by
FIB column. The dual beam, the electron beam of SEM and the ion beam of FIB, intersect at
an oblique angle at a coincident point close to the sample surface. This allows a high resolution
imaging of FIB-milling via SEM. The non-conductive nature of a scanned sample possess the
main challenge in the broad applicability of FIB-SEM instrument. The interaction of the dual
beam with the electric insulator results in charge building on the sample surface that effects the
analysis [8]. This potentially obstruct the applicability of the setup for a wide range of materials.

In this study, we used FEI-Versa 3D instrument (FIB-SEM) for the fabrication of lamella of
Er3+-doped TiO2 sputtered thin films. The insulating nature of the films built-up the charge
during FIB-milling and that affected in reaching the resolution for the cross-sectional analysis
of the films in transmission electron microscope (TEM). The issue was dealt by evaporating
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Au-thin films on top of the TiO2 film before milling and conducting nature of Au removed
the accumulation of charge as well as the Ga-contamination at the surface. The fabrication of
lamella was important in the thickness determination of ultra-thin Er3+-doped TiO2 sputtered
films, presented in unpublished work, Chapter 6.

4.4 Electron beam lithography

Unlike photo-lithography, electron beam lithography (EBL) is an advanced technique for the
fabrication of patterned nanostructures with a resolution of a few nanometers. The tech-
nique directly writes at a nanoscale in a desired pattern using the electron beam on to an
electron-sensitive layer. The process, with multiple steps is explained in Figure 4.2. Firstly,
the electron-sensitive resist, i.e. polymethylmethacrylate (PMMA), is spin-coated on a clean
quartz. Secondly, the resist is exposed to the e-beam for a patterned writing. Thirdly, the
exposed part is dissolved in a developer which is a mixture of methyl isobutyl ketone (MIBK)
and isopropanol (IPA). Fourthly, the desired metal (i.e. Au) is deposited via e-beam-gun source
consisted physical-vapor deposition system. Finally, the desired metal structures are realized by
dissolving in acetone for around 30 min with some mechanical vibration through ultra-sonication.
Several challenges involved in the EBL-fabrication process are well reported [9, 10]. Low yield
and proximity effects are the two main challenges with this technique. The proximity effect is a
condition where surplus dose due to scattering of electrons limits the resolution of the tool. The
yield is interpreted as the area of decorated nanostructures covered by the technique per unit
time, which becomes more important when large area fabrication is needed.

Figure 4.2: A systematic representation of the EBL processes. The figure is adopted from [11]

.

In this study, a FEI Magellan 30 kV scanning electron microscopy (SEM) system equipped
with a Raith pattern generator was employed for the EBL process. The Au-nanostructures
were fabricated in a random pattern on quartz substrate. The optical properties of metallic
structures in a periodic arrangement are critically dependent on the angle of incidence due to
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diffraction effects [12]. Therefore, to minimize this angle dependence we chose to randomize the
nanostructure placement. The proximity effect (as discussed earlier in this section) in the random
arrangements becomes more dominant in close-spacing nanostructures. However, we reduced this
effect by assigning the electron dose close to the clearing-dose range. Furthermore, the structural
diameter was increased by adding another step of plasma-etching after the development step in
the EBL process. The simplest possible geometry that can be designed with a short EBL
processing time is a truncated-cone. Therefore, we designed Au-nanostructures with this shape
and abbreviated as nanodiscs. In addition, the shape also balances between the complexity of
the structure and the cost of its production via EBL process. An increase in the complexity
of the structures increase the time of production at EBL and as a result, increase the cost.
The difference in the bottom and top diameters of a cone were dependent on the height and
diameter of the structures. We chose two different heights (20 nm and 50 nm) for this work
and the diameter were tuned between 150 nm to ∼500 nm to achieve the LSPR peak position
at 1500 nm wavelength ( at the excitation of Er3+), explained in Chapter 3. The variation in
the size of the structures were controlled by the beam-current and the plasma-etching process.
The nanodiscs were designed either on top or buried into Er3+-doped TiO2 and NaYF4 films.
The different surrounding medium changes the LSPR peak positioning to different wavelengths.
Therefore, an optimization in the diameter was a necessity for each design to achieve resonant
plasmon-enhanced upconversion, reported in Article 1 and 3.
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Chapter 5

Experimental: Characterization Tools

5.1 Introduction

The understanding of the optical properties of the sputtered oxide films, the chemically syn-
thesized fluoride nanocrystals, and the EBL-defined Au-nanodiscs can only be acquired if the
structural properties of all are thoroughly investigated. The structural characterizations of the
ultra-thin oxide films and fluoride nanocrystals poses several challenges. Electron microscopes
(EM) is a well-established method for morphological and chemical determinations. In this chap-
ter, a detailed description of EM techniques (i.e. scanning electron microscope (SEM) and
transmission electron microscope (TEM)) will be given. In addition, a brief discussion of less-
heavily-engaged EM tools (i.e. scanning transmission electron microscope (STEM) and energy
dispersive X-ray spectroscopy (EDS)) are reported. It is desirable to quantify the chemical
compositions of the prepared upconversion materials, therefore, I will discuss all the techniques
employed for this. The optical properties of the sputtered oxide films and the fluoride nanocrys-
tals in their colloidal solution and film configurations in presence and absence of Au-nanodiscs
are determined by the absorption and emission measurements. The spectrophotometry of up-
conversion materials in both their configurations and the ellipsometery are performed to measure
the absorption or absorption coefficient of the material, discussed in detail. The steady-state
and the time-resolved measurements for the emission of Er3+ ions are described in detail at the
end of this chapter.

5.2 Structural characterizations

5.2.1 Scanning electron microscopy

Unlike optical microscopy, where a white light (λ-380-700 nm) is used, a beam of electron
(λ ∼ 0.0025 nm at 200kV) is the imaging source in scanning electron microscope (SEM). The
wavelength of the electron is dependent on the accelerating voltage, therefore, the SEM with a
higher accelerating voltage provides better resolution, due to short wavelength. SEM uses a fo-
cused beam of electrons to image a sample and achieve information about the structure and the
chemical composition using the secondary electrons emitted from the sample surface. There are
four major regions in a SEM: (a) A stream of electrons is formed by the electron gun and a pos-
itive voltage accelerates it towards the sample surface. (b) The beam becomes monochromatic
via further confining by the metal apertures and magnetic lenses. (c) The magnetic lens help in
focusing the beam on the surface of the sample. (d) The bombardment of the scanning electron
beam emits the secondary electrons from the sample and their detection are transformed into
images.

For this study, the Megellan SEM from FEI was used to analyze the sputtered oxide films and
the upconversion nanocrystals (UCNC) in the film configuration. The top- and cross-sectional
views of the films were analyzed. Regarding the cross-sectional imaging, the samples were
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bipartite from the center and the placed in a way to focus the beam on the broken edge with a
tilting angle. The cross-sectional images of both types of films were hard to obtain due to the
associated quartz substrate that accumulates charges and hinders the visualization, and due to
the thin nature of the films that limits the resolution. Regarding the EBL process, explained
in Chapter 4, this SEM instrument was extensively used to visualize the arrangements and the
diameters of Au-structures.

5.2.2 Transmission electron microscopy

Transmission electron microscopy (TEM) is a technique where a beam of electrons interact with
an ultra-thin sample whilst transmitting through it. The electrons are accelerated through a
potential of 100-300 kV, depending upon the instrument, and passes through strong electro-
magnetic lenses. The achievable resolution from TEM is in range of 0.1-0.2 nm which is in range
of the size of an atom. The electrons that pass through a samples either present bright-field
contrast, diffraction contrast, or electron energy loss contrast. In bright field contrast, the image
is formed by occlusion and absorption of electrons in the sample. Thicker samples or a sample
with heavier atoms appear darker compared to the regions with lighter elements. The bright
field contrast is the most common imaging method to determine the size of nano/microparticles,
film thickness, and etc. In diffraction contrast, the contrast is formed by the elastically scat-
tered electrons (i.e incident electrons those are elastically scattered by atoms). The scattered
electrons form a pattern of spots, which represents a specific atomic spacing. From this pattern
the information about the orientation, the atomic arrangements, and the phases of a sample
can be achieved. In electron energy loss contrast the image is formed by inelastically scattered
electrons. This provides a characteristics of the elements of a sample. Therefore, TEM provides
morphological (size, shape and arrangements of particles), crystallographic (arrangements, order
of atoms and atomic-scale defects), and compositional (chemical identity and elemental compo-
sition) information of the sample.

Scanning transmission electron microscopy (STEM) is similar to TEM apart from con-
sisting a convergent beam. The beam raster-scans the surface of a sample and transmitted beam
get detected by a range of detectors. Bright field detector, low angle- and high angle annular
detectors collects the scattered electron.

Energy dispersive X-ray spectroscopy (EDS) uses the X-ray spectrum to investigate the
chemical analysis obtained by the bombardment of a sample with a focused beam of electrons.
The obtained spectra provide qualitative as well as quantitative analysis of the elements present
in a sample. Raster-scanning the focused beam on a sample and showing the intensity of the
selected X-ray line, provides the distribution of elements on a map, called elemental-map.

For this project, two different TEM instruments were used; FEI Talos F200X (operated at
300 kV) and Technai G2 Spirit Twins (workd at 120 kV). The former technique is a well equipped
technique for multiple purposes. Talos TEM is able to produce high resolution-TEM (HR-TEM)
images and equipped with scanning transmission electron microscope (STEM) and energy dis-
persive X-ray spectroscopy (EDS) configurations. Talos TEM was used to determine the atomic
resolution of the chemically synthesized fluoride nanocrystals (UCNCs), the line-scan analysis
of core-shell fluoride nanocrystals, and the cross-sectional imaging of ultra-thin sputtered oxides
whereas STEM was employed for the confirmation of the shells around the core UCNCs by dif-
ferentiating dark (core) to light (shell) contrast. The line-scan analysis provides the distributions
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of the selected elements over the drawn line on the nanocrystals, analysis can be observed in the
supporting information, Article 3. HR-TEM analysis of the fluoride nanocrystals were difficult
due to the material degradation under the continuous electron illuminations, but were achieved
by reducing the time of scan. The fabrication of lamella for the thickness determination in the
ultra-thin sputtered films was prepared by the FIB-SEM instrument (detailed in Chapter 4).
TEM sensitivity over the size of a lamella made it challenging. TEM is thus a very useful
technique but requires a considerable care for sample preparation.

5.2.3 X-ray diffraction technique

X-ray diffraction (XRD) is a well-established technique to investigate the structure of materials,
applied at almost every field of science. XRD technique measures the diffracted beam generated
through a crystalline material after an incidence of X-rays. The direction and the intensity of
the diffracted beams depend upon the orientation of the crystal lattice with X-rays. In case of
amorphous material, the random arrangement of atoms cause the beam to randomly interfere and
develop a non-distinctive pattern. In contrast, the developed diffraction pattern of crystalline
material consists of the characteristics of the arrangement of atoms within the material. The
pattern specifically provides details about the chemical content and the crystal phase of the
material. In this study, we have employed two different XRD instruments for two different
configuration of materials. The film configuration (TiO2 thin films) were measured by a Bruker
D8 Discover diffractometer equipped with a Cu Kα source whereas the powder configuration of
NaYF4 upconversion nanocrystals (UCNC) were meausred by Rigaku SmartLab diffractometers
(Rigaku, Japan) with a Cu Kα source using a curved Ge (111) Johnson monochromator.

5.2.4 Inductive-coupled plasma optical emission spectroscopy (ICP-OES)

ICP-OES is a trace-level technique to analyze the elemental composition of a sample via the
obtained emission spectra. The technique uses the inductively coupled plasma to generate
exited ions or atoms and records their emissions, the wavelength of which, is a characteristic for
a specific element. The technique is consists of the ICP and the optical spectrometer. The ICP
chamber has three quartz tubes surrounded by a radio frequency coil. The chamber is filled with
Ar gas which creates plasma after switching on the ICP torch which generates EM-field. The
sample is dissolved into an organic or acidic environment to separate the atoms or elements,
introduced into the plasma. An interaction of the sample with the plasma develops charged
ions which emit radiation based on the involved elements at the characteristics wavelength.
The wavelength separated spectrographs are measured in the optical chamber. The intensity of
the peaks are recorded by either photomultiplier tube (PMT) or charged-coupled device (CCD)
detectors. Here, this technique was used to determine the elemental composition of Er3+:NaYF4-
NaLuF4 core-shell nanocrystals. It was important to determine the concentration of the dopant
(Er3+) in the fluoride host for a comparison among nanocrystals with different shell thicknesses,
as shown in the Supporting Information, Article 3.

5.2.5 Rutherford backscattering spectroscopy

Rutherford backscattering spectroscopy (RBS) is a technique ideally used to measure the thick-
ness and depth-revolved chemical composition of thin films [1–3]. In the RBS experiment, a film
is bombarded by a high-energy (MeV) ion beam (i.e. 4He+ or 4He2+). The high energy of the
beam allow the ions to penetrate deep in the sample until they backscattered. The backscat-
tered ions are detected for their yield and energy distributions and the recorded spectrum is the
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base of the depth-profiling. The energy distribution is a function of the chemical composition
and thickness of a film and the classical Rutherford model can be used to calculate the energy
distribution of the backscattered ions. The calculated energy distribution can be written as

Eout = KEin (5.1)
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where Ein and Eout are the energies of the incident and backscattered beams, respectively,
Mt and Mion are the masses of the target atoms and the ions of the incident beam (i.e. α-
particles),respectively, and K is the kinematic factor. For a fixed direction, the kinematic factor
depends upon the mass of the target atoms (Mt). Therefore, the α-particles scattered differently
for the target atoms of different masses.
The yield of the backscattered ions can be represented by the calculation of scattering cross
section. The scattering cross section is proportional to the incident flux and can be written as
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where Zion and Zt are the atomic number of the ions (i.e. α-particles) and target atoms,
respectively. If α-particles are the source of the incident beam then Mion = Mα << Mt and
therefore, (5.3) can be simplified as

σ(θ,Mion,Mt) =
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)2 4
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(5.4)

Since the scattering cross section is proportional to Z2
t , RBS is more sensitive to heavier elements

(elements with higher atomic mass). Therefore, it is a well-suited technique for the detection of
heavier elements like Er atoms in TiO2 matrix.

The experiment was performed with the use of 5 MeV Van de Graff accelerator at the De-
partment of Physics and Astronomy, Aarhus University. A beam of 2 MeV α-particles were
incident normally at the Er3+-doped TiO2 thin films deposited on Si substrate. The detector
was placed 70◦ in angle. The thickness of the films varied in a range of 20 nm to 100 nm for this
measurements. The smaller the thickness of the films and the higher penetration depth of the
beam made the depth-profiling an easily-achievable task. The achieved spectra were analyzed
in RUMP software.

5.2.6 Secondary ion mass spectroscopy

Secondary ion mass spectroscopy (SIMS) is a technique to quantitatively determine the chemical
composition of materials. In SIMS, a beam of ions (i.e.Cs+ or Bi+) is bombarded on the surface
of a specimen and in results, neutral atoms and charged ions (secondary ions) are sputtered out.
The secondary ions are guided to a mass spectrometer by electrostatic lenses. The spectrometer
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then organizes the ions based on the mass-to-charge ratio.
In the present work, IonToF IV SIMS instrument was employed. It is a dynamic SIMS with
a time of flight (TOF)-based mass spectrometer (MS) detector. The instrument is equipped
with several gaseous source of bombarding ions. A depth profile of the elemental concentration
of a material can be achieved. The concentration profile can be generated via a layer-by-layer
removal of the sample. A lower-energy (6 keV) Cs+ ion beam for the sputtering of the top
layer and a higher-energy (25 KeV) pulsed beam of Bi+ ions for the subsequent sputtering of
the sample were used. The TOF-MS measures the time taken by the secondary ions to travel
from the sample surface to the detector. It record the mass spectrum (mass/charge ratio) of the
extracted elements or molecules. The higher the atomic or molecular mass of an element, the
higher TOF due to the slower speed. Therefore, the elements or fragments can be separated on
the spectrum based on their TOF which is correlated to their mass and charge.

In the present study, SIMS has played a big role in determining the variation in the atomic or
molecular components with the depth of the sputtered oxide films. The technique was employed
to determine the distribution of ErO− and ErO2− fragments in the films. In addition, a depth
profiling of a multi-layered Er3+ doped-TiO2 thin films (deposited at different substrate tem-
peratures) has been performed to determine the variation in H2 from one layer to another. The
role of H2 was associated with the point defects in the films, details are presented in Article 2.

5.3 Optical characterizations

5.3.1 Spectroscopic ellipsometry

Spectroscopic ellipsometry (SE) is an optical technique used to analyze the optical constants
(n=refractive index and k=extinction coefficient) and the thickness of a specimen. SE measures
the change in the polarization state of a linearly polarized light reflected at an oblique incidence
from the surface of a specimen. Upon interaction with the surface, the linearity of the light
changes to the elliptical due to the variation in the phase and amplitude components of p- and
s- part of the electric field. Therefore, SE measures the amplitude-ratio

ψ = tan−1 |RP |
|RS | , (5.5)

where |RP | and |RS | are the total reflection coefficient of s- and p- polarized lights, and the
phase-difference

∆ = δin − δr, (5.6)

where δin is the phase difference before, and δr the phase difference after the reflection, in both
s- and p- parts of the incident and reflected lights. The change in the polarization is governed
by the refractive index and the thickness of the specimen. SE provides the amplitude ratio and
the phase difference as a function of the wavelength. SE is a theoretical model based technique.
Therefore, the obtained experiential data is matched with a model that suits well with the ma-
terials characteristics. From the match or fit one receive theoretical constant and thickness of
the specimen. The values of ψ and ∆ are always correct whereas thickness and optical constants
depends upon the model from they acquired.

In this study, Sentech SE850 ellipsometer was employed in the spectral range of 300 nm - 2500 nm
wavelength with 40◦ to 70◦ (most common at 70◦) angle of incidence. I measured the optical
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constants and the thicknesses of several sputtered- Er3+doped-TiO2 thin films and spin-coated
Er3+doped-NaYF4 UCNC mono- and multi-layers. Tauc-Lorentz dispersion model [4] was used
in these studies. The films were defined from bottom to top: Si substrate of 0.5 mm thickness,
2 nm native SiO2, a film of desired material (TiO2 or NaYF4), and a roughness layer (made of
desired layer and voids). For Er3+doped-NaYF4 monolayers, the measurements were performed
at three different angle of incidence and an averaged optical constant were collected whereas
the Er3+doped-TiO2 were measured at 70◦ angle of incidence. The technique was to obtain the
optical constants (n(λ) and k(λ)) and the thicknesses of the films to be utilized in the numerical
modeling (finite element modeling).

5.3.2 UV-Vis-NIR spectrophotometry

This technique was used to measure the absorption of a material in solution and/or film config-
urations. The technique is important to verify either zero or a little absorption of upconverted
light (infra red (980 nm and 810 nm) and visible light) in the host materials chosen for Er3+

dopants in this PhD study. In addition, it is employed to determine the position of localized
surface plasmon resonance (LSPR) peak on the wavelength scale of Au-nanodiscs, explained in
Chapter 3. Precisely, I determined the absorption and the extinction (absorption + scattering)
of Er3+ doped-TiO2 and -NaYF4 thin films in the presence and absence of Au-nanodiscs as well
as colloidal solutions of Er3+ doped-NaYF4 nanocrystals. The spectrophotometer introduced
in this study does not directly measure the absorption instead measures the reflectance and
transmittance of the materials. A Lambda 1050 instrument from Perkin Elmer equipped with
a 150 mm integrating sphere was used in this study. An integrating sphere is a sphere coated
inside with a white spectralon to capture the diffused or scattered light from a material. The
employed equipment is able to scan at 175-3300 nm wavelength scale, however, a high signal to
noise ratio limits its application in range of 300-2500 nm wavelength, which is also appropriate
for the present study. The sphere has multiple entries for the beam to enter and based on the
experiment some entries were plugged-in with white reflector lids whereas others were open to
allow the beam to enter or exit. Depending upon the placement of a sample, one can measure
four different entities from this instrument. Total transmittance (TT ), total reflectance (RT ),
direct transmittance (TD), and diffused reflectance (RDiff ) are the four entities measured on
this instrument. Before coming to the measurements of the transmittance and reflectance, it
is important to understand the interaction between the light and the material. The schematic
representation (Figure 5.1(A)) shows the direct interaction of the beam with the surface of films
in the present experiment and the observed transmittance and reflectance phenomenons. Based
on where and how the sample is placed, there are four possible ways: Firstly, a samples is placed
next to the sphere and detector (placed at the base of the sphere) then the sphere captures both
direct and diffuse (scatter) light transmitted through the sample after the normal incidence and
the measured quantity is TT (Figure 5.1(B-1)). Secondly, if the sample is placed far from the de-
tector as shown in Figure 5.1(B-2) then the sphere can not collect the diffused or scattered light
and only captures direct transmitted light and records TD. For the reflectance measurements,
the sample needed to be placed at the back opening of the sphere. Thirdly, the configuration
presented in Figure 5.1 (B-3) allows the capturing of both direct and scattered reflected light
therefore, provides RT of the sample. It is noteworthy to explain that the samples in this config-
uration are 8◦ rotated to the normal to avoid the escape of RT from the front opening. Finally,
if the white standard plug, which is 8◦ from the front opening towards the opening for reference
beam is removed then the direct reflected beam can be taken out of the sphere and the measured
reflected beam is RDiff , shown in Figure 5.1(B-4). The reference beam (a beam of light which
does not interact with sample ) has a separate entry to the sphere in all four possible configura-
tions during the experiment. The reference beam calibrates the instrument by comparing with
the samples beam (a beam that passes through samples) in the absence of a sample.
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(B-1) Total transmittance (B-2) Direct transmittance measurements 

(B-3) Total reflectance (B-4) Diffused reflectance measurements 

(B-1)

(B-4)(B-3)

(B-2)

Film Quartz

Incident beam

Reflected beam
Transmitted beam

Light-matter interaction(A)

Figure 5.1: Panel (A) shows the interaction of the light with the surface of a film. The lower
panel shows the transmittance and reflectance measurements of a thin film deposited on quartz.
The red sphere is a representation for an integrated sphere coated inside white spectralon. The
black rectangle is a mirror. The black arrows are the direct rays (λ=300nm-2500nm), the blue
arrows are diffused transmitted and reflected rays, and the green arrows are the direct reflected
and transmitted rays. The lower panel is divided among the four sub-panels: B-1 and B-2 show
the different position of the sample in order to measure the total and direct transmittance,
respectively. B3 and B4, on the other hand, show the same position of the sample at the back of
the sphere for the reflectance measurements but based on the opening of the hole ( between the
main entrance hole and the reference hole) in the sphere one can measure the total and diffused
reflectance.

.

After measuring the four entities, the rest two (diffused transmittance (TDiff ) and direct re-
flectance (RD)) were calculated by

TT = TD + TDiff (5.7)

RT = RD +RDiff (5.8)

The absorption (A) and extinction (E) were calculated afterwards from the measured and the
calculated transmittance and reflectance by

A(%) = 100− TT (%)−RT (%), (5.9)

E(%) = 100− TD(%)−RD(%), (5.10)
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Figure 5.2: A schematic representation of the interaction of the white light with an Au-
deposited UCNC monolayer (film). The sketch shows the two possible regions, Au-nanodiscs
consisted UCNC monolayer and UCNC monolayer, for the incident beam interaction and defines
the direct transmittance from both.

To reduce the EBL efforts for the nanodiscs formation, the present setup of measurements
were modified, to focus the beam at a small area (i.e. 1 × 1 mm2) of Au-region deposited on
NaYF4 UCNC monolayers. The extinction measurements on this setup and with such samples
were performed by measuring the direct transmittance in the presence and the absence of Au-
discs. The sample was placed in front of the sphere as shown in Figure 5.1 (B-2). This direct
transmittance measurements were performed on a single sample where both regions with and
without Au-discs are present as shown in Figure 5.2. The diagram shows the Au-nanodiscs
deposited on top a UCNC film. The incident beam either hit the region UCNCs consisting Au-
nanodiscs and provides direct transmittance (TAuD ) or the region of UCNCs then the observed
direct transmittance is (TUCNCD ). The extinction is calculated afterwards by [5]

E(%) = TUCNCD (%)− TAuD (%), (5.11)

The determined values of the extinction calculated as (5.10) and (5.11) is not appropriate to
compare among samples where the diameter of deposited Au-discs is different (due to match
the LSPR, explained in the Section 3.4.1 of Chapter 3). Therefore, the relative cross section
is required to be calculated for a fair comparison. First, the extinction cross section (σE) is
calculated by diving the extinction with the particle density (PD) and then divided further by
the area of the particle (AAu) to get the relative cross section (σE/A).

σE/A =
E(%)

100

N

AR

1

AAu
, (5.12)

where N is the number of particle present in AR area and the ratio of this gives PD. The obtained
relative extinction cross section should be higher than 1 when the nanodiscs are in resonance
with the excitation wavelength (i.e. 1500 nm), as explained in Figure 3.3 of Chapter 3.

5.3.3 Upconversion luminescence (steady-state) measurements

Upconversion luminescence (UCL) measurements are the essence of this PhD work. The fabri-
cated thin films or colloidal solutions of nanocrystals (UCNCs) were excited by the laser with
a wavelength of 1500 nm and the emitted upconverted light were captured by a spectrograph.
The source of the laser has maximum power of 20 mW. The spectrograph is an instrument
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to separate and record the light on wavelength scale using a camera. In these studies SP2358
spectrograph from a Princeton Instrument was used, which was coupled with a PIXIS 100BR
CCD camera. The camera captured the spectrum on 500 nm to 1100 nm wavelength spectrum.
The illumination process of a sample during the experiment is mentioned in the caption of Fig-
ure 5.3. The sample can either be placed in the beam path without the sphere on a holder or
inside the sphere, presented in Figure 5.3. If the sample is on a holder without the sphere then
the diffused reflection of light will not be efficiently captured by the collecting lens, placed next
to this as shown in Figure 5.3. However, if the sample is inside the sphere then the several
reflections will isotropically spread the light over the sphere and luminescence will no longer be
spatially distributed. This will allow the collection of all upconverted light. Therefore, most of
the luminescence were performed in this configurations otherwise stated explicitly.

Figure 5.3: Schematic representation of the photoluminescence setup. A source of laser either
a 1500 nm wavelength continuous-wave (CW) or a 35 fs pulsed Ti:sapphire laser with a peak
wavelength of 800 nm is used for the laser generation. A cylindrical lens collimates the CW-laser
whereas a reflection telescope collimates for the pulsed laser. Passing through silver mirrors the
beam get focused on the sample by plano-convex lens. The sample is placed inside the integrating
sphere, discussed in Section 5.3.2. The light further guides via a achromatic lens to the entrance
slit of the spectrometer. The detection of the luminescence is either on CCD camera or on an
avalance photodiode (APD) detector based on the chosen experiment between the stead-state
and time-resolved luminescence. The picture is adopted from [6]

.

Beam area measurement
The area of a laser beam was measured in the optical setup prepared for the UCL measurements.
Assuming a Gaussian intensity profile with an elliptical shape, the area of the beam was calcu-
lated by measuring the beam-width using Knife-edge method. In the method, the total power of
the beam was recorded with a translation of the knife-edge in horizontal and vertical directions.
The obtained experimental data were fitted to the analytic expression found in literature [7] to
get the width and consequently, the area of the beam (0.20± 0.02 mm2).
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External quantum luminescence efficiency (EQLE) calculation-
EQLE was calculated by dividing the incoming 1500 nm wavelength photons to the upconverted
photons. The number of upconverted photons were calculated by multiplying the upconversion
counts of the steady-state UCL spectrum to a conversion factor. An estimation of the conversion
factor was performed based on the known power from a 980 nm diode laser. The number of
incoming photons were calculated by Planck’s energy equation. We measured the EQLE of
Er3+-doped NaYF4 UCNCs and reported in Article 3. The EQLE of 100 nm TiO2 thin films
were also measured and reported in Chapter 6.

5.3.4 Time-resolved photoluminescence measurements

Time -resolved photoluminescence (TRPL) measurements provide the insights the nature of
the upconversion and the underline dynamics. Ultra-thin films of these studies were nearly
non-detectable via steady-state luminescence measurements due to the multiple reflections of
the emitted light inside the sphere reduces the intensity of the UCL. TRPL, in contrast, were
measured outside sphere and it measured the decays of the excited states which is independent
on the thickness of the material. The measured decays provide the lifetime of the energy levels
of a dopant (i.e. Er3+). In this work, we performed TRPL via TOPAS instruments pumped by a
Ti:Sapphire pulsed laser with peak wavelength at 800 nm. The 1 kHz repetition rate of the pulsed
laser was enough to detect 1 ms interval and that was sufficient for the decay investigation. The
detection of the emitted light was performed either via an avalanche photodiode (APD) or via a
photo-multiplier tube (PMT) based on the detected spectral region. The illustration process is
same as shown in Figure 5.3. The use of TRPL was in measuring several poor performing TiO2

thin films, reported in Article 2, and the NaYF4 UCNC monolayers, reported in Article 3.
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Chapter 6

Results and Discussions

6.1 Introduction

The chapter consists of the results and discussions of the PhD work. It has summaries of three
either published or submitted manuscripts (Article 1, 2, and 3) and a detailed description of an
unpublished work. The chapter ends with a fair comparison between the luminescence of Er3+

ions present in both TiO2 and NaYF4 hosts. At the beginning of the summary of each article,
the contributions of all authors are mentioned explicitly. At the end of each summary, I have
also added the conclusions of each work.

62
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6.2 Summary of Article 1

I performed thin films fabrication, structural characterizations via ellipsometry, X-ray diffrac-
tion (XRD), atomic force microscope (AFM), and optical characterization via UV-Vis-NIR spec-
trophotometry. Fabrication of Au-nanodiscs via electron beam lithography (EBL), luminescence
measurements, and numerical analysis of all films were performed by three co-authors of this
work; Dr. Adnan Nazir (Postdoc at IFA), Jeppe Christiansen (PhD student at IFA), and Dr.
Søren P. Madsen (Associate Professor at Department of Engineering), respectively. I prepared
the first draft of the article and all co-authors contributed in the construction of the final version
of it.

Article 1: Plasmonically enhanced upconversion of 1500 nm light via trivalent Er in
a TiO2 matrix
Harish Lakhotiya, Adnan Nazir, Søren P. Madsen, Jeppe Christiansen, Emil Eriksen, Joakim
Vester-Petersen, Sabrina R. Johannsen, Bjarke Rolighed Jeppesen, Peter Balling, Arne Nyland-
sted Larsen, and Brian Julsgaard
Appl. Phys. Lett. 109, 263102 (2016).

6.2.1 Introduction

The ladder-like energy levels of Er3+ ions allow the upconversion of 1500 nm, 980 nm, and 810 nm
light as discussed previously in Chapter 2. In the conversion of 1500 nm wavelength photons
dominantly into 980 nm involves an excitation via the 4I15/2 → 4I13/2 transition and an emission
via the 4I11/2 → 4I15/2 transition, as shown in Figure 2.6. Potentially, this conversion is applica-
ble in crystalline silicon (c-Si) photovoltaic (PV) devices due to the non-absorbing nature of c-Si
for the photons with λ >1100 nm. Therefore, the upconversion of 1500 nm photons via Er3+

ions will make it available light to the PV devices. However the small absorption cross section
of Er3+ ions, as discussed earlier in Section-2.6.1, posses the limitation in the upconversion effi-
ciency. The role of metal nanostructures in the upconversion luminescence (UCL) enhancement
in Er3+ ions could resolve the issue of limited luminescence. As explained in Chapter 3, metal
nanostructures accumulate the incoming 1500 nm light in the close vicinity of an upconversion
material (Er3+ ions) which further enhances the absorption in the ions. Previously, some sep-
arate experimental [1] and numerical [2] studies were performed in this direction. Christiansen
et al. showed the UCL-enhancement experimentally with the use of geometrically unoptimized
Au-nanostructures and a separate numerical study of Goldschmidt et al. [2] predicted the UCL-
enhancement with spherical nanostructures and mentioned the necessity of a complex model.
Therefore, an in-depth study of a numerically guided plasmonically enhanced upconversion of
1500 nm wavelength photons is required. In the present work, we investigated a comparison
between the numerical prediction and the experimental realization of plasmon-enhanced upcon-
version of 1500 nm wavelength photons in Er3+:TiO2 thin films. The field accumulation around
the films was performed by the EBL designed Au-nanodiscs. The Au-discs were optimized to
match the localized surface plasmon resonance (LSPR) with the excitation wavelength (1500 nm)
to maximize the absorption in the ions. A single-particle model was employed to validate the
experimental results.

6.2.2 Summary

Er3+:TiO2 thin films were sputtered at 355◦C temperature on a 100 W radio frequency (RF)
power in a Radio-frequency magnetron sputtering (RF-MS) technique for the present experiment.
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The thickness of the films were kept at 100 nm with 5.1 at% Er3+ concentration. The Au-
nanodiscs (truncated-cone shaped) were fabricated on top of the films in a 2×2 mm2 region to
allow the UCL measurements in the presence and absence of Au-discs in a single sample. This
reduced the sensitivity to variation in the sample fabrication. The particle density (PD) of the
Au-nanodiscs in a 100×100 mm2 were restricted 4000, 6000, and 8000 and the diameter of the
Au-nanodiscs were varied from 147 nm to 545 nm, while ensuring the LSPR at a wavelength of
1500 nm, for each particle density. The sample with PD 4000 was named S4k and similarly S6k
and S8k for other two. The height of the discs were kept constant at 50 nm.
To interpret the actual multi-particle experiments, we developed a very simple finite element
model (FEM) considering a single particle in a 2×2 µm2 cross sectional computational domain.
The electric field distribution around a single nanodisc was computed on the normal incidence of
a plane wave to the surface of the sample (air/Er3+:TiO2/quartz layer). The relation between the
upconverted light intensity (IUC) and the incoming light (Iin), explained in eq.(2.8) of Chapter 2,
allowed us to conveniently define the UCL-enhancement factors as

L(n) =

∫
VUC

E2ndV∫
VUC

E2n
0 dV

, (6.1)

where n = 1.5 is inherited from the experiment, VUC shows the volume of the upconversion
film, and E and E0 are the electric field amplitudes inside the film in the presence and absence
of the nanodiscs, respectively. In an initial simulation run, we scanned the L(1.5) over the di-
ameter, ranging from 200 nm to 600 nm, and the height, ranging from 10 nm to 100 nm, of
Au-discs. The inputs of the diameter and height of Au-discs for the experiments were adopted
from the simulation. An initial comparison between the numerical prediction and the experi-
mental outcomes was performed by evaluating the relative extinction cross-section (RECA) of
the films. Numerically, we calculated the extinction by summing the absorption, ohmic heating
within the Au-discs, and the scattering as integrated scattered power around the single disc.
Experimentally, we measured the transmittance and reflectance of the Au-discs deposited on
the Er3+:TiO2 thin films in an integrating sphere, as shown in Figure 5.1 and 5.2 of Chapter 5.
Equations (5.10) and (5.12) of Chapter 5 were adopted for the calculations of RECA from the
measured transmittance and reflectance of the films. The results showed that the predicted
dimensions (diameter 315 nm and height 50 nm) of the optimized sample was in a good agree-
ment with the LSPR peak position for similar dimensions samples of each set. This indicated
that the single particle numerical model matches well in both the shape and amplitude of the
RECA curves with the real multi-particle experiment. However, the optimized sample of S6k
and S8k showed a double-peak instead the single peak predicted by the model. In order to
understand this double-peak behavior, we plotted the RECA of five samples from a diameter
255 nm (abbreviated as D255) to the diameter of 380 nm (abbreviated as D380) of S6k with the
wavelength. It was clear from the plot that there was a gradual shift of the dominance of one
peak to another by passing double-peak system.
To understand this double-peak system in all sets and to validate the models for all samples, we
plotted the inverse diameter (nm−1) with the extinction energy resonance (eV) for all experi-
mentally produced samples and simulations as shown in Figure 3(a) of Article 1, attached at the
end of the thesis. The resonance peak positioning of all samples were in a good agreement with
the simulations and showed a linearity between the inverse diameter and the resonance energy
[3]. This depicted the validity of the model over the range of samples. The double-peak system
were present in all sets and moved towards the higher emission wavelength for the smaller PD
(S4k set) or large inter-particle distance. This implies the origin of two-peak system via an inter-
particle interaction phenomenon. The phenomenon can be explained as a results of collective
oscillations of neighboring dipoles. Previously, Zoric et al. [3] suggested that an inter-particle
interactions can be minimized by maintaining the inter-particle spacing of at least 6 times the
nanostructure diameter. In our work, the average spacing between the nanodiscs for all three
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Figure 6.1: The variation in the UCL enhancement with the nanodisc diameter of experimen-
tally produced samples are shown in colored circles. The error bars represents the standard
deviation of repeated measurements on the same sample location. The black curve is a spline
interpolation to the data points (represented as black circles) acquired from the L(1.5). The
colored curves are also spline interpolation to the experimental data points (colored circles)

acquired from L
(1.5)
scaled. The idea is adopted from Figure 5 of Article 1.

S4k, S6k, and S8k sets was around 4-5 times the diameter and thus, we observed the double-peak
system.

The steady-state luminescence measurements of the samples were performed under illumina-
tion of a continuous wave laser with a peak wavelength of 1500 nm. The measurements were
performed at a laser power of 22.9 mW. The experimental setup information can be seen in
Section 5.3.3. In this luminescence experiment, the 4I13/2 energy level has been excited and
the emission of the transition 4I11/2 → 4I13/2 has been recored and plotted. The measurements
were performed on samples with and without Au-discs regions. The observed UCL-spectrum
measured in the presence of Au-discs showed more emitted light compared to the film measured
in the absence of Au-discs. A laser-power dependence of the UCL was performed to determine
the value of n used in Eq. (6.1). The n is the slope of the double-logarithmic plot between the
UCL and the beam intensity (power density) and the obtained value was 1.5. This justified the
value of n adopted in the numerical calculation. The UCL-enhancement was the ratio between
the UCL yield measured in the presence of Au-discs and in the absence of the Au-discs on the
films. In order to understand the impact of the nanodiscs diameter on the UCL-enhancement
and its comparison with the simulation, we plotted the UCL-enhancement of all samples with
their disc diameter in Figure 6.1. The figure depicts an increase in the UCL-enhancement with
the disc diameter and a maxima (∼7 times) at the disc diameter ∼ 300 nm, a diameter where
the LSPR of the discs reaches to 1500 nm wavelength in all three sets (S4k, S6k, and S8k), and a
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decrease with further increase in the diameter. The larger PD provides larger UCL-enhancement
probably due to a higher number of Au-discs in a constant area. The experimental data points
cannot directly be compared with the calculated L(1.5) from Eq. (6.1), shown as black curves
in Figure 6.1, instead it needed to be scaled to provide a similar environment as experienced by
the samples. Therefore, we scaled the L(1.5) as shown in Eq. (6.2)

L
(1.5)
scaled = 1 + α×Acomp × PD × (L(1.5) − 1), (6.2)

Acomp is the area of the computational domain and α is a free scaling parameter. The product
of Acomp with the PD gives the actual number of particle present in the computational area
(2×2 µm2). The subtraction and addition of 1 ensure the scaling of only UCL-enhancement not
the background UCL. If the single-particle model explains all the physics of the multi-particle
experiment then α should be 1 and the prediction of Eq. (6.2) should directly describe the exper-
imental data. However, this is not the case and we need a parameter which can scale the L(1.5).

By a least-square method we obtained L
(1.5)
scaled with α in range of 3-5 for three sets of samples.

From Figure 6.1, we see a rough agreement of the scaled curves (colored) with the experimental
data points. The higher value of α could be associated to the multi-particle scattering and trap-
ping of light in the films.The single-particle model can be used in the future optimization steps
in nanostructures geometry. Despite the limitations of the model it can provide fast calculations
in a large parameter space.

All in all, plasmon-enhanced upconversion of 1500 nm wavelength was shown experimentally
and modeled numerically via a single-particle model. We depicted the validity of the model in
explaining the main features of the multi-particle experiment. The highest UCL-enhancement
was ∼7 times, achieved with the disc of diameter 315 nm of S6k set. We observed the inter-
particle interaction (the double peak systems), beyond the explanation of the numerical model,
and understood qualitatively. The work defined our first step towards the use of the metallic
structures in the UCL efficiency improvement. The work also became a motivation for Emil
Eriksen, PhD at IFA and a co-author of the publication of the present work, to extend the
single-particle model to capture the double-peak system numerically. In that direction, we used
same FEM numerical model and instead of considering a single particle, we considered two
particles to determine the interaction and consequently, defines the double-peak system. The
detail of the work is beyond this thesis but details can be found in Publication 6 in the List of
Publication.
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6.3 Unpublished work

I performed thin films fabrication, structural characterizations via ellipsometry and optical char-
acterization via UV-Vis-NIR spectrophotometry and steady-state UCL measurements. Fabrica-
tion of Au-nanodiscs via electron beam lithography (EBL) and the numerical analysis of samples
were performed by two contributors of this work; Dr. Adnan Nazir (Postdoc at IFA) and Emil
Eriksen (PhD student at IFA), respectively. I have presented this work at SHIFT conference-
2017, Tenerife.

Upconversion from Au-discs embedded multilayered Er3+-doped TiO2

Contributors: Harish Lakhotiya, Adnan Nazir, Emil Eriksen, Peter Balling, and Brian Julsgaard

6.3.1 Motivation and numerical predictions

In Article 1, we presented the role of Er3+-doped TiO2 sputtered film in the upconversion of
1500 nm wavelength photons. We investigated the importance of Au-discs in the improvement
of upconversion luminescence (UCL) of the sputtered films. The truncated cone shape of Au-
nanodiscs allows the localization of the incoming field more efficiently on the sharp edges of
the geometry as shown in Figure 3.5 of Chapter 3. Therefore, a proper arrangement of the
optically active dopant and Au-discs is important in achieving maximum benefit of the field-
accumulation. Figure 6.2 (a) shows a schematic represntation and the finite element numerical
(FEM) calculated electric field distribution around sharp edges of an Au-nanodisc. The larger
part of the accumulated field is not captured by Er3+ ions. Therefore, an appropriate arrange-
ment of the ions is a pre-requisite for an efficient plasmon enhanced upconversion. Figure 6.2 (b)
thus shows the schematic of the numerically optimized system for the maximum achievable UCL-
enhancement. The thickness of the upconverting film and the height of Au-discs are optimized
by FEM, discussed in Article 1. A 3× UCL-enhancement via the near-field was predicted for
the optimized Au structures. It is noteworthy to mention that the UCL-enhancement observed
in Article 1 was around 7×, however, the predicted contribution of the near field was only 1.4×.
Therefore, the present embedded system might produce more than 7× UCL-enhancement with
the contribution of scattering.
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Figure 6.2: Schematic representations of Au-nanodiscs deposited on top of (a) and embedded
in (b) Er3+-doped TiO2 thin films and the distribution of the electric field amplitude around an
optimized Au nanodisc calculated in FEM numerical approach for each case.

The fabrication of optically active 20 nm Er3+-doped TiO2 films was possible via radio-frequency
magnetron sputtering (RF-MS) but very unreliable. It was observed that the consistency in the
optical activity of the films was poor, therefore, a new simulation was considered with the
fabrication limitations, e.g. the films should have minimum thickness of 30 nm for the optical
activity. It was observed that an increase in thickness of the Er3+-doped TiO2 films reduced
the field enhancement and consequently, the UCL-enhancement. Figure 6.3 depicts new Au-
embedded TiO2 system with increase thickness of the films while ensuring their optical activity.
It also depicts the distribution of the e-field around the optimized disc. It was observed that the
UCL-enhancement factor was dropped to 1.9× from 3× (higher than the Au-discs on the top of
TiO2 configuration but lower than the optimized embedded Au-discs configuration). Therefore,
while keeping the practical applicability of the system we aimed to design the Au-discs embedded
Er3+-doped TiO2 films as shown in the schematic of Figure 6.3.

TiO2

TiO2

Au

50nm

Quartz

Er-TiO2

50nm

20nm

Figure 6.3: Schematic representations of Au-nanodiscs embedded in the 50 nm thin Er3+ doped
TiO2 films and the distribution of the electric field amplitude around an optimized Au-nanodisc
calculated in the FEM numerical approach.
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6.3.2 Fabrication and the fabrication challenges

The fabrication of 50 nm Er3+-doped TiO2 films on a quartz substrate was performed by RF-
MS at the optimized parameters, mentioned in the summary of Article 1. The Au-nanodiscs
were deposited on top of the fabricated films via EBL technique, details can be fetched from
Section 4.4 of Chapter 4. The nanodiscs were designed with a height of 20 nm and the diameter
were optimized by a finite element method (FEM) calculation to match the wavelength of the
localized surface plasmon resonance (LSPR) with the excitation wavelength (1500 nm). The
discs were fabricated on a 2×2 mm2 area of the film so the UCL measurements both with and
without Au-discs could be performed. The top layer deposition for the fabrication of the em-
bedded Au-discs system was performed at elevated substrate temperature. We deposited 50 nm
Er3+-doped TiO2 film at 350 ◦C temperature. However, the high-temperature fabrication of
the top layer developed two challenges in the fabrication of Au embedded TiO2 system. The
challenges were

1. The heating deformed the Au-discs and consequently, changed the LSPR wavelength.

2. The bottom Er3+-doped TiO2 layer gets reheated and that might change the UCL of the
bottom layer.

One of the way to avoid the Au-discs deformation was to introduce a room temperature (RT)
deposited undoped-TiO2 film as a protector before the deposition of top upconverting layer. Pre-
viously, the optimization of the distance (maintained by optically inactive film) between the Au-
discs and the upconverting films has been established in the improvement of UCL-enhancement
[4, 5]. Therefore, the use of buffer layers not only protect the Au-discs from deforming but also
maintain the spacing between the optically active ions and the discs. Therefore, in the present
work, we have introduced top- and bottom-buffer layers for the experiments. The optimization
of the thickness of buffer layer was taken into consideration first, where four sets of samples were
fabricated by RF-MS. The thickness of the undoped-TiO2 film was varied from 0 to 20 nm. The
Au-discs were deposited on top of the films afterwards. The schematic representation of the
samples are shown in Figure 6.4.
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Figure 6.4: Schematic representations of Au-nanodiscs deposited on top of the Er3+-doped
TiO2 and the undoped-TiO2 (buffer) thin films. The buffer film maintains the spacing between
the Au-nanodiscs and the Er3+ doped TiO2 films. From left to right the thickness of the buffer
layer is varied from 0 to 20 nm.

The diameter of the discs were varied from 290 nm to 315 nm after the numerical guidance to
achieve the LSPR at 1500 nm for each set. The optical characterizations of the samples were
performed by both observing the LSPR peak position at 1500 nm wavelength in the extinction
plots (not presented) and measuring the UCL in the presence and absence of nanodiscs presented
in Figure 6.5. Figure 6.5(a) shows the schematic representation of the UCL experiment, where
a beam of 1500 nm wavelength either hits the Er3+ doped-TiO2 surface or the surface with Au-
discs on top and collects the emitted 980 nm wavelength light called the UCL spectrum. The
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UCL spectra shown in Figure 6.5(b) were recorded under continuous-wave (CW) laser illumina-
tion at a wavelength of 1500 nm using a power of 18.9 mW and a beam area (full width at half
maximum) of 6.5×10−5 cm2. The figure shows the UCL spectra of three different stages of the
fabrication of structures shown in Figure 6.4. In the first stage, four 100 nm Er3+ doped-TiO2

films are measured and the four spectra are plotted in section (i) of Figure 6.5(b). In the second
stage, the undoped-TiO2 films with the thicknesses of 5 nm, 10 nm, and 20 nm were deposited
on top of three out of four samples. The three spectra are depicted in section (ii) of the figure.
It is noteworthy to mention that the UCL yield of the samples drops with the deposition of a
buffer layer, comparing section (ii) to section (i). In stage three, the Au-discs were deposited
on top of all four samples (one without and three with undoped-TiO2 films on top of upcon-
verting layer) and the spectra are recored by hitting the Au-regions with the 1500 nm laser and
are presented in section (iii) of the figure. In general, the UCL of all films are increased. The
enhancement in the UCL is determined by dividing the area under the 980 nm peak (called as
the UCL-yield) of section (iii) to the UCL yields of samples without Au-discs ( i.e. sections (i)
and (ii)). The UCL and the calculated UCL-enhancement of all four films are plotted against
the buffer (undoped-TiO2 films) thickness in Figure 6.5(c). An insertion of the buffer layer, on
the one hand, significantly drops the UCL of the film and there is a slight decrease with an
increase in the buffer thickness. The UCL-enhancement, on the other hand, is not affected with
the buffer thickness, that indicates no importance of the buffer layer in the improvement of the
UCL-enhancement factors. The obtained results of the variation in the UCL-enhancement were
not in agreement with the results previously observed in NaYF4 matrix [4]. From the experiment
we observed nearly no impact of the buffer layer thickness on the UCL improvement induced by
the Au-discs. Therefore, the thickness of the buffer layer was fixed to 10 nm for the embedded
Au-discs experiment for two reasons: (a) Thinnest buffer which can also maintain the geometry
of discs during the top Er3+ doped-TiO2 film deposition at 350 ◦C substrate temperature. (2)
The minimum thickness of the RF-MS developed films.
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Figure 6.5: Schematic representations of the UCL experiment and the obtained UCL spectra
of three types of samples. (a) shows the schematics of the excitation and emission from two
different regions of a sample. (b) The UCL spectra in three types of samples: (i) The UCL
spectra of four 100 nm thin Er3+-doped TiO2 films (the spectra are overlapped), (ii) The UCL
spectra of three films from the previous four with different buffer (undoped-TiO2) layer on top of
the Er3+-doped TiO2 films, and (iii) The UCL spectra of all four samples, where one is without
the buffer layer and the rest are with the buffer layers, with Au-discs on top. (c) A variation
in the UCL of the films measured in the absence of Au-discs and the UCL enhancement (a
ratio between the calculated area of 980 nm emission peak of the UCL spectra measured in the
presence and absence of the Au-discs) with the buffer layer thickness.

6.3.3 Results and discussions

The 50 nm thin Er3+ doped-TiO2 and the 10 nm buffer-assisted 50 nm thin Er3+ doped-TiO2

films with Au-discs on top were used in the next stage experiment. In this experiment the Au-
discs embedded Er3+ doped-TiO2 thin films were designed by depositing 10 nm buffer-assisted
Er3+ doped-TiO2 thin films on top of the Au-discs. The fabrication of the top layers was
performed by RF-MS. Firstly, the buffer layer (undoped-TiO2) was deposited at RT on top of
the Au-discs and subsequently, the deposition of 50 nm upconversion layer war performed at
elevated temperature. Figure 6.6 represents the comparative optical studies of Au-discs on top
and Au-discs embedded samples. (A-1 and B-1) of the figure show the cross-sectional schematic
representation of the samples. The extinction curves of both samples are the depicted in (A-
2) and (B-2), where the LSPR peak positioning were shifted to higher wavelength due to the
increased refractive index of the surrounding materials. It is important to note that the shift
in the LSPR peak position was nominal compared to the numerical prediction at 1500 nm
wavelength. The UCL experiment depicted in (A-3) and (B-3) is conducted by exciting Er3+

ions in the presence and absence of Au-discs as shown in the associated schematics. The UCL
of the 50 nm films is nearly the half of the 100 nm films employed in the previous experiments,
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mentioned in the section (i) of Figure 6.5(b). However, the UCL intensity measured in the
presence of the Au-discs is not significantly higher than the UCL measured in the absence of
the discs. However, if we calculate the UCL-enhancement it is merely 2×, which is lower than
what was observed for the 100 nm films (nearly 3.5×) in Figure 6.5(c). The possible explanation
could be that the LSPR wavelength of the Au-discs are not well matched with the excitation
wavelength. Comparing (A-3) with (B-3), the UCL of the films drops around 5× and the UCL
measured with Au-discs is even lower than the bottom Er3+ doped-TiO2 film alone (black curve
of (A-3)). The possible explanation of the decrease in the UCL of the film could be the negative
impact of the elevated temperature on the bottom upconverting layer and inefficient deposition
of the top layer on the buffer layer.
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Figure 6.6: Schematic representations and optical measurements of Au-discs on top of and
Au-discs embedded in Er3+ doped TiO2 thin films. The left column (A-1 to A-3) depicts the
cross-sectional representation of the sample where Au-discs are on top of the film, in (A-1).
The LSPR-peak positioning of the deposited Au-discs in the extinction versus wavelength plot
in (A-2), and the UCL spectra measured in two different sections of the sample in (A-3). The
right column (B-1 and B-3), on the other hand, shows the cross-section representation of the
buried Au-discs in the undoped-TiO2 (buffer) and the Er3+-doped TiO2 thin films in (B-1), the
extinction plot (B-2) shows the shift in the LSPR peak from (A-2) due to the deposition of
the undeoped and doped-TiO2 thin films, and (B-3) shows the UCL spectra measured at two
different regions.

A second Au-discs embedded sample set was prepared on the base with the 10 nm buffer un-
derneath the Au-discs. The top layer deposition was performed by the RF-MS in the same way
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explained for the first sample. Figure 6.7 shows the schematics of different stages of the samples
fabrication and the optical results at each stage. The cross-sectional schematic of Au-discs on
top of a buffer layer-assisted 50 nm Er3+-doped TiO2 film is represented in (A-1) and (A-2)
shows the extinction plot of the samples. The two curves of the extinction are the results of two
Au-regions with different diameter on the sample. The UCL-spectra measured at three different
places of the sample are shown in (A-3). It is clear that the Au-discs with LSPR matched with
the excitation wavelength gives the maximum intensity (the spectra in red). The enhancement
in UCL is roughly in the range of 3-3.5× similar to what was achieved in 100 nm TiO2 film
Figure 6.5(c). After deposition of the first buffer layer on top of the Au-discs, the LSPR peak
should shift towards higher wavelength, however, the extinction plot (B-2) is unaffected from
(A-2). Unfortunately, this is beyond our explanation.
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Figure 6.7: Schematic representations and optical measurements of three configurations: Au-
discs on top, Au-discs buried in the buffer layer, and in the buffer and upconverting (Er3+ doped
TiO2) layers are shown in the left column (A-1 to A-3), in the middle column (B-1 to B-3), and
in the right column (C-1 and C-3), respectively. A-1, B-1, and C-1 represent the cross-sectional
sketch of all three configurations. Each sample has two Au-regions with different diameters. A-2
shows the extinction plot of Au-discs of the both regions on Au-discs on top configuration and
B-2 shows the shift in the LSPR peak positioning of A-2 after depositing buffer on top of the
Au-discs. A-3 , B-3, and C-3 show the UCL results obtained in all three configurations measured
on two different regions, mentioned in the attached top-view sketches.

However, the UCL-spectra measured without Au-discs, shown in (B-3), dropped to around 30%
compared to the black curve of (A-3), is in an agreement with the black curve of Figure 6.5(c),
observing the decease in the UCL going from 10 nm to 20 nm buffer layer. In addition, (B-3)
shows higher UCL yield for the measurements with the Au-discs (green curve of the plot) and the
maximum for the discs in the resonance with the excitation wavelength (red curve of the plot).
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After depositing the top upconverting layer, shown the schematic in (C-1), the Au-embedded
sample is ready for the final optical measurements. The extinction plot of the sample is not
measured due to no importance at this stage. Therefore, firstly I have measured the UCL of the
sample and the observed optically inactive nature did not allow for measuring the extinction
plot. The optical inactivity of the system could be explained by the annealing effect on the
bottom layer whereas the Er3+ ions of the top layer might get some non-radiative channels due
to their deposition on the buffer layer, which increases the non-radiative decays in the film.

6.3.4 Conclusions

In this experiment, we have tried to increase the UCL-enhancement by intermixing plasmonic
structures (i.e. Au-nanodiscs ) with the optically active dopants (i.e. Er3+ ions) in a best-possible
way. We have fabricated the Au-discs embedded Er3+-doped TiO2 system for this purpose. The
high temperature deposition of Er3+-doped TiO2 film introduced some fabrication challenges for
the embedded sample. The buffer (undoped-TiO2) film was considered as a solution for the shape
deformation of the Au-discs induced by the top layer deposition at an elevated temperature.
The thickness of the buffer layer was optimized to 10 nm. Two samples, where Au-discs either
deposited directly on top of the upconverting layer or on the buffer layer first, were used for the
fabrication of the embedded samples. The upconversion in the both embedded samples were
found significantly lower than the upconversion of the bottom layer itself. It can be assumed
that the heating either reduced or vanished the upconversion of the Er3+ doped TiO2 thin films.
From the present experiment, we couldn’t not achieve the desired outcomes but we received the
motivation of our next experiment, mentioned as Article 2 of the thesis.
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6.4 Summary of Article 2

I was engaged in all experimental work related to the material fabrication, structural character-
izations and some optical characterizations of this study, except stated explicitly. Specifically,
I performed fabrications, structural characterizations via ellipsometry, X-ray diffraction (XRD)
and atomic force microscope (AFM), and steady-state luminescence measurements of all films.
Rutherford backscattering spectrometry and time-resolved photoluminescence (TRPL) measure-
ments of all films were performed by two co-authors of this work John Lundsgaard Hansen (Senior
researcher at IFA) and Jeppe Christiansen (PhD student at IFA), respectively. I prepared the
first draft of the article and all co-authors contributed in the construction of the final version of it.

Article 2: Upconversion luminescence from magnetron-sputtered Er3+-doped TiO2

films: Influence of deposition- and annealing temperatures and correlation to decay
times
Harish Lakhotiya, Jeppe Christiansen, John Lundsgaard Hansen, Peter Balling, and Brian Juls-
gaard
Revised submission Journal of Applied Physics August, 2018

6.4.1 Introduction

Chemical [6] and thermal stabilities [7], relatively low phonon energy [7], and nearly zero ab-
sorption in visible, and near-infra red (λ <1100 nm) light [8] makes TiO2 a widely accepted
material for upconversion process, a process where two or more low-energy phtonos are merged
to produce one high-energy photon. Fabrication of TiO2 thin films is well-established by physical
vapor deposition (PVD) techniques [9, 10]. A radio-frequency-magnetron sputtering (RF-MS),
a widely accepted PVD technique, is a cheap, fast, and simple technique to synthesize oxide
thin films for solar cell applications [10, 11]. The technique can precisely control the oxide films
thickness down to 10 nm. Fabrication of Er3+-doped TiO2 thin films for the upconversion pur-
pose is reported previously [12, 13]. It has been observed in the work of Sabrina et al. [12, 13]
that upconversion luminescence (UCL) of radio-frequency magnetron sputtered Er3+:TiO2 thin
films can significantly be altered by the variation in deposition and material parameters during
the fabrication process. They observed that an elevated temperature is a pre-requisite for a sig-
nificant UCL from the films. However, a detailed study explaining the underlying mechanisms
has never been carried out. This detailed study is not only important in understanding the
fundamental science but also in optimizing the sputtered films for a further UCL improvements.
A layer by layer growth of plasmonically enhanced Er3+-doped TiO2 thin films could be a way
to achieve such UCL improvements. However, the possibility of several fabrication steps at el-
evated temperatures in the layer by layer growth demands a thorough study of the impact of
the deposition and annealing temperatures on the optical properties of the grown films, which
is the focus of the present work.

6.4.2 Summary

In this work, several sets of 50 nm thin Er3+:TiO2 films were sputtered at different deposition
temperatures ranging from room temperature (RT) to 350 ◦C in an Ar with 2 % O2 environment.
The as-grown films were post annealed afterwards at several temperatures in the environment
as same as the deposition environment (Ar/O2 environment) with and without being exposed
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to ambient air. The steady-state luminescence experiment was conducted by optical excitation
of the as-grown and post-annealed films with a 1500 nm laser and collection of the emitted light
at 980 nm wavelength (called as UCL signals), corresponding to the 4I11/2 → 4I15/2 (ground
state) transition of Er3+ ions in Er3+:TiO2. It has been seen that samples deposited at RT and
lower substrate temperates are optically inert and the first observable UCL signal was achieved
at a deposition temperature of 250 ◦C. The maximum UCL yield, the area under the 980 nm
wavelength peak in the emission spectrum, was obtained for the film deposited at 350 ◦C tem-
perature. Post annealing of such films, in general, has shown an adverse effect on the UCL yields
of as-grown films. Figure 6.8, adopted from Article 2, shows the variation in UCL yields with
the annealing temperatures on the films grown at different deposition temperatures. The films
deposited at higher substrate temperatures are inclined towards becoming optically inert with
an increase in annealing temperatures, whereas films deposited at lower substrate temperatures
are unaffected by post annealing. However, the impact of post annealing on the UCL yields
of as-grown films are comparably less adverse if the films are not exposed to ambient between
the multiple temperature treatments, shown as dashed curves of Figure 6.8. Interestingly, air
unexposed films deposited at lower substrate temperature are optically healed with an increase
in post-annealing temperatures.
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Figure 6.8: Upconversion luminescence yield (area under the 980 nm emission peak) as a func-
tion of annealing temperature for films deposited at different deposition temperatures (Dxxx◦C).
The diamonds represent the unannealed samples whereas circles, triangles, and squares corre-
spond to the samples annealed at temperatures 150 ◦C, 250 ◦C, and 350 ◦C, respectively. The
solid and open symbols correspond to samples being exposed and unexposed to ambient air,
respectively, before annealing.

Along with steady-state luminescence measurements, all films were further analyzed by TRPL
to determine the characteristic decay times of the involved energy levels of Er3+ in the films.
In this experiment, we excited the samples with a 800 nm laser to populate the 4I9/2 energy
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level and recorded the emission at 980 nm and 1500 nm wavelengths, representing the two lowest
excited energy levels 4I11/2 and 4I13/2 of the Er3+ ions. The characteristic decay times of the two
energy levels were calculated by the fitting of raw data and are represented as τ11/2 and τ13/2,
respectively. In the case of lowering the deposition temperatures from the temperature of maxi-
mized UCL (350 ◦C), lower decay times (faster decay) and smaller area under the decay curves
were observed in the as-grown films. This clearly indicated of the presence of more non-radiative
decay channels at the lower deposition temperatures. The adverse effect of post annealing on
the UCL yield was also observed in the decay times (τ11/2 and τ13/2) of the same samples. The
higher annealing temperatures, in general, decreased the decay times, however, unexposed films
deposited at lower substrate temperatures have shown longer decay times which was in good
agreements with the results obtained from the steady-state luminescence. As mentioned earlier
in the text, if the non-radiative decay channels are the one which varied with the deposition and
annealing temperatures then UCL yield should increase with respect to both τ11/2 and τ13/2. To
establish this relation between these decay times and the observed UCL yields of all investigated
samples, a plot was developed between the UCL yields and product of both τ11/2 and τ13/2 pre-
sented in Article 2. The figure provided an experimental fact that the data exhibited a reasonable
approximation in a proportionality between the two. In fact, this relationship can be under-
stood on the basis of a simple rate-equation model, which is presented by Christiansen et al. [14].

Despite the large variation in the optical properties, all films (unannealed and annealed) were
structurally (amorphous and surface roughness) unchanged with the temperature treatments.
Therefore, most likely the optical variation were the results of atomic scale variation in the films,
i.e. point defects in the films. The presence of point defects and the variation in its density with
the ambient air and temperatures in sputtered oxide films, e.g. TiO2 and SnO2 [15–18] were
previously well studied. In the study of Pham et al. [19] the oxygen-vacancy defect states were
observed at about 1.0-1.5 eV above the top of the valence band in amorphous-TiO2 thin films
deposited at 300 ◦C. We proposed that such oxygen-vacancies were present in our Er3+:TiO2

thin films. The transition energy (∼ 1.27 eV) of the 4I11/2 → 4I15/2 and the transition energy
(∼ 0.82 eV) of the 4I13/2 → 4I15/2 were in good agreement with the energy difference between
the defect states and the valence band of TiO2. Hence, the non-radiative decay paths from
these two states of Er3+ ions could be associated with the excitation of valence-band electron
to the defect states in TiO2. Previous works have reported on the role of hydrogen passivation
of oxygen-vacancies in c-TiO2 [20] as well as of dangling bonds in a-TiO2 films [18, 21] through
formation of O–H bonds [21]. We further proposed that the defects in as-grown films were
possibly passivated by hydrogen (H) atoms (due to the presence of unintentional H-residuals
in form of H-plasma during the sputtering process) and consequently, the films were optically
active. Annealing of such films (in absence of H-plasma) removed the H-atoms from the pas-
sivated defects and the defects became optically active. Therefore, we assume that with an
increase in annealing temperature, the number of non-radiative channels were increased for the
excited electrons resulting in the drop in luminescence. In addition, the role of ambient air was
understood by its possible assistance in an efficient H-removal from the defects compared to the
H-removal in samples unexposed to air with rising annealing temperatures. Therefore, the effect
of the annealing on the UCL was more adverse in air-exposed samples.

Additional experiment: So far, we discussed the possible role of H-atoms in the passivation
or activation of the defects, arising during the fabrication process, in Er3+:TiO2 thin films. As
per our understanding, the absence of H during the fabrication was nearly impossible to achieve,
however, annealing could be performed in an intentional H2 environment which will underline our
current understanding of H-atoms in the defects passivation. Annealing of the films in molecular
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hydrogen atmosphere can either reduce the dissociation of hydroxyl bonds at the surface of as-
deposited TiO2 films or can passivate the dangling bonds of Ar/O2 annealed films. Thus, we
performed another experiment where an annealing of two samples: the one deposited at 350 ◦C
with the maximum UCL yield, and other is deposited and annealed both at 350 ◦C with zero
UCL yield, was performed in H2/N2 environment in a tube furnace. Due to the absence of the
H-plasma source in the sputtering chamber, molecular hydrogen was the obvious choice for the
annealing environment in the experiment. Despite comparable high activation energy and weak
interaction with TiO2 surface, the reduction of the TiO2 surface by molecular hydrogen during
annealing under high vacuum is reported previously[22, 23]. After the treatment, we saw UCL
signals in both films under the excitation of a 1500 nm laser. However the UCL yields were
only 10 percent of the maximum in both samples. It is important to notice that the optically
inactive sample now recovered and started to emit upconverted photons. This indicated the
role of molecular hydrogen in the hydroxylation of the oxygen-vacancies in Er3+-doped TiO2

films. A possible explanation for the poor recovery of the UCL yield is the less-reactive nature
of molecules compared to plasma [24].

All in all, the role of deposition- and annealing temperatures have been extensively studied in
the present work. We observed the highest UCL yield at a deposition temperature of 350 ◦C
with a 5.1 at% concentration of Er3+ ions. In general, post-annealing of deposited films reduced
the UCL. We determined that the air-exposure is detrimental to the UCL performance of the
deposited films before the post-annealing. On the contrary, the post-annealing was beneficial
if the films were deposited at lower substrate temperature and unexposed to air before the
annealing process. The decay curves from the 4I11/2 and 4I13/2 of Er3+ ions showed the possible
activation of non-radiative channels with annealing of the deposited films, and the τ11/2 and τ13/2

were in good agreement with the obtained UCL for all films.We proposed that the variation
in the UCL of thin films was linked to an interplay between generation of O-vacancies and
passivation by H-atoms. From the present understanding, we can define a suitable environment
for annealing the films for the development of an Au-embedded multilayer system. From the
additional experiment we learned the way to retain the UCL yield of the deposited films with
annealing. In designing, thus, of a multi-layered structures , if the top layer is deposited at 350 ◦C
under H-plasma then possibly the bottom layer (that get heated) could retain its UCL and overall
UCL will be doubled or more depending upon the number of deposited layer. This could further
pave the way for the use of Au-embedded multi-layered Er3+:TiO2 in the upconversion-based
solar cells.
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6.5 Summary of Article 3

I was engaged in all experimental work related to the material fabrication, structural characteri-
zations and some optical characterizations of this study, except stated explicitly. In the material
fabrication, I performed the chemical synthesis of core-shell upconversion nanocrystals (UCNCs)
and the UCNC monolayers formation via spin coating. In the structural characterizations, I con-
ducted powder X-ray diffraction (PXRD) and transmission electron microscope (TEM) imaging
for all colloidal UCNCs, and cross-section and top-view scanning electron microscope (SEM)
imaging for all UCNC monolayers. In the optical characterizations of nanocrystals, I was in-
volved in ellipsometry and steady-state luminescence (UCL) measurements. Inductive coupled
plasma-optical emission spectroscopy (ICP-OES), scanning transmission electron microscope
(STEM), and energy dispersive X-ray spectrometry (EDS)-line scan of colloidal UCNCs were
performed by Martin Bondesgaard (PhD student at Chemistry). High-resolution TEM (HR-
TEM) of colloidal UCNCs and time-resolved photoluminescence (TRPL) measurements of all
samples in both films and solutions configurations were performed by Aref Mamakhel (Research
associate at Chemistry) and Søren Roesgaard (Postdoc at IFA), respectively. Au-discs for the
work were designed by Adnan Nazir (Postdoc at IFA) using electron beam lithography (EBL).
I have prepared the first draft of the complete article (main letter and supporting information)
and all co-authors contributed in the construction of the final version.

Article 3: Resonant Plasmon-Enhanced Upconversion in Monolayers of Core-Shell
Nanocrystals: Role of Shell Thickness
Harish Lakhotiya, Adnan Nazir, Søren Roesgaard, Emil Eriksen, Jeppe D. Christiansen, Martin
Bondesgaard, Frank C.J.M. van Veggel, Bo Brummerstedt Iversen, Peter Balling, and Brian
Julsgaard
Submitted Nano Letters August, 2018

6.5.1 Introduction

The photon merging ability of trivalent lanthanide (Ln3+)-doped upconversion nanocrystals
(UCNCs) make them suitable for biomedical imaging [25, 26], photovoltaic (PV) devices, [27, 28],
display technologies [29], and many more applications [30]. Single-doped lanthanides (Er3+ or
Tm3+) [31, 32] have ability to convert near-infrared (NIR) photons (λ > 1100 nm) into visi-
ble photons whereas co-doped (i.e. Er3+-Yb3+) UCNCs are more efficient in the conversion of
980 nm NIR photons to visible photons. Therefore, the single lanthanide-doped UCNCs are
more appropriate than the co-doped UCNCs for the photo-current efficiency enhancement in
crystalline silicon (c-Si) solar cells by converting non-absorbable photon (λ > 1100 nm) to ab-
sorabale photons (400 nm > λ < 1100 nm). However, a small absorption cross-section [33, 34]
and the faster non-radiative decays compared to the radiative emission of single lanthanide-
dopants may introduce limitation to their upconversion luminescence (UCL) efficiency. The
formation of optically inert shells around the optically active core-nanocrystals [35], on the one
hand, is one of the way to deal the later limiting factor in UCL efficiency. The former limiting
factor, on the other hand, can be dealt by concentrating the incoming light near the UCNCs
by metal nanostructures [36], as explained in Chapter 3. For PV device applicability both opti-
mizations need to be performed on the film configurations of the chemically synthesized colloidal
UCNCs. Fabrication of UCNC monolayers demonstrate a well control film formation on atomic
level. In addition, UCNC monolayers could show a single particle interaction with metal nanos-
tructures, placed in close vicinity of UCNCs. An optimization of metal nanostructures for the
UCL efficiency enhancement in UCNCs involves an enhanced absorption and emission within
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the structures [37]. An enhanced absorption demands a resonant interaction with the optically
active dopant of the UCNCs and an enhanced emission requires an optimized distance with the
dopant of UCNCs, explained in Chapter 3. Therefore, an optimization of both absorption and
emission could pave the way for an efficient upconverison layer for photo-current improvement
in c-Si PV devices.

The present work investigated the variation in upconversion luminescence (UCL) of core-shell
UCNCs with the shell thickness in their monolayer configuration. The work involved the decay
times of the two lowest (most dominant) energy levels of Er3+ ions to study the possible acti-
vation of the non-radiative decay channels in the transformation of colloidal UCNCs to UCNC
monolayers. The plasmon enhancement was ensured by depositing Au-nanodiscs via EBL either
on top of or below the UCNC monolayers. The nanostructures were optimized by both match-
ing their LSPR with the excitation wavelength (1500 nm) and determining their appropriate
distance from the Er3+ ions.

6.5.2 Summary

The work involved the chemical synthesis of Er3+-doped NaYF4 nanocrystals by solvo-thermal
method. Spherical core-nanocrystals, with a diameter of 19.7 ± 0.7 nm, were fabricated with
20 mol% Er3+ for the present experiment. A continuous growth of NaLuF4 shells around the core
was fabricated either by the sequential layer growth [38–40] or by the one-shot injection methods
after retrieving one sample of core-nanocrystals. A set of samples were prepared with the shell
thickness ranging from 0.8 nm to 10.1 nm around the core. The presence and the uniformity of
the shell were verified by multiple techniques; HR-TEM of some UCNCs, STEM of core-shell
UCNCs, EDS-line scan over a core-shell nanocrystal, and PXRD of all UCNCs. TEM images,
on the other hand, confirmed the narrow size distributions (< 5%) in all UCNCs. The intro-
duced dopant concentration was analyzed by ICP-OES and the achieved value, 17 mol%, (close
to the targeted 20 mol%) was very consistent among samples. All the structural characteriza-
tions of the colloidal UCNCs proved the appropriate structures formation for the optical studies.

Fabrication of UCNC monolayers was performed by drop-cast assisted spin coating technique.
The technique involves the spinning of colloidal UCNCs drop on a quartz substrate. The UCNC
monolayers were achieved by selecting an appropriate solvent for the UCNCs, achieving the
right concentration of the UCNCs, and optimizing the spinning parameters of the technique.
The monolayer verification was performed by intentional terminating the film with scotch-tape.
The 2D-arrangements of UCNCs showed a close-packed ordering of nanocrystals with some mi-
nor defects. It has been observed that the ordering in the UCNCs arrangements gets worst with
increasing nanocrystals size due to their dominance over the capillary forces during the solvent
evaporation. Therefore, the UCNCs with the shell thickness of 10.1 nm showed a close-packed
arrangements but without any specific orientation.

The optical investigations of the colloidal UCNCs and the UCNC monolayers were performed by
the steady-state UCL and TRPL measurements. A continuous-wave (CW) laser with a wave-
length of 1500 nm and a power density of 9.8 mW/cm2 were used to excite the 4I13/2 energy
level of Er3+ ions in the UCL measurements. The measurements recorded the transitions of the
4I11/2, 4I9/2, 4F9/2, 4S3/2, and 2H11/2, to the ground energy level ( 4I15/2) with the emission-
wavelengths of 980 nm, 810 nm, 660 nm, 550 nm, and 525 nm, respectively, as explained in
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Section 2.6.1. The UCNC monolayers were performed inside an integrating sphere (explained in
Section 5.3.3), however, the colloidal UCNCs were excluded from the UCL measurements in the
preset study due to the similar published report by Fischeret al.[39]. An increase in the shell
thickness reduces the number of nanocrystals and consequently, the number of Er3+ ions in the
area illuminated by the laser. Therefore, the obtained UCL spectra were normalized with the
number density of the Er3+ ions in the constant area. The total UCL yield (sum of area under
the all emission peaks) was observed as a function of the shell thickness. The UCL yield of the
core-nanocrystals was enhanced by 16.5× and 94.4× by the growth of ∼ 3 nm and ∼10 nm shell
in their monolayer configuration. The external quantum luminescence (EQLE) were measured,
explained in Chapter 5, Section 5.3.3, for all UCNC monolayers and EQLE showed an increas-
ing function with the shell thickness. The increase has a low, steep, and a constant slopes until
nearly 1 nm, 1 nm to 6 nm, and 6 nm to ∼10 nm shell thickness, as shown in the Figure 6.9(a).
The increasing EQLE could possibly be explained by two reasons. First, the presence of sur-
face defects on the surface of core-nanocrystals provides a alternative paths to the Er3+ ions
to decay non-radiatively. However, the surface passivation by a shell around the core reduces
such pathways and consequently, increases the radiative emissions. Secondly, The nanocrystals
posses ligands on the surface to be to stabilized in a colloidal solution. Therefore, an increase in
the shell thickness increases the spacing between the Er3+ ions and the emission quenchers, -OH
and -CH groups of ligands. This eventually, increases the radiative emissions from the Er3+ ions.

The TRPL measurements, in contrast, were performed by a pulsed laser with a peak wavelength
of 800 nm. The experiment was performed outside the integrating sphere for both the colloidal
solutions of UCNCs and the UCNC monoalyers. In this experiment, the 4I9/2 energy level of
Er3+ ions was populated and the decays from the 4I11/2 and the 4I13/2 to the ground level (4I15/2)
were recorded. The obtained decay curves were fitted by single- or double-exponential decay
models (detailed in the submitted Article 3) and provided the lifetimes of both energy levels; the
lifetime of 4I11/2 represented by τ11/2 and the lifetime of 4I13/2 represented by τ13/2. We observed
longer lifetimes and the lager area of the decay curves interpreting increased amount of emitted
light from the samples with thicker shells in their both solution and monolayer configurations.
A plot between the decay curves and the shell thickness showed an increasing function with a
low, a steep and a constant slops as observed in the variation in EQLE with the shell thickness
as shown in Figure 2 of Article 3, attached at the end of the thesis. This indicates a good
correlation between the UCL and the TRPL measurements.
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Figure 6.9: (a)A variation in the EQLE with the shell thickness in the UCNC monolayers.
The blue spheres are the core-nanocrystals and the nanocrystals with the largest shell thickness
(10.1 nm) around the core are represented by the red spheres. The schematics show their 2D-
arrangement on quartz substrates. The colored data points are in agreement with the color of the
schematic spheres whereas the blak data points indicates the other core-shell UCNC monolayers.
(b) shows a decreasing function of UCL-enhancement caused by the buried Au-nanodiscs with
the shell thickness. The schematic representations depict the buried-Au-nanodiscs in the core
and the core with thickset shell UCNC monolayers. The color code is in agreement with (a).
The black curves in both panels (a) and (b) are guides to the eyes. The figure is a modified
version of the schematic used in the graphical abstract of Article 3.

The role of metallic nanoparticles as an UCL-enhancer is determined by depositing Au-nanodiscs
either on top of or buried in the UCNC monolayers after being deposited on quartz. EBL was em-
ployed for designing such truncated cone-shaped Au-nanodiscs in 1×1 mm2 area of the substrate
(either the monolayers or quartz). The Au-discs were fabricated in a way that the UCL mea-
surements both in the presence and absence of Au-discs can be performed on one sample. The
Au-discs were geometrically optimized to match the localized surface plasmon resonance (LSPR)
of the discs to the excitation wavelength (1500 nm). The shape and height of the discs were
kept constant and the diameter were varied to shift the LSPR peak position. Experimentally, we
tuned the LSPR by trial and error, and verified afterwards by finite element numerical approach
with the experimentally optimized diameter. The numerical approach solved the Maxwell’s
equations to find the electric field distribution around a single nanodisc. The fabrication of
Au-discs on top of the UCNC monolayers proved the concept of designing at atomic-scale as
well as pave a path for the Au-embedded multi-layered UCNCs for an efficient upconversion.
The UCNC monolayers were chemically and thermally stabilized for the next stage Au-discs
deposition. Despite the fabrication success, the luminescence of the monolayers diminished after
the electron beam exposure during the EBL process, possibly due to defect creation for the non-
radiative decays in the UCNCs. However, a possible replacement of EBL could be a non e-beam
technique like nanoimprinting, for the Au-structures deposition. In that way the observed drop
in the UCL could be recovered.

Fabrication of Au-nanodiscs on quartz and buried in UCNC monolayers afterwards could be
another solution to deal with the detrimental effect of e-beam on the UCNCs while achieving
the plasmonic enhancement. In order to test this we prepared UCNC monolayers covering
different sized Au-discs to match the LSPR to the excitation wavelength. The transmittance
and reflectance of all samples were scanned over a wavelength-range (400 nm to 2000 nm) and the
calculated relative extinction cross-section (explained in Section 5.3.2) showed the LSPR peak
position at 1500 nm which was in a good agreement with the numerically calculated value. A
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cross-sectional schematic representation of the present samples can be observed in Figure 6.9(b).
The UCL measurements were performed on the samples either exciting the UCNCs with the
Au-region (called in the presence of Au-discs measurements) or exciting the UCNCs without
Au-region (called in the absence of Au-discs measurements). The enhancement in the UCL
was calculated by dividing the UCL yields of the UCNCs in the presence of Au-discs to the
UCL yield in the absence of Au-discs. The observed UCL-enhancement is plotted with the shell
thickness in Figure 6.9(b). We observe that an increase in the spacing between the Er3+ (present
in the core) and the Au-discs by the NaLuF4 shells, decrease the UCL-enhancement factor. This
could be interpreted as a continuous drop in the Au-discs generated concentrated E-fields with
the shell thickness for Er3+ emitter. In contrast, previously it has been reported [4, 5] that an
increase in spacing (maintained by physical vapor deposited layers) between the both showed
an increase in UCL-enhancement for first few nanometer distances (5 nm - 10 nm) due to the
drop in non-radiative quenching and subsequent, decrease due to the field reduction. The shell
as a spacer in the present experiment not only maintain the distance but passivates the surface
of nanocrystals simultaneously. Therefore, in the first few nanometers spacing, a competition
between the improvement in UCL-enhancement caused by the Au-discs and the improvement
in the UCL of UCNC monolayers caused by the shell formation happens. The resultant of both
produces the trend seen in Figure 6.9(b). The surface passivation by the shells dominates in
our study, therefore, we only observe the continuous drop in the UCL-enhancement caused by
the Au-discs. Therefore, we do not observe the aforementioned parabolic improvement in UCL-
enhancement in our study. The UCL improvement achieved by the Au-nanodiscs in the core
UCNC monolayers, 5×, is very small compared to the enhancement observed by the thickest
shelled UCNCs, 100×. However, a path of possible implementation of both in solar-cell devices
could be opened more efficiently if the Au-discs are replaced by specially designed Au-structures.
Such structures should produce more UCL-enhancement compared to the enhancement (2-3
folds) achieved by the Au-discs.

All in all, an investigation between the UCL yield and the shell thickness of the nanocrystals
in the monolayer configuration has been performed. We observed that the τ13/2 and the τ11/2

of Er3+ ions do not change in the transition from solution to monolayer configuration which
eliminates the possibility of activation of non-radiative decays. The maximum UCL improve-
ment, ∼100×, was observed with the shell of 10.1 nm thickness. Further UCL enhancement
was achieved by the nearby placement of in-resonance Au-nanodiscs. By placing Au-discs on
top of the UCNC monolayers, on the one hand, opened a possible fabrication of Au-embedded
multi-layered UCNCs for the photo-current improvement in the PV devices. On the other hand,
the possible UCL-enhancement by burying Au-discs in the UCNC monolayers were determined.
From the present work, we prove the UCL-enhancement by two separate routes; a structural
modification in the nanocrystals by the inert shell formation and a modification in the nearby
environment by placing Au-nanodiscs in the close proximity of the nanocrystals. These strategies
can further be used in the fabrication of upconversion-based solar cells.

6.6 A correlation between the luminescence of Er3+ ions present
in TiO2 and NaYF4 films

In this section, I make a correlation between the luminescence of Er3+ ions present in the
optimized film of Er3+ : TiO2 and the optimized monolayer of Er3+ : NaYF4−NaLuF4 UCNCs.
The TiO2 film deposited at 350 ◦C with 5.1 at% dopant concentration and the monolayer of
UCNCs with the shell thickness of 10.1 nm with 20 at% dopant concentration were found most
efficient, used in this comparison. The luminescence from both samples were measured under
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similar measurement conditions and at same laser irradiance of 0.3kW/cm2. The obtained UCL-
spectra of both samples are presented in Figure 6.10. From the figure, one can easily conclude
that the Er3+ present in NaYF4 are comparably more luminescent. However, the different dopant
concentrations and different effective thicknesses of the materials forbid a candid comparison
between both. Therefore, I have calculated the normalized UCL yields, UCL yield per Er3+ ion,
for both systems and a candid comparison was made at the end.
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Figure 6.10: Upconversion luminescence of Er3+-doped TiO2 and -NaLuF4 films. The spectra
show from five emission peaks originated from the transitions five excited energy levels to the
ground-level (4I15/2) of Er3+ ions, embedded in two different hosts.

6.6.1 Calculation of normalized UCL yield for Er3+-doped TiO2 film

The UCL yield (total area under the emission peaks) was calculated from the black curve of
Figure 6.10. The obtained UCL yield value was 9.5×104. The normalized UCL yield can be
calculated as

Norm.UCL =
UCL

n×A× d (6.3)

where n is the ion density (cm−3), A is the laser-beam area (6.4×10−5 cm2), and d is the
thickness of the film (50 nm). The n of (6.3) can be calculated as

n =
N

V (cm3)
=
ρT iO2(g/cm3)

MTiO2

(6.4)

where N is the number of Er3+ ions, V is the volume in cm3, ρT iO2 is the density of TiO2 (4.23
g/cm3), and MT iO2 is the mass of TiO2 (1.3×10−22 g). After placing the value of n, A, and d



Chapter 6. Results and Discussions 85

in (6.3), one can get the normalized UCL yield. The Norm. UCL yield of the optimized Er3+

(5.1 at%) : TiO2 thin film was calculated to be 6.0×10−8.

6.6.2 Calculation of normalized UCL yield for Er3+-doped NaYF4 monolayer

Similarly, the UCL yield of 40 nm Er3+ (20 at%) : NaYF4-NaLuF4 core-sehll UCNC monolayer
was calculated from the red curve of Figure 6.10. The obtained UCL yield was 1.2×105. The
normalized UCL yield can be calculated as

Norm.UCL =
UCL

Ntot
(6.5)

where Ntot is the total number of Er3+ ions present in the illuminated volume. That can be
calculated as

Ntot = NUCNC ×Nipn (6.6)

NUCNC is the number of UCNCs and Nipn is the number of ions present in one UCNC. NUCNC

can be calculated as

NUCNC =
A

πr2
× PD (6.7)

where r is the radius of the UCNC (∼20×10−7 cm), PD is the packing density of the UCNCs
in 2-D array (∼0.9), A is the area of the beam, and the area of the UCNC was calculated while
considering as discs. Nipn of (6.6) can be calculated as

Nipn = n× VUCNC (6.8)

n is the ionic density in the UCNC monolayer and VUCNC is volume of the UCNC (4/3π×r3).
n can be calculated as

n =
N

V (cm3)
=
ρNaY F4(g/cm3)

MNaY F4

(6.9)

where ρNaY F4 is the density of NaYF4 (4.31 g/cm3 [41]), and MNaY F4 is the mass of NaYF4

material (3.38×10−22 g). Now introducing (6.6), (6.7), (6.8), and (6.9) into (6.5) will give us
the desired Normalized UCL yield of the monolayer. The normalized UCL yield of Er3+ :
NaYF4/NaLuF4 UCNC monolayer was calculated to be 3.2×10−7.

It can be concluded that Er3+ ions present in NaYF4 host are 5.3 times more luminescent than
the ions present in TiO2 host. It should be noted that the present comparison were made for
the UCL yield obtained under highest-irradiance (i.e. 0.3kW/cm2), which is a saturation regime
for the Er3+ ions present in NaYF4, shown as red curve in Figure 2(a) of Article 3, compared to
the ions of TiO2, shown as brown the curve in Figure 4(b) of Article 1. From Jeppe et al. [14],
the UCL yield is a factor of ∼2 (i.e. 100×) higher in the optimized Er3+ : NaYF4 (i.e. UCNC
with 10.1 nm shell) UCNC monolayer compared to the the Er3+ : TiO2 film under lowest-
irradiance (i.e. 1-2W/cm2). This implies that the Er3+ ions present in NaYF4 system are much
more efficient (i.e. > (5×)). This indicates the possible applicability of Er3+:NaYF4-NaLuF4

monolayers over the Er3+:TiO2 films in c-Si solar cells if the thick layers of the UCNCs can be
developed efficiently.
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[37] D. M. Wu, A. Garćıa-Etxarri, A. Salleo, and J. A. Dionne, Plasmon-Enhanced Upconver-
sion, J. Phys. Chem. Lett. 2014, 5(22), 4020.

[38] S. Fischer, J. K. Swabeck, and A. Paul Alivisatos, Controlled Isotropic and Anisotropic Shell
Growth in β-NaLnF4 Nanocrystals Induced by Precursor Injection Rate, J. Am. Chem. Soc.
2017, 139, 12325.

[39] S. Fischer, N. D. Bronstein, J. K. Swabeck, E. M. Chan, and A. Paul Alivisatos, Precise Tun-
ing of Surface Quenching for Luminescence Enhancement in Core-Shell Lanthanide-Doped
Nanocrystals, Nano Lett. 2016, 16, 7241.

[40] N. J. J. Johnson, A. Korinek, C. Dong, and F. C. J. M. van Veggel, Self-Focusing by Ostwald
Ripening: A Strategy for Layer-by-Layer Epitaxial Growth on Upconverting Nanocrystals,
J. Am. Chem. Soc. 2012, 134, 11068.

[41] F. Zhang, R. Che, X. Li, C. Yao, J. Yang, D. Shen, P. Hu, W. Li, and D. Zhao, Direct
Imaging the Upconversion Nanocrystal Core/Shell Structure at the Subnanometer Level:
Shell Thickness Dependence in Upconverting Optical Properties, Nano Lett. 2012, 12(6),
2852.



Chapter 7

Summary and Future Perspective

7.1 Summary

The objective of this work was to optimize the materials and plasmonic structures for finding
an efficient upconverter for the conversion of 1500 nm wavelength near infra-red (NIR) light to
light which can be absorbed and contribute in photo-current enhancement in crystalline-silicon
(c-Si) solar cells. The materials optimization involved the improvement in the fabrication pa-
rameters of the two hosts; TiO2 and NaYF4, for the maximum upconversion in the optically
active ions (Er3+). The plasmonic structures optimization involves the geometric alteration and
the appropriate arrangement within the upconverting films. In the work, Er3+-doped TiO2 and
-NaYF4 films were fabricated by radio-frequency magnetron sputtering (RF-MS) and chemi-
cal synthesis-associated spin coating, respectively. The study on Er3+-doped TiO2, on the one
hand, was divided in three parts: the first study involved the geometric optimization of the Au-
nanodiscs for an enhanced upconversion in the film where Au-discs were fabricated on the top
of the film, the second study was focused on the enhancement caused by the Au-discs embedded
in the upconversion layers, and the third study investigated the impact of the deposition- and
annealing-temperatures on the luminescence of the upconverting films. On the other hand, the
study on Er3+-doped NaYF4 consisted of the improvement in the UCL efficiency by changing the
chemistry of the NaYF4 nanocrystals and by altering their nearby environment via optimized
Au-discs.

Er3+-doped TiO2 thin films were plasmonically enhanced by depositing the electron-beam litho-
graphic designed Au-nanodiscs on top of the optimized films. The films were fabricated at 350 ◦C
substrate temperature with 5.1 at% concentration of Er3+ ions. A finite element method (FEM),
single-particle numerical approach were used to optimized the geometry of the Au-nanodiscs to
enhanced the absorption via matching the localized surface plasmon resonance (LSPR) wave-
length with the excitation wavelength (1500 nm). The report has revealed the feasibility of
using single-particle simulations for explaining the main features of a multi-particle system. The
experimental upconversion enhancement agreed qualitatively with the numerical model. A well
explained reasoning is developed for the quantitative difference. The highest UCL enhancement
of almost 7 times was found in the films with Au-discs of diameter 316 nm and a particle density
6000 per 100×100 µm2. Using simple single-particle models, and understanding their limita-
tions, is of importance in, e.g., future optimization steps for nanoparticle geometry or material
composition, since fast computation is required for exploring large parameter spaces. Therefore,
the present study opens an insight into numerically guided experimental investigations of the
upconversion of 1500 nm light for its potential applicability in the photo-current enhancement
of crystalline Si solar cells.
A further UCL-enhancement in the Er3+-doped TiO2 thin films were predicted by embedding
the numerically guided Au-discs in the optimized upconverting layers. The FEM numerical
approach predicted the near-field contribution in the UCL-enhancement, ∼1.9×, higher than
the prediction made for the Au-discs on top of the films, ∼1.3×. Based on the motivation,
numerically guided Au-discs for the LSPR at 1500 nm wavelength were embedded in between
the optimized undoped-TiO2 and Er3+-doped TiO2 thin films. However, the observed UCL of
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the films (included top and bottom layers) were lower than the film of either one deposited on
quartz. The deposition of the top Er3+-doped TiO2 thin film at elevated substrate temperature
anneals the bottom Er3+-doped TiO2 thin film. There is a possibility of the adverse impact of the
annealing temperatures on the optical activities of the films. The observed UCL-enhancement
were found ∼3× (possibly contributed from the near-field and scattering enhancements), lower
than the ∼7× for the system where the Au-discs were deposited on top of the films. Therefore,
the experiment was unsuccessful in fabricating the Au-discs embedded in TiO2 system, however,
paved the path for the study of deposition and annealing temperatures on the sputtered oxides.

The effect of the deposition- and annealing-temperatures on the luminescence of the Er3+-doped
TiO2 thin films were studied for the possible fabrication of Au-discs embedded TiO2 system. We
observed the highest-UCL yield for the film deposited at 350 ◦C substrate temperature before
annealing. In general, post-annealing of deposited films reduced the UCL. The impact of the
post-annealing was sensitive to the exposure of films to ambient air between the deposition and
annealing processes. The annealing was found beneficial for the UCL-improvement in an only
case, where films were deposited at lower-deposition temperature and unexposed to air between
the processes. The multiplication of the measured decay times of the lowest excited states of
Er3+, 4I13/2 and 4I11/2, was in a good match with the UCL yields of the samples. In light of the
structural similarities (i.e. atomic structure) among the samples, the UCL variation with the
temperature was attributed to the activation and/or passivation of defects, originated during the
sputtering. We experimentally proved the presence of the hydrogen in the deposited film and
observed its variation with annealing temperatures. Presumably hydrogen affected the density of
defects with annealing temperature. Therefore, the fabrication of Au-discs embedded TiO2 sys-
tem could be possible if the top Er3+-doped TiO2 thin film is deposited in hydrogen atmosphere.

An efficient UCL in Er3+-doped NaYF4 nanocrystals were ensured by passivating the defects
present on the surface via optically inert shells of NaLuF4. The study involved a system-
atic variation in the UCL yield of the core-shell upconversion nanocrystals (UCNCs) with the
shell thickness in their two-dimensional arrangements. The UCL yield of the UCNCs were ob-
served as an increasing function of the shell thickness. Similar decay times (τ11/2 and τ13/2)
of UCNCs in solution and monolayer configurations eliminated the possible activation of the
non-radiative decay channels in the transition from colloidal solution to film configurations. The
core-nanocrystals with a shell of 10.1 nm showed the maximum UCL yield, ∼100× compared to
the core-nanocrystals. A further enhancement in the UCL yield was ensured by the deposition of
Au-discs either on top of or buried in the core-shell UCNC monolayers. The LSPR wavelength
of the Au-discs were matched to the excitation wavelength for all samples to ensure efficient con-
centration of the light in Er3+ ions situated close to the discs. Similarly, the efficient radiative
emission was ensured by finding the optimum distance between the discs and the Er3+ ions to
eliminate the possibility of the non-radiative decays. The maximum UCL-enhancement factor,
5×, was observed for the core-UCNC monolayer and the factor decreased with the increase in
the shell thickness in a buried-Au-discs configurations. By depositing Au-discs on top of the
monolayers, we demonstrated good control of the fabrication process which can further be ex-
tended to Au-embedded multilayered systems. Overall, we proved the possible implementation
of Au-discs-assisted UCNCs films in c-Si solar cells.

In a correlation of the optimized Er3+-doped NaYF4 UCNC (i.e. UCNC with the shell of
10.1 nm) monolayer to the optimized Er3+-doped TiO2, the Er3+ ions present in NaYF4 host
are ∼5 times more luminescent than the ions of TiO2 under illumination of 0.3 kW/cm2. In
addition, the decay times of two lowest-lying energy states (i.e. 4I13/2 and 4I11/2) of Er3+ ions
present in the optimized NaYF4 UCNC monolayer are 54 times and 45 times, repectively, higher
than the decay times of the ions present in the optimized TiO2 thin film.
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7.2 Future perspective

After finishing my PhD, I am hired as a postdoc in the group to further work on solving all the
remaining fabrication challenge of upconverting systems to achieve the final goal of fabricating
upconversion-based solar cells. There are three task which I want to perform

7.2.1 Fabrication of Au-discs embedded multilayered Er3+-doped TiO2 system

The unpublished work of this thesis were unsuccessful due to the optical inactivation of the bot-
tom Er3+-doped TiO2 film induced by the post-annealing occurred in the top-layer deposition
process. From Article 2, we concluded that the deposition of the top-layer of the Au-embedded
multilayered TiO2 system in hydrogen-plasma could possibly retain the UCL yield of the bottom-
layer. Therefore, in the near future, I will be working on the fabrication of the top-layer in
hydrogen atmosphere. The work will include the optimization of H-plasma to successfully pas-
sivate the O-vacancies of the deposited films. The in-house unavailability of H-plasma in the
RF-MS will be a challenge in this direction. The possible solution could be a collaboration with
a group who has the particular facility.

7.2.2 Chemically synthesized Au-nanorods for embedded Er3+-doped NaYF4

system

We observed that the role of Au-nanodiscs in the UCL-improvement of the core-shell UCNCs
were not significant. The EBL-defined Au-discs are enhancing nearly 2-3 folds for all the core-
shell UCNCs. Therefore, a replacement of the lithographic Au-nanodiscs by chemically synthe-
sized Au-nanorods could be beneficial for a higher-UCL-enhancement factor. The work will be
performed in collaboration with a group at the chemistry department at Aarhus University. As
we studied in Chapter 3 the LSPR peak position of metal nanostructures can be tuned by geo-
metric alteration of the structures. Previously Xu et al.[1] have shown the shift in the LSPR of
Au-nanorods to NIR spectrum with the geometric alteration, synthesized by the seedless method.
The seedless method couples the nucleation and growth in a single step leading the anisotropic
growth at the beginning of the synthesis. It has been observed in the previous study [1] that
an aspect ratio (AR) of ∼10 could tune the LSPR to the 1500 nm wavelength. The presence of
either dipole or multi-pole LSPRs in the extinction of high AR Au-nanorods is well-reported.
Therefore, their directional arrangement on a solid surface is important in order to increase the
amplitude of NIR-LSPR instead of the one at visible wavelength. An alignment of nanorods has
recently been shown by Band et al. [2]. Therefore, in this work, the shrinkage plastic sheet will
be used for the directional arrangement of the optimized nanorods. The sheet along with the
randomly spin coated nanorods will be clamped in one direction and a heating step will result
in shrinkage and will direct the nanorods in the direction perpendicular to the shrinkage path.
Once the rods will be arranged, the chemically synthesized core-shell UCNCs will be spin coated
with an appropriate concentration. The UCL-enhancement will be measured by comparing the
UCL of the system with the reference sample (the sample of nanocrystals without Au-rods on the
same substrate). Some initial experimental trial have already been performed; an alignment of
lower AR nanowires on the shrinkage sheet, fabrication of the reference samples and their UCL
measurements, and the chemical synthesis of nanorods with AR 3. I assume that this Au-rods
embedded Er3+-doped NaYF4 system will be a better system for the upconversion-based c-Si
solar cell due to the maximum accumulated field availability for the Er3+ ions.
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7.2.3 Photo-current measurements in upconversion based-c-Si solar cells

The majority of the work performed in this PhD study was focused on fundamental research and
therefore, the aim of my postdoc work would be on the application of the fabricated upconverting
films in c-Si solar cells. In this work, I will emphasis mainly on the fabrication of the thick
(∼500 nm) core-shell UCNCs films. Accounting the fabrication challenges and the degree of
UCL-improvement, the shell of ∼5 nm thickness will be preferred for the film formation. As
mentioned in Chapter 1 about the involvement of the industrial collaborators of the SUNTUNE
project, will provide the bi-facial c-Si solar cells with the dimension of 5×5 cm2 for testing
purpose. The first stage of device fabrication will involve gluing of the ∼500 nm upconverting
film deposited on quartz to the solar cell. The photo-current enhancement will be measured
after comparing with the reference solar cell (the cell without the upconverting film). The
second stage fabrication will include the plasmonic structures either lithographic/nano-imprinted
Au-structures or chemically synthesized Au-rods with a defined directionality. We might have
possibility of implementation of the specially designed Au-structures for the UCL-enhancement
[3], mentioned in Publication 7 in the List of Publication.
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Chapter 8

Contributions to co-author articles

8.1 Introduction

In this chapter I will briefly summarize the co-author articles related to this thesis. In addition,
I will detail about my contributions in each and every articles.

8.2 Summary of Article 4

In this work, I prepared Er3+-doped TiO2 and NaYF4 thin films. The TiO2 films were prepared
at two different substrate temperatures; 250 ◦C and 350 ◦C. Likewise, the core and core with the
shell of 10.1 nm NaYF4 nanocrystals were prepared for the present work. I have also contributed
in the upconversion luminescence (UCL) measurements. I have participated in making the final
version of the article.

The UCL efficiency of Er3+-doped TiO2 and NaYF4 thin films can be increased if the dynam-
ics in the upconversion process is well learned. In general, a complex interplay of radiative-,
non-radiative transitions , energy transfer, and cross relaxation processes determines the up-
conversion efficiency. To investigate the dynamics in the upconversion processes we proposed a
simple rate-equation model including the four lowest energy levels of Er3+ ions: 4I15/2, 4I13/2,
4I11/2, and 4I9/2. The model can be solved analytically to provide a measure of the UCL yield
in terms of rate-equation parameters unlike previously reported models. The analytical result
were compared to the measured UCL yield and decay times of the excited states (4I13/2, 4I11/2)
for Er3+-doped TiO2 films of different UCL yields, presented in Article 2 of this thesis, and a
good agreement was found over several orders of magnitude.
Moreover, we studied the saturation of the UCL by accounting for the experimental detection
and hereby obtained saturation curve. It is well known that the upconversion scales non-linearly
with intensity. In the extreme low excitation regime the UCL scales with the number of photons
involved (two in this case) but this behavior will of course saturate as the intensity is increased.
From the saturation curve we are able study rate-equation parameters among other the absorp-
tion cross section for the transition of 4I15/2 → 4I13/2 which so far has been in-accessible due to
the extreme low value and the thin thickness of the investigated samples.

8.3 Summary of Article 5

I prepared Er3+-doped TiO2 thin films for the present work. In addition, I performed the ex-
tinction and steady-state upconversion luminescence measurements of the samples used in the
article. I have participated in making the final version of the article
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The plasmon enhanced upconversion in the optimized Er3+:TiO2 thin films was performed with
the different geometries of Au-structures while considering the influence of scattering on the
enhancement. The work is divided into two parts. In the first part of the work, different
thickness of Er3+-doped TiO2 thin films were investigated for the efficient light-trapping. It was
predicted that the thickness of the films sinusoidally varies the amount of light being trapped in
the film. The maximum UCL per unit thickness was achieved for the ∼300 nm thin films due
to the significant contribution wes from the scattering of the incoming light into the film. In the
second part of the work, a coupling of the optically active ions with plasmonic structures was
performed by depositing Au-structures on top of the 300 nm thin films. Few structures were
designed to aim for efficient scattering and other were superior in near-field enhancement. The
films with Au-discs and -squares deposited on top were more luminescent compared to the films
with Au-circular rings, -square rings, and -cross-nanorods, designed for the near-field coupling.
This concluded the dominance of the scattering over the near-field contributions of Au-structures
in the UCL-enhancements.

8.4 Summary of Article 6

I prepared Er3+-doped TiO2 thin films for the present work. In addition, I performed the ex-
tinction measurements of the samples used in the article. I have participated in making the final
version of the article

In Article 1, we have employed the single-particle model in explaining the multi-particle ex-
periment. A qualitative agreement between the both were significant but failed to explain the
peak splitting possibly due to the particle-particle interaction observed in the samples, shown
in Figure 3 of Article 1. With this motivation, a two-particle model is developed to assess the
experimentally observed inter-particle interaction in a randomly distributed Au-nanodiscs de-
posited on Er3+-doped TiO2 thin films. The proposed model was able to predict numerically the
peak-splitting that was observed experimentally. It was found that the coupling is dominated
by the far-field and strongly depend upon the dielectric medium.

8.5 Summary of Article 7

In this review article, I mainly contributed in the fabrication of Er3+: NaYF4-NaLuF4 core-shell
nanocrystals and in fabrication of their monolayers on quartz. In the article-writing process,
I have written the Section 2.1 of the article including Figure 1 and 2. I have participated in
making the final version of the article.

The review article gives a brief introduction about the ongoing activities aimed to enhance
the upconversion processes by employing various geometries of plasmonic nanostructures of
SUNTUNE project, on which my PhD thesis is based on. Numerically, we involved the finite
element method numerical approach in optimizing plasmonic near-field via simple geometries
of Au nanostructures as well as via the geometries optimized topologically [1]. Experimentally,
the upconversion enhancement was achieved by depositing Au-nanostructures by electron beam
lithography on top of the optimized Er3+-doped TiO2 and NaYF4 thin films. In addition, the
article discuss about the experimental measurements of predicted near-field enhancement using
a technique of near-field-enhanced ablation by ultrashort laser pluses [2].
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In this letter, we present a comparative experimental–simulation study of Au-nanodisc-enhanced

upconversion of 1500 nm light in an Er3þ doped TiO2 thin film. The geometry of the Au nanodiscs

was guided by finite-element simulations based on a single nanodisc in a finite computational

domain and controlled experimentally using electron-beam lithography. The surface-plasmon reso-

nances (SPRs) exhibited a well-known spectral red shift with increasing diameter, well explained by

the model. However, an experimentally observed double-peak SPR, which resulted from inter-

particle interactions, was expectedly not captured by the single-particle model. At resonance, the

model predicted a local-field enhancement of the upconversion yield, and experimentally, the lumi-

nescence measurements showed such enhancement up to nearly 7 fold from a nanodisc with 315 nm

diameter and 50 nm height. The upconversion enhancement agreed qualitatively with the theoretical

predictions, however with 3–5 times higher enhancement, which was attributed to scattered light

from neighboring particles. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4972785]

Upconversion is a non-linear optical process where low-

energy photons are converted into high-energy photons by

sequential absorption in an appropriate host.1,2 Er3þ ions

have conveniently spaced energy levels of partially filled 4f
electronic shells that make them an ideal material for upcon-

version. Since a decade, the research in this field is com-

mendable and significant upconversion of light at

wavelengths of 1500 nm,3–8 980 nm,9–13 and 808 nm14–17

was demonstrated. The absorption of two photons at

�1500 nm wavelength, corresponding to the 4I15=2 to 4I13=2

transition in the trivalent Er ion, leads to emission of a

980 nm photon at the 4I11=2 to 4I15=2 transition.18 From an

application point of view, in crystalline silicon (c-Si) solar

cells, an absorption of 1500 nm wavelength light is not pos-

sible because its corresponding energy is below the band

gap of the c-Si. Therefore, the upconversion into 980 nm

wavelength allows absorption in c-Si and potentially a

higher photo-current. However, a small absorption cross

section of Er3þ limits the efficiency of the upconversion

process for solar radiation.

It was reported that upconversion can be enhanced by

placing metal nanostructures close to Er3þ emitters.19–22 The

metal nanostructures work as light concentrators which com-

pensate the small absorption cross section of Er3þ ions. A

careful design of metallic structures is a pre-requisite for an

efficient upconversion enhancement at a desired wavelength.

By tailoring dimensions,23 shape,24 and dielectric constant25

of the metal nanostructures, the plasmon frequency can be

tuned. At this frequency, the localized free electrons of the

metal oscillate at resonance with the incident light, which

among other things results in local-field enhancement.26,27

Such local-field (plasmonic) enhancement was reported ear-

lier in upconversion of 980 nm28,29 and 808 nm19,30 light.

Plasmon enhanced upconversion of the important 1500-nm

transition in Er3þ was explored experimentally by

Christensen et al.20 and numerically by Goldschmidt

et al.31,32 The experiment showed a 27-fold enhanced upcon-

version of 1550 nm light using thin film-embedded self-

assembled gold nanostructures without any numerically

guided optimization.20 The simulation studies used spherical

gold nanoparticles of 200 nm diameter and showed the

necessity of a complex model to evaluate the localized field

intensity.31,32 High ohmic losses within the metallic nano-

structures with such a large diameter lead to low enhance-

ment factors and thus complicate the experimental

observations. However, the importance of the 1500-nm

region means that it is valuable to undertake an in-depth and

well-controlled investigation of the possibilities of plasmoni-

cally enhanced upconversion, guided by numerical modeling.

This letter involves a comparison between a simple

single-nanoparticle numerical model and results from multi-

particle experiments of plasmon-enhanced upconversion of

1500 nm light in Er3þ-doped TiO2 thin films. The local

electric-field enhancement was achieved experimentally by

realizing electron-beam-lithography (EBL) defined random

arrays of Au nanodiscs and by matching of their surface-

plasmon resonance (SPR) with the 4I15=2 to 4I13=2 transition

in Er3þ. Random arrays were chosen in order to reduce inter-

ference effects from neighboring nanoparticles and hence to

emphasize the pure SPR-related effects. The single-particle

model was chosen for its simplicity and the experiments

showed a good qualitative agreement between measured and

simulated upconversion enhancements over a range of nano-

disc diameters from 150 nm to 600 nm. The model predictionsa)Electronic mail: brianj@phys.au.dk
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were also used to design the geometric parameters of the Au

nanodiscs used in the experiments.

100 nm thick Er3þ-doped TiO2 films were fabricated by

radio-frequency magnetron-sputtering on fused quartz sub-

strates. During sputtering, the substrate temperature was

355 �C with 100 W RF power and 0.4 Pa gaseous environ-

ment (2% O2 in Ar atmosphere) inside the chamber. The

sputtering target contained 5.1 at. % Er3þ in TiO2. The EBL-

defined Au discs were fabricated in 2� 2 mm2 regions on

top of the TiO2 film such that both measurements with and

without Au structures could be performed on one sample in

order to reduce the sensitivity to variation in sample fabrica-

tion. An overview of the sample geometries is shown in

Fig. 1. Three sets of samples with different particle densities

(PDs) have been fabricated as exemplified in Fig. 1. The ran-

dom spatial distribution and the high degree of homogeneity

in shape and size of the realized Au discs are evident from

these images. The three sets are named S4k, S6k, and S8k,

corresponding to, respectively, a particle density of 4000,

6000, and 8000 per unit 100� 100 lm2 area. Each set then

consists of samples with varying disk diameter D, and each

sample is named corresponding to the PD and D. For exam-

ple, a sample with D¼ 315 nm diameter and PD¼ 6000 per

unit 100� 100 lm2 area will be denoted as sample S6k-

D315. All samples were fabricated with H¼ 50 nm.

With the aim of interpreting the real multi-particle

experiments by single-nanoparticle simulations, a simple

model considering one particle in a computational box, with a

2� 2 lm2 cross section along the sample surface and a 4.1

lm long region perpendicular to the quartz/TiO2:Er3þ/air

layers, was employed. Using the finite element method, the

model computed the electric field distribution around a single

particle induced by an incoming plane wave normal to the

sample surface. The outer boundaries of the computational

domain were passivated using perfectly matched layers,33 and

a range of wavelengths, diameters, and heights could be

investigated. The domain size was chosen such as to include

the electric near-field of the nanoparticle and also to include

at least one wavelength of the electromagnetic field. In the

numerical calculation, the tabulated refractive indices of Au34

and quartz35 were used whereas the refractive index of Er3þ-

doped TiO2 was measured by ellipsometry. The simulation

used the truncated nano-cone as a shape for the Au structures

with the bottom to top radius ratio of 1.1 in accordance with

the experimentally realized shapes as exemplified by the

transmission electron microscopy (TEM) image in Fig. 1.

As will be explained later in Fig. 4, the upconversion

luminescence (UCL) intensity, IUC, is related in a good

approximation to the incoming pump intensity, Iin, by a sim-

ple scaling law, IUC / Im
in,14 over a wide range of intensities.

For this reason, we conveniently define the simulated UCL

enhancement factor as

L mð Þ ¼

ð
VUC

E2mdV

ð
VUC

E2m
0 dV

; (1)

where VUC represents the volume of the upconverting layer,

E and E0 are the electric field amplitudes inside the film with

and without nanodiscs, respectively, and m¼ 1.5 is inherited

from the experiment.

In an initial simulation run, the diameter and height of

the nanodiscs were varied from 200 nm to 600 nm and 10 nm

to 100 nm, respectively, while the wavelength was fixed

at 1500 nm. The simulated values of L(1.5) are plotted in

Fig. 2(a), and even though the largest UCL enhancement is

expected for the smallest heights, our choice of 50 nm is con-

venient for minimizing the sensitivity to potential height var-

iations in Au nanodiscs. The experimentally determined

diameters of all samples range from 147 to 545 nm and thus

allow for verifying the theoretical predictions across the rele-

vant range. The field distribution around a nanodisc with

H¼ 50 nm and D¼ 315 nm, corresponding to a high value of

L(1.5), is shown in Fig. 2(b).

In order to establish experimentally the dependence of

the SPR on the nanodisc diameter, the extinction cross sec-

tion, rE ¼ ð1� TD � RDÞ=PD, was determined by measur-

ing the wavelength-dependent direct transmittance, TD, and

direct reflectance, RD, using a Perkin Elmer Lambda 1050

spectrophotometer. Figure 3(a) exemplifies the extinction

cross sections, normalized to disc area (rE/A), as a function

of the photon energy (E) and corresponding wavelength

(hc/E). In each set, S4k, S6k, and, S8k, the sample with an

achieved SPR closest to 1500 nm is presented. The data were

smoothened by the Percentile and Savitzky Golay filters to

reduce the noise. The experimental findings can be compared

to numerical predictions, which are calculated by summing

the simulated absorption and scattering cross sections. The

absorption is calculated by ohmic heating within the

metal nanodisc while the scattering is obtained by integrating

the scattered power through a closed surface around the

FIG. 1. A combination of schematic and experimental realization of the fab-

ricated samples. The top-view SEM images exemplify the three sets of sam-

ples with different particle densities. The cross-view images depict the

100 nm thickness of the Er3þ-doped TiO2 thin film and the variable parame-

ters of the nanodiscs: diameter (D), height (H), and inter-particle spacing

(IPS). On top, a transmission electron microscopy (TEM) image of a Au

nanodisc with height 50 nm and diameter 147 nm exemplifies the realized

structures.
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nanodisc. Both the experimental and simulation data show

several orders of SPR peaks where the second order SPRs

are in the visible range and the desired first order peaks are

in the near infra-red (NIR) spectral range. The simulation

shows the SPR peak position at 1500 nm wavelength for the

sample with D¼ 315 nm, which is displayed in Fig. 3(a) for

comparison. Most interestingly, the single-nanoparticle

numerical prediction matches the experimental data of each

set well in terms of both shape and amplitude. One important

difference, however, materializes as the existence of a

double-peak in the NIR region at E¼ 0.72 eV and 1.05 eV

for the S6k-D315 sample and at E¼ 0.82 eV and 1.10 eV for

the S8k-D270 sample. The appearance and disappearance of

this double-peak system as a function of the nanodisc diame-

ter are more evident in Fig. 3(b), which depicts a gradual

shift of the dominance from one peak to another by passing

through the double-peak region.

Figure 3(c) shows the peak positions for all samples in

comparison to the simulations, and we see a good agreement

in the overall trend which exhibits the expected linearity

between resonance energy and inverse radius.23 This, together

with the rough agreement shown in Fig. 3(a), validates largely

the use of the single-particle model. The colored dashed circles

in Fig. 3(c) indicate the regions of the double-peak system,

which moves to larger emission wavelengths (smaller ener-

gies) for larger inter-particle spacings (IPSs) (smaller PDs).

This dependence indicates that the two-peak system originates

from an inter-particle interaction phenomenon, which could

be a result of collective oscillations of neighboring dipoles.

Zoric et al.23 have claimed the minimization of inter-particle

FIG. 2. (a) The UCL enhancement

L(1.5) as a function of Au nanodisc

diameter and height. (b) The distribu-

tion of the electric field amplitude

around a Au nanodisc with H¼ 50 nm

and D¼ 315 nm. The field amplitude is

normalized to that of the incoming

plane wave. In both panels, a wave-

length of 1500 nm is used.

FIG. 3. (a) The experimental and simu-

lated variation in extinction cross section

per disc area with the emission energy

and corresponding wavelength. The

dashed line indicates the desired SPR

peak position at 0.827 eV (1500 nm) res-

onant with the 4I15=2! 4I13=2 transition

in Er3þ. (b) The variation in SPR peak

position with diameter for the set S6k is

emphasized by the two dashed curves.

(c) Scaling of the SPR energy with

inverse nanodisc diameter. The discrete

symbols correspond to experimental

data points and the black solid line to

the simulation. The dashed circles show

the positions of the double-peak system

in each set.
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interactions in a random array of nanostructures by maintain-

ing an IPS 6 times higher than the nanodisc diameter. In our

samples, the characteristic IPS is equal to 1575, 1280, and

1112 nm for the sets S4k, S6k, and S8k, respectively, calcu-

lated as the mean IPS to the four nearest neighbors. For the

samples with observed double peaks, the IPS/D ratio is found

to be in the range �4–5.

The upconversion luminescence (UCL) spectra were

collected under illumination of a continuous 1503 nm wave-

length (0.825 eV energy) single-mode laser delivering a

power up to 22.9 mW. The setup consisted of a spectrometer

coupled with a CCD array for capturing the emitted light.

The samples were placed in an integrating sphere in order to

prevent any impact from variations in the light-emission pat-

tern. Figure 4(a) shows the spectrum of the upconverted light

at 980 nm, and the UCL intensity is clearly enhanced in the

presence of the Au nanodiscs, which do not introduce any

significant changes to the UCL spectrum distribution. We

define the UCL enhancement by the ratio of the two spectral

peak areas as exemplified in Fig. 4(a). The power depen-

dence of the UCL was measured to determine the value of m
used in Eq. (1) and the result is shown in Fig. 4(b). In this

double-logarithmic plot, the data follow essentially straight

lines with minor curvature as indicated by the locally fitted

slopes. Evidently, the choice of m¼ 1.5 represents reason-

ably the observed scaling as a whole. Turning toward the

main scientific result of the present investigation—observing

the impact of the metal nanodisc SPR on the enhancement

and its comparison to simulations—we show in Fig. 5 the

experimentally determined UCL enhancements for all sam-

ples under investigation. As main trends we observe: (i) an

increasing UCL enhancement with nanodisc diameter until a

peak or saturation point is reached around D� 300 nm and

(ii) that larger PDs lead to larger UCL enhancement. In com-

parison, the calculated value of L(1.5) from Eq. (1) is also

shown in Fig. 5, but we need to interpret it correctly for a

fair comparison to the experimental data. For this reason, we

define a scaled version of L(1.5) by

L
ð1:5Þ
scaled ¼ 1þ a � Acomp � PD � ðLð1:5Þ � 1Þ; (2)

where a is a free scaling parameter to be discussed below

and Acomp¼ 2� 2 lm2 is the cross sectional area of the

upconverting film included in the computational box. The

product Acomp�PD corresponds to the ratio of the sample area

covered by the computation to the characteristic sample area

per nanodisc and thus accounts for the pure particle-density

effect indicated as observation (ii) above. The addition/sub-

traction of 1 ensures that only the effect of the nanodisc, and

hence not the background UCL, is scaled. Now, if the single-

particle model captured all the physics of the experiment, the

prediction of Eq. (2) with a¼ 1 should simply match the

experimental data. However, this is not the case, which is the

reason for including the a-parameter, and by a least-squares

method we obtain the rough agreement shown in Fig. 5 with

a in the range 3–5 for the three sets of samples. Note that the

shape of L
ð1:5Þ
scaled captures in rough terms observation (i)

above, and we attribute the fact that a> 1 to multi-particle

scattering and trapping of light within the upconverting film.

Despite the fact that near-field enhancement and scattering

originate from the same charge oscillations within the metal

nanodiscs, these processes cannot be expected to scale in

similar ways with nanodisc diameter, and hence the a-param-

eter must be considered as an ad-hoc extension to the single-

particle prediction. With a view to the approximate agree-

ment of experiment and simulation in Fig. 3, a better agree-

ment than the one observed in Fig. 5 should not be expected.

Using simple single-particle models, and understanding their

limitations, is of importance in, e.g., future optimization

steps for nanoparticle geometry or material composition,

since fast computation is required for exploring large param-

eter spaces.

All in all, plasmonically enhanced UCL in Er3þ-doped

TiO2 thin films, targeted at the 1500 nm excitation wave-

length, was demonstrated experimentally and verified in a

reasonable approximation numerically. The report revealed

the feasibility of using single-particle simulations for

explaining the main features of a multi-particle system. The

highest UCL enhancement of almost 7 times was found in

the sample with diameter 316 nm and particle density 6000

per 100� 100 lm2. The role of inter-particle interactions

FIG. 5. The variation of the experimentally determined UCL enhancement

with the nanodisc diameter is shown by the squares. The error bars corre-

spond to the standard deviation of repeated measurements on the same sam-

ple location. The circles are numerical calculations of L(1.5), and the black

curve is a spline interpolation to these. The blue, red, and green curves are

scaled versions of the black curve according to Eq. (2), matched to the

experimental data points.

FIG. 4. (a) The spectrum of the UCL obtained from the sample Sk6-D315

with the spectral peak area enhanced by a factor of 6.7 6 0.12 in the pres-

ence of nanodiscs. (b) Integrated UCL intensity as a function of pump inten-

sity with and without nanodiscs for the same sample as in panel (a)

[obtained outside the integrating sphere in order to increase the sensitivity].

The m-value is fitted in the high- and low-intensity regions in order to visu-

alize its slight variation.
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beyond the single-particle model was identified experimen-

tally and understood qualitatively. Further model develop-

ment is needed to obtain a better quantitative agreement with

experimental findings.
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Upconversion luminescence from magnetron-sputtered Er3+-doped TiO2

films: Influence of deposition- and annealing temperatures and correlation to
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The optical properties of radio-frequency magnetron sputtered TiO2 thin films doped with Er3+ are strongly
influenced by the deposition and post-annealing temperatures. This has impact on applications of the material
for upconversion, i.e. the merging of two low-energy photons to one photon of higher energy. Maximum
upconversion luminescence (UCL) yield is obtained using a deposition temperature of 350 ◦C without post
annealing. Motivated by the possibilities that become available by sequential depositions (several layers),
the effect of post annealing is systematically investigated. In general, post-annealing treatments reduce the
UCL; however, for the lowest deposition temperatures, post annealing has a positive impact on the UCL
provided that the samples are not exposed to ambient air prior to the annealing step. These observations
are further analyzed using time-resolved photoluminescence spectroscopy for determining the characteristic
decay times of the Er3+ energy levels in the different samples. It is found that the UCL yield scales to a
good approximation linearly with the product of the decay times of the two lowest-lying Er3+ excited energy
levels (4I11/2 and 4I13/2). The combined data provide strong evidence that the reduction in UCL is due to

the opening of non-radiative decay channels from the Er3+ excited levels. Structural measurements show no
change of the amorphous samples upon annealing, so these decay channels are most likely related to energy
transfer between Er3+ and defect states in the TiO2 bandgap. The non-radiative decay could possibly be
related to the loss of hydrogen termination of dangling bonds or related to the oxygen vacancies in TiO2.

I. INTRODUCTION

As a simple, fast, and inexpensive method for syn-
thesizing thin films on a large scale, radio-frequency-
magnetron sputtering (RF-MS) presents a widely ac-
cepted tool for manufacturing solar cells and other pho-
tonic devices1–4. Despite comparatively high deposition
rates5, the synthesized films can be highly uniform and
continuous, even below 10 nm in thickness, with ultra-
low surface roughness6,7. Fabrication of TiO2 thin films
via RF-MS is well-studied7. The wide band gap8,9, low
phonon energy10, and chemical stability11 of TiO2 makes
it suitable for a process called upconversion, i.e. the con-
version of two or more low-energy photons into one of
higher energy12. Specifically, erbium ions are useful for
conversion of 1500 nm near-infrared (NIR) light to 980
nm NIR and to visible light when incorporated into an
appropriate host13. The conversion in Er3+ ions involves
an excitation of electrons from the 4I15/2 level to the 4I9/2
level by absorption of two photons and an emission of one
photon on the 4I11/2 → 4I15/2 transition14. Based on the

above-mentioned properties, Er3+-doped TiO2 films have
applications in photo-voltaic industries, and have re-
cently been investigated for upconversion6,15. The high-
est upconversion yield was previously achieved with films

a)Electronic mail: brianj@phys.au.dk

deposited at elevated substrate temperatures (> 250 ◦C)
with a particular dopant concentration (∼ 5 at%)6. How-
ever, the small absorption cross section of Er ions and the
non-linear nature of the upconversion process limit the
upconversion efficiency, which is hence small under nor-
mal intensities from solar radiation. In previous work16,
we have investigated plasmonic gold (Au) structures, in
close vicinity of Er3+ emitters, as a possible method for
enhancing the upconversion yield in Er3+-doped TiO2

films. For practical applications, however, a further im-
provement in upconversion is required, for instance by
using multi-layers of plasmonically-enhanced upconver-
ting layers. One route could be placing Au nanostruc-
tures within sputtered Er3+-doped TiO2 films, which
could involve several fabrication steps at elevated tem-
peratures. It is thus important to know the effect of
temperature treatments on the upconversion properties
of the deposited layers, which is the main focus of the
present work.

Johannsen et al.6,15 have shown that the upconversion
luminescence (UCL) of sputtered Er3+-doped TiO2 films
is strongly linked to the substrate temperature during de-
position and explained the UCL variation with the crys-
tallinity of the films. However, such variations are seen
even with amorphous films, which calls for further in-
vestigation of the issue. Despite the importance in UCL
optimization, annealing of such deposited films in differ-
ent atmospheres is poorly studied. Therefore an in-depth
investigation of UCL dependency on deposition and on
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annealing temperatures of the sputtered films will open
a path for improved upconversion.

In this work, we study the influence of deposition and
annealing temperatures on the optical properties of Er3+-
doped TiO2 thin films synthesized by RF-MS. The re-
port involves the fabrication of multiple sets of films
at different deposition temperatures within the limits
of the RF-MS equipment. Recent studies have shown
the importance of the ambient gas in post-deposition
treatments17, and therefore a set of films is subjected
to annealing in an Ar/O2 environment, with and with-
out prior air exposure. The steady-state UCL from the
transition 4I11/2 → 4I15/2 and time-resolved photolumi-

nescence (PL) from the transitions 4I13/2 → 4I15/2 and
4I11/2 → 4I15/2 of all films are measured and analyzed.
The impact of the temperature treatments on the atomic
dynamics and in turn on the obtained UCL is determined.

II. EXPERIMENTAL APPROACH

Er3+-doped TiO2 thin films were fabricated on quartz
and on Si with a native SiO2 layer by a RF-MS system
from AJA Orion ATC. The targets were commercially
produced (Able Targets) by mixing powders of TiO2 and
Er2O3 to achieve 5.1 at% concentration of Er3+ ions.
The fabrication chamber was held under 3 mTorr gaseous
pressure of Ar with 2 % O2. The sputtering power was
set to 100 W for a deposition rate of around 0.1 Å/s. Sev-
eral sets of samples with 50 nm thickness were prepared
at substrate temperatures ranging from 25 ◦C to 350 ◦C.
After retaining one set of samples untreated, the remain-
ing sets were exposed to 150 ◦C, 250 ◦C, or 350 ◦C an-
nealing temperatures for a duration of 90 minutes (same
as the deposition time). One set of films was annealed in
an Ar/O2 ambient within the fabrication chamber with-
out being exposed to air, and another set was exposed
to air (for one day or more) before being annealed in
Ar/O2 at 3 mTorr within the fabrication chamber. The
thickness of the films was measured to be 50 ± 3 nm
by ellipsometry using a Sentech SE850 PV Spectroscopic
Ellipsometer. The surface roughness of the films, which
was in range of 2–5 nm, was determined using a Bruker
Edge atomic force microscope. X-ray diffraction (XRD)
confirmed an amorphous nature of all as-deposited and
annealed films using Cu Kα radiation in a Rigaku in-
strument. Rutherford backscattering spectrometry was
performed on several films to measure the concentration
of Er3+ ions, which was 4.7±0.3 at%.

For the optical investigations, the steady-state UCL
spectra of the films were recorded under continuous-wave
(CW) laser illumination at a wavelength of 1500 nm us-
ing a power of 18.9 mW, a beam area of 0.20±0.02 mm2,
and a resultant intensity of 9.5 W/cm2. This intensity
corresponds to the partly saturated regime of upconver-
sion, where the UCL scales approximately as I1.5 (as pre-
viously reported16). The samples were placed inside an
integrating sphere to ensure an identical collection effi-

ciency for all samples. The emitted light was captured by
a Princeton Instruments spectrograph, consisting of an
Acton SP2358 monochromator and a PIXIS:100BR CCD
camera. The time-resolved PL measurements were per-
formed using a 35 fs pulsed Ti:sapphire laser with a peak
wavelength of 800 nm to populate the 4I9/2 level of the

Er3+ ions. These measurements were performed outside
the integrating sphere using two identical Princeton In-
struments monochromators with different detectors; one
monochromator was equipped with a Hamamatsu R5509-
73 photo-multiplier tube (PMT) for 1500 nm lumines-
cence detection whereas the other was equipped with
a Perkin Elmer avalanche photo diode (APD) single-
photon counting module for 980 nm luminescence detec-
tion.

III. RESULTS

In order to ease a comparison between samples across
the figures in this manuscript, a common color code is
based on the deposition temperatures (see caption of
Fig. 1). In addition, a set of symbols is introduced to
distinguish between as-deposited samples, and samples
post annealed at different temperatures (see the caption
Fig. 2). Solid lines connecting filled symbols represent
samples that were exposed to air before the annealing,
while dashed lines connecting open symbols are chosen
for samples that were kept unexposed to ambient air be-
tween treatments.

A. Steady-state UCL versus deposition and
post-annealing temperatures

The inset of Fig. 1 shows schematically the mechanisms
behind the UCL measurements. These involve the popu-
lation of the first excited state (4I13/2) via ground state
absorption of laser light of 1500 nm wavelength. A fur-
ther transition to the higher excited state (4I9/2) involves
either energy-transfer upconversion (ETU), excited-state
absorption (ESA), or a combination of both. The de-
excitations involve a fast non-radiative relaxation to
4I11/2 followed by the emission of the UCL, with exam-
ples of spectra shown in the main part of Fig. 1. The
shown spectra correspond to films deposited at different
substrate temperatures without further annealing treat-
ments. For deposition temperatures ≤ 150 ◦C, the UCL
is undetectable, whereas a slight amount of UCL is ob-
served for deposition at 200 ◦C. A further increase in
temperature shows a drastic change in the observed sig-
nal and gives a maximum upconversion at a deposition
temperature of 350 ◦C. Further increase in deposition
temperature is not considered in this article; however, a
complete absence of UCL was observed previously using
a deposition temperature of 420 ◦C for a similar sample
with 100 nm thickness at otherwise identical deposition
conditions.
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FIG. 1. Upconversion luminescence of the unannealed films
for different deposition temperatures (Dxxx◦C). The inset is
a schematic representation of the excitation and luminescence
transitions between the 4f-energy levels of Er3+.

For each sample, the UCL yield is defined as the area
under the UCL peak, exemplified in Fig. 1, and this
yield is shown in Fig. 2 for all samples, with and with-
out post-annealing treatment. It is evident from Fig. 2
that all films deposited at higher substrate temperatures
exhibit a drop in UCL yield upon annealing, the drop
becoming more pronounced with higher annealing tem-
peratures. However, the drop also depends on whether
the sample was exposed to ambient air before annealing.
The 350 ◦C annealing temperature essentially eliminates
the UCL of air-exposed films, while unexposed films de-
posited at 350 ◦C stay optically active, giving roughly
25 % of the UCL of the unannealed sample. However, all
air-exposed films deposited at lower substrate tempera-
tures (150 ◦C and 200 ◦C) do not show any significant
change in the UCL signals of the films upon annealing.
A set of unexposed samples, deposited at 150 ◦C temper-
ature, shows an increased UCL trend with the higher an-
nealing temperatures compared to its air exposed coun-
terpart. This implies that air-exposed films become rel-
atively poor UCL performers at any annealing tempera-
ture.

B. Time-resolved PL versus deposition and post-annealing
temperatures

The decay curves of all as-deposited films are shown in
Fig. 3. The figure shows the luminescence from the two
different energy levels 4I11/2 and 4I13/2 to the ground

state 4I15/2 in two separate panels, after excitation by
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4

FIG. 2. Variation in upconversion luminescence yield with
annealing temperature for films deposited at different depo-
sition temperatures (Dxxx◦C). The diamonds represent the
unannealed samples whereas circles, triangles, and squares
correspond to the samples annealed at temperatures 150 ◦C,
250 ◦C, and 350 ◦C, respectively. The solid and open sym-
bols correspond to samples being exposed and unexposed to
ambient air, respectively, before annealing.

an 800 nm laser pulse. The insets display the associated
excitation and relaxation processes. The decay curves
from the 4I11/2 level, presented in Fig. 3(a), are well fit-
ted with single-exponential decays following the formula
f(t) = A11/2 exp(−t/τ11/2), i.e. τ11/2 is the decay time of

the measured luminescence curve from the 4I11/2 level.

In Fig. 3(b) the decay curves from the 4I13/2 level are
presented. Here the decay curves are more complex: The
low-deposition-temperature samples show bi-exponential
decays and are fitted to the model g(t) = A1 exp(−t/τ1)+
A2 exp(−t/τ2) whereas the high-deposition-temperature
samples show single-exponential decays with an initial
exponential rise factor. The latter are fitted to the model
h(t) = (1 − arise exp(−t/τrise))A exp(−t/τ13/2), where
τ13/2 is the characteristic decay time of the luminescence

from the 4I13/2 level. The rise factor can be explained

by the ions relaxing first from the 4I9/2 to the 4I13/2
level before any light can be detected, meaning that a
delay must occur before significant luminescence is ob-
served. For the bi-exponential decay curves, the exis-
tence of the two components could have its origin in
the existence of two classes of ions being affected dif-
ferently by the varying deposition temperature. Hence,
the characteristic decay time is chosen as the weighted
average, τ13/2 = (A1τ1 + A2τ2)/(A1 + A2). In any case,
for both panels in Fig. 3 and no matter the underlying
fitting model and interpretation, there is a clear common
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FIG. 3. Decay curves of all unannealed samples deposited
at different deposition temperatures (Dxxx◦C). Panels (a)
and (b) show the decay curves from the 4I11/2 → 4I15/2 and
4I13/2 → 4I15/2 transitions, respectively. The insets of each
panel give a schematic representation of the involved excita-
tion and relaxation processes. The black curves in both panels
represent the fitting models described in the text.

trend: When the deposition temperature is decreased
from its optimum value of 350◦C, both the characteristic
decay times and the areas under the decay curves de-
crease. This is a clear indication that more non-radiative
decay channels are opened up for the lower deposition
temperatures. If, on the contrary, the faster decay had
been caused by increased radiative decay rates, the ob-
served luminescence would expectedly be more intense,
i.e. present larger amplitudes of the decay curves and
typically preserve the areas under the curves.

The above analysis is also carried out for the post-
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FIG. 4. Characteristic decay times for (a) the 4I11/2 → 4I15/2
and (b) the 4I13/2 → 4I15/2 transitions for various conditions
of deposition (Dxxx◦C) and annealing temperature and air
exposure. The diamonds represent the unannealed samples
whereas circles, triangles, and squares correspond to the sam-
ples annealed at temperatures 150 ◦C, 250 ◦C, and 350 ◦C,
respectively.

annealed films and the characteristic decay times have
been plotted in Fig. 4. In general, the trend is similar to
the observations for the steady-state UCL yield in Fig. 2:
A higher post-annealing temperature will in general de-
crease the decay times, but if unexposed to air, the post
annealing may re-establish a longer decay time. It is
interesting that the characteristic time τ13/2 correspond-

ing to the lowest transition 4I13/2 → 4I15/2 is essentially
cured to the best unannealed value (red solid diamond
in Fig. 4(b)) of 150 µs for high-temperature annealing of
the two unexposed samples (open red and blue squares in
Fig. 4(b)). In comparison, the characteristic decay time
τ11/2 for the 4I11/2 → 4I15/2 is much further from being
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FIG. 5. The UCL yield as a function of the product of
characteristic decay times τ11/2 and τ13/2, shown on a double-
logarithmic scale. The color code and the symbols are identi-
cal to previous figures. The dashed line represents a propor-
tional fit.

re-established at the largest observed value.

C. Correlation between steady-state UCL and
time-resolved PL measurements

While speculations regarding the physical mechanisms
behind the variations in the characteristic decay times,
τ11/2 and τ13/2, will be deferred to Sec. IV, it is still in-
teresting to investigate the relation between these decay
times and the observed steady-state UCL. First, if non-
radiative decay channels are opened from the 4I11/2 level
and hence decreasing the value of τ11/2, the probabil-

ity of observing UCL on the 4I11/2 → 4I15/2 transition
will consequently decrease. It is thus plausible that the
UCL yield is an increasing function of τ11/2. Likewise, if

non-radiative decay channels are opened from the 4I13/2
level and shortening τ13/2, the time that a given Er3+ ion
spends in this level will decrease, resulting in a smaller
probability of absorbing another photon via the ESA pro-
cess or interacting with another closely-spaced Er3+ ion
via the ETU process. Hence, the UCL yield would ex-
pectedly also be an increasing function of τ13/2. For these
reasons, the UCL yield is plotted as a function of the
product τ11/2 × τ13/2 in Fig. 5, and it is indeed estab-
lished as an experimental fact that the data exhibit to a
good approximation a proportionality between the UCL
yield and this product of decay times. This is illustrated
by the black dashed line of the plot, which represents the
best proportional fit. In fact, this relationship can be
argued on the basis of a simple rate-equation model, the

details of which will be discussed elsewhere18.
The proportionality of Fig. 5 presents a very conve-

nient link between, on the one hand, the UCL yield with
its application within e.g. photovoltaics and, on the other
hand, the time-resolved PL experiments which present a
possibility for a more detailed understanding of the lim-
iting factors behind the UCL process. It should be em-
phasized that comparing the UCL yield across different
samples requires the use of the integrating sphere, since
the exact emission pattern of the UCL and hence the
light collection efficiency may in practice vary from sam-
ple to sample. In contrast, the time-resolved PL mea-
surements are insensitive to such variations, since they
would only affect the amplitudes of the decay curves and
not the measured time scales. With the above-mentioned
proportionality, it is thus possible to make quantitative
comparisons between samples without the need for an
integrating sphere, which in turn increases significantly
the sensitivity and allows for examining also poorly per-
forming samples.

IV. DISCUSSIONS

The experimental facts concerning the possible physi-
cal mechanisms behind the UCL performance of the sam-
ples can be summarized in the following observations:
(i) Despite large variations in UCL yield and lumines-
cence decay times, all investigated samples showed an
amorphous structure when investigated by XRD. Hence,
the relevant structural variations between samples occur
most likely at the atomic scale, e.g. in the form of point
defects in the TiO2 host material. (ii) The decreasing
UCL yield is accompanied by opening of non-radiative
decay channels, and in turn, a decrease in the lumines-
cence decay times τ11/2 and τ13/2. However, these vari-
ations may occur differently for the corresponding levels
4I11/2 and 4I13/2 as observed most clearly for the unex-
posed samples in Fig. 4. (iii) The best performing sample
was deposited at 350 ◦C during 90 minutes in an Ar/O2

atmosphere. Still, a post annealing in exactly the same
atmosphere and for the same duration caused a signifi-
cant decrease in UCL yield (by∼ 75 %) for the unexposed
sample. This raises the question why the best performing
samples actually worked in the first place. The answer
must lie in the difference between the two cases, being
only that the plasma of the RF-MS process was on dur-
ing deposition and off during post annealing. (iv) The
UCL yield increases with increasing deposition tempera-
ture up to 350◦C for the as-deposited samples. (v) While
the annealing process can be advantageous for the UCL
yield in some cases (for unexposed samples deposited at a
low temperature), it is mostly decreasing the UCL yield
and always so for the air-exposed samples.

Let us discuss which physical mechanisms could cause
the above observations. Point defects, as a possible
explanation for the variation in UCL yields and decay
times, were previously studied in several sputtered oxide
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films, e.g. TiO2 and SnO2
19–22. The oxygen vacancies,

being a relevant candidate in our samples, were stud-
ied in atomic-layer-deposited amorphous-TiO2 (a-TiO2)
films23,24. In a detailed study, Pham et al.23 observed
the O-vacancy defect states at about 1.0–1.5 eV above
the top of the valence band in a-TiO2 films deposited
at 300 ◦C. We propose that such oxygen vacancies are
present in our Er3+-doped TiO2 thin films and that they
open some energy-transfer channels for the excited states
of Er3+ ions. The energy difference between the O-
vacancy defect states and the valence band in TiO2 is in
good agreement with the transition energy (∼ 1.27 eV)
of the 4I11/2 → 4I15/2 transition of Er3+, and hence non-

radiative decay of the 4I11/2 state in Er3+ could be as-
sociated with excitation of valence-band electrons to the
O-vacancy defect states in TiO2. The transition energy
(∼ 0.82 eV) of the 4I13/2 → 4I15/2 transition is some-
what smaller than the above-mentioned energy range for
the O-vacancy states. We cannot rule out that these O-
vacancy defects could have a low-energy tail; however,
the different behavior of the two decay times, τ11/2 and
τ13/2, as mentioned in observation (ii), suggests that non-

radiative decay of the 4I13/2 states could be associated
with a different class of defects (with lower energy). Such
defects would then have to be susceptible to curing by
annealing, at least for the unexposed samples, in consis-
tence with the dashed lines in Fig. 4(b).

The explanation regarding observation (iii) could lie
in the possible creation of a H plasma during the fabri-
cation process, whereas no plasma was present during
post annealing. It should be noted that our sputter-
ing process had no intentional hydrogen source, so the
H content of the plasma would be due to residual H2

in the chamber. Previous studies have reported on the
role of hydrogen passivation of O vacancies in c-TiO2

25

as well as of dangling bonds in a-TiO2 films19,26 through
formation of O–H bonds26. We thus suggest that such
defects in our sputtered Er3+-doped TiO2 films are pas-
sivated by hydrogen during the fabrication process. The
post annealing in the same atmosphere as during depo-
sition (except for the absence of the plasma) might then
remove the H atoms or hydroxyl groups from the host,
causing the 75 % lowering of the UCL yield. The possi-
ble creation of oxygen vacancies and the dissociation of
hydroxyl bonds due to annealing of c-TiO2 films (at T
≥400 ◦C) in an oxygen-depleted atmosphere (i.e. Ar or
vacuum) are well-reported26,27.

The above considerations are also consistent with ob-
servation (iv): At elevated deposition temperatures, the
density of defect states is most likely smaller due to the
higher surface diffusion of atoms, providing a larger prob-
ability for reaching energy minima during growth.

The impact of annealing on the UCL yield also depends
strongly on whether the as-deposited films have been ex-
posed to ambient air before the annealing step or not, as
stated in observation (v). The exposure to ambient air al-
lows the interaction of the surface of the sputtered Er3+-
doped TiO2 films with O2, water vapor, N2, CO2, etc. at

atmospheric pressure and room temperature. Such inter-
actions have previously been studied in physical-vapor-
deposited c-TiO2 films and reported to involve these
molecules, collectively, in the temporary passivation of
defects26,28,29. We propose that gas molecules attach to
the surface by dissociative or molecular chemisorption.
Presumably, the presence of loosely bound and dissoci-
ated ambient-air molecules promote the removal of hy-
drogen from defects during the post annealing and hence
more efficient de-hydrogenation and resulting activation
of defects in these samples. The unexposed films, how-
ever, do not contain such loosely bound molecules and
activation of H-passivated defects by dissociation of O-H
bonds during annealing might require a higher temper-
ature. Therefore the observed drop in UCL yield after
annealing is significantly lower than for the air-exposed
counter-part.

V. CONCLUSION

A study of the influence of deposition- and annealing
temperatures on the UCL yield and the associated de-
cay times of the two lowest excited states (i.e. τ11/2 and

τ13/2) of Er3+ ions in sputtered Er3+-doped TiO2 films
was performed. An elevated deposition temperature was
a prerequisite for the luminescence of the films. The high-
est UCL yield and the associated long decay times of the
Er3+ levels were obtained at a deposition temperature
of 350 ◦C. The post annealing of the as-deposited films
in general reduced the UCL. It was observed that ex-
posure of as-deposited films to ambient air prior to post
annealing was detrimental for the UCL of the films. How-
ever, the effect of post annealing on the films deposited at
lower substrate temperatures and unexposed to air before
the annealing step was found to be beneficial. The de-
cay curves, observed in time-resolved PL measurements,
showed that the decrease in the UCL yield was caused
by the opening of non-radiative decay channels from the
Er3+ excited states. The linear scaling between the UCL
yield and the product of τ11/2 and τ13/2 for all samples
provided a convenient link between decay dynamics and
the obtained UCL yield. In light of the structural sim-
ilarities (i.e. atomic structure) among the samples, the
UCL variation with the temperature was attributed to
the activation and/or passivation of defects, originated
during the sputtering.
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Abstract

The upconversion luminescence (UCL) of colloidal lanthanide-doped upconversion

nanocrystals (UCNCs) can be improved either by precise encapsulation of the surface

by optically inert shells around the core, by an alteration of the nearby environment

via metal nanoparticles, or by a combination of both. Considering their potential

importance in crystalline silicon photovoltaics, an investigation of both e�ects for two-

dimensional arrangements of UCNCs for the conversion of >1100 nm wavelength light

is the topic of the present work. We study the variation in the luminescence from an

Er3+-doped NaYF4 core as a function of the thickness of a NaLuF4 shell in colloidal
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solutions as well as in spin-cast-assisted self-assembled monolayers of UCNCs. The ob-

served UCL yields and decay times of Er3+ ions of the UCNCs increase with increasing

shell thickness in both cases, and nearly no variation in decay times is observed in

the transition of the UCNCs from solution to �lm con�gurations. The luminescence

e�ciency of the UCNC monolayers is further enhanced by the deposition of electron-

beam-lithographic-designed Au-nanodiscs either on top or buried within of the mono-

layer. Structural tuning of the discs, to achieve localized surface plasmon resonance at

the excitation wavelength (∼1500 nm) enables near-�eld enhancement of the excitation

intensity and in turn, an increased UCL. The UCL e�ciency of the core-UCNCs in

the monolayer con�guration is enhanced by a factor of �ve and the UCL-enhancement

factor decreases with an increase in the spacing between the Er3+ ions and the Au-discs

in the buried Au-disc con�guration.

Keywords

Plasmon enhancement, upconversion, core-shell nanocystals, monolayer, shell thickness

Introduction

Trivalent lanthanide (Ln3+)-doped upconversion nanocrystals (UCNCs) are well-known for

their remarkable ability of merging two or more low-energy photons into one high-energy

photon. The UCNCs hold signi�cant impact in a broad range of applications, ranging from

biomedical imaging1,2 to photovoltaic (PV)3�6 and display technologies.7 The ladder-like 4fn

energy levels and the shielding e�ect of their electrons restrict the range of excitation and

emission wavelengths for the UCNCs.8,9 Therefore, based on the particular application dif-

ferent dopants are chosen for UCNCs. For instance, the single lanthanide-doped (i.e. Er3+

or Tm3+)10,11 UCNCs are more appropriate for the e�ciency improvements in PV (specif-

ically crystalline silicon (c-Si) solar cells) due to the conversion of near-infrared photons
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(λ > 1100 nm) into visible photons whereas the codoped (i.e. Er3+-Yb3+) UCNCs are ap-

propriate for the biomedical applications where the focus is on the conversion of 980 nm

photons instead. The chemical synthesis of the nanocrystals has been extensively studied

for a decade.12�14 However, a small absorption cross section of dopants,15,16 concentration

quenching,17,18 and non-radiative emission channels at the surface of the nanocrystals19 may

impose some limitations to the upconversion luminescence (UCL) of the UCNCs. Recently,

extensive attempts have been performed to improve the UCL e�ciency either by changing

the chemistry of the nanocrystals or by altering their nearby environment. Tailoring at the

doping level, variation in host lattices,20 formation of optically active-21,22 or inert shells23

around the core are a few approaches at the materials level, whereas using metal nanos-

tructures24 or photonic crystals25�27 exemplify external environmental adjustments to deal

with the aforementioned UCL limitations. A substantial research e�ort has been performed

in smart nanoengineering of such colloidal UCNCs by formation of inert shells around the

optically active core to reduce surface-quenching processes.12,23,28�33

Fabrication of two-dimensional (2D) arrangements of the colloidal UCNCs demonstrate a

high level of control of mono-layer �lm formations, and their UCL study is important to ex-

amine the applicability of UCNCs in PV devices. The transition from solution to �lm con�g-

uration allows for investigation of the possible activation of non-radiative emission channels.

The liquid/air interface method is the most extensively used technique to develop monolayers

of the nanocrystals.34�36 However, the involvement of organic solvents in the method lim-

its the chemical stability of the UCNC monolayers for possible next stage processes, which

could for instance consist of lithographic patterning of metal nanoparticles (NPs) on top of

the monolayers for UCL enhancement. The patterning involves harsh chemical and thermal

environments which could destabilize the UCNCs arrangements. Spin coating, in contrast

to the interface method, is an easy and controlled technique for monolayer fabrication.37�40

This technique can produce a host-independent chemically stable 2D ordered arrangement
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of UCNCs if the process parameters and dispersion properties are precisely controlled. Spin

coated monolayers are thus applicable for such next stage processes.

The UCL e�ciency of the UCNC monolayers can be further enhanced by altering the

nearby environment of the luminescent centers through metal NPs.24,41�44 A resonant inter-

action of metal NPs with incident light creates collective oscillations of their free electrons

called localized surface plasmon resonances (LSPRs) that localize electromagnetic �elds (E-

�elds)45 close to the metal NP surface. The concentrated E-�elds can either enhance both

absorption41,43,44 and emission41 or enhance absorption but quench emission34 in the emitters

within the UCNCs. An enhanced absorption and emission in the emitters can be achieved

by matching the LSPRs frequency of metal NPs with the excitation wavelength and by opti-

mizing the distance between the metal NPs and the emitters for a slow non-radiative decay,

respectively. The above optimizations of plasmonic structures allow for investigating the

fundamentals about the interactions between the emitters and metal NPs. In addition, they

also demonstrate a good control of the fabrication of upconversion-based PV devices. The

distance optimization between the NPs and the emitters for an e�cient enhancement in the

UCL has been studied previously using physical vapor deposited spacer layers for varying

the spacing.34,46 The resonant frequency of the LSPRs depends on the NP geometry44 and

the refractive indices of the materials and the surroundings.44,47,48 The geometry of the NPs

is controlled by the choice of fabrication method. Chemical synthesis and lithography are

the two prominent ways to fabricate Au NPs. In a low and constant refractive index system

like UCNC monolayers, the geometric alteration of the NPs is a challenge due to a required

relatively bigger diameter in achieving in-resonance plasmon enhancement. A shift in the

LSPR peak positioning by the geometric alteration to λ > 1100 nm is possible by chemical

synthesis methods but highly tedious and ine�cient.49,50 Most of the previous studies are

thus focused on o�-resonant coupling,34,41 very few are on resonance at λ ∼ 980 nm,41,48

but none are reported on resonant plasmon-enhanced upconversion for λ > 1100 nm with

chemically synthesized NPs. However, the nanofabrication of such metal NPs by lithographic
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techniques, i.e. nanosphere lithography,51�53 electron beam lithography (EBL),44 or nanoim-

printing,54 present alternative methods for the desired metal NPs fabrication.

The present letter involves the fabrication of spin-cast self-assembled monolayers of

Er3+:NaYF4-NaLuF4 (core-shell) UCNCs. A dependence of the upconversion luminescence

on the shell thickness is investigated in 2D arrangements of UCNCs. The decay times of

the 4I11/2 and the 4I13/2 energy levels of Er3+ ions are examined in the transition of UCNCs

from colloidal solutions to monolayers. Furthermore, the electron-beam lithography (EBL)

de�ned Au-nanodiscs are placed either on top of or below the monolayers, and the structures

are geometrically optimized for a resonant plasmon-enhanced upconversion of 1500 nm light.

The distance dependence of the plasmon enhancement factors in the UCL are examined

through the varied shell thickness of the UCNCs, which creates a variable spacing between

Au-discs and Er3+ ions, in the buried Au-discs con�guration. The optimizations of both

shell thickness of UCNCs in the ordered structures and Au-nanodiscs are important to �nd

the applicability of UCNCs at the PV device level.

Results and discussion

The present work is focused on the luminescence study of Er3+-doped NaYF4 UCNCs in the

monolayer con�guration. For the work, nearly spherical, 19.7 ± 0.7 nm diameter 20 mol%

Er3+-doped β-NaYF4 core nanocrystals were chemically fabricated. A sample of core-only

nanocrystals was retrieved while the rest went under chemical process of variable NaLuF4

shell formation, with thicknesses ranging from 0.8 nm to 10.1 nm (Supporting Informa-

tion, Section 1). The structural and optical measurements of colloidal core and seven other

core-shell nanocrystals were performed and results are presented either in the supporting

information or below in the letter. In the letter, we present results of three representative
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samples in the monolayer con�guration. These samples are the core (CS0), core with 2.8 nm

shell thickness (CS3), and core with 10.1 nm shell thickness (CS10) UCNCs. To avoid am-

biguity, a color code is maintained for the representative samples in all �gures throughout

the letter: blue for CS0, green for CS3, and red for CS10 UCNCs.

High-resolution transmission electron microscope (HR-TEM) images of single UCNCs of

the representative samples, shown in the top-left corner of each colored box of Figure 1, con-

�rm the isotropic growth of shells around the core UCNCs. The monolayer formation of the

UCNCs is performed by a spin coating technique. The homogeneity in the UCNCs arrange-

ments was achieved by optimizing the dispersion properties (i.e. volatility and viscosity),

particle size distributions, and spin-coating parameters (i.e. the rotation and acceleration

rates). However, even at optimum condition we observed a concentration gradient from the

center of rotation to the substrate corners from one monolayer to one and a half monolayers.

Despite this gradient, at least 2×2 mm2 regions near the center of rotation was achieved

with one monolayer for all samples and only these regions were used for the subsequent in-

vestigation. The top-right corner of each colored box in Figure 1 are the top-view scanning

electron micrographs (SEMs) of the representative samples. The images show the intentional

terminations of nanocrystal arrangements (by scotch-tape removal) along with the presence

of naked quartz to verify the monolayer formation. The next top-view SEMs, bottom im-

age of each colored box of Figure 1, show the uniformity in the 2D arrangements of the

UCNCs. The SEMs exhibit a regular close-packed ordering of the nanocrystals with some

minor defects. The smaller size particles (i.e. CS0 and CS3 samples) show the crystallo-

graphic ordered arrangement due to the dominance of the capillary forces during the solvent

evaporation, whereas such arrangement becomes less obvious when the size of particles gets

comparably larger (i.e. CS10 sample). The SEMs of all other samples are reported in Sup-

porting Information, Figure S4.
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Figure 1: Scanning electron microscope images and upconversion luminescence of UCNCs
monolayers are presented in top and bottom panels, respectively. A color code is maintained
in the �gure for the core (blue), core with the shell of 2.8 nm (green), and 10.1 nm (red)
UCNCs. Each colored box of the top panel has one HR-TEM image with a scale bar of 20 nm
(on top-left corner) and two top-view SEMs of the corresponding UCNC monolayers on
quartz. The top-right SEM of each boxes represent the intentional termination of monolayer
and the presence of the naked substrate. The bottom panels (from left to right) show the
UCL spectra (semi-log scale) of the UCNC monolayers of the representative samples and
the derived EQLE versus shell thickness of all samples. The colored symbols of the plot
represent the EQLE of the representative samples. The black curve is a guide to the eye.
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For the optical investigations, the steady-state UCL measurements of all samples were

performed under laser illumination at a wavelength of 1500 nm using a peak intensity of

0.3 kW/cm2. The UCL spectra of all UCNC monolayers were normalized to the total amount

of Er3+ present within the constant laser illuminated area. An increase in the shell thick-

ness around the core reduces the total number of particles and hence the amount of Er3+

in the illuminated area. The spectra are shown in the lower-left panel of Figure 1. It is

evident that the growth of the shell around the core improves the UCL yield of the core

nanocrystals. The UCL yields of all samples are calculated by summing the area under

the peaks for each spectrum and the UCL yields of CS3 and CS10 samples are found to

be 16.5 and 94.4 times, respectively, higher than the UCL yield of core nanocrystals in the

2D arrangements. The external quantum luminescence e�ciency (EQLE), a ratio between

the number of upconverted photons and the incident 1500 nm photons, of all samples are

calculated (explained in Supporting Information, Section 2.3.2) and plotted against the shell

thickness of UCNCs in the monolayer con�guration in the lower-right panel of Figure 1. An

increase in the EQLE with the shell thickness is expected due to a reduction in the non-

radiative decay at the nanocrystal surface. Furthermore, the increase has a low slope until

nearly 1 nm shell thickness, a steep slope from 1 nm to 6 nm shell thickness (as per the

guided black solid curve in the �gure), and followed by a slower increase (saturated EQLE)

at higher shell thickness around the core. The obtained results indicate nearly two orders of

magnitude improvement in the upconversion yield with the 10.1 nm shell thickness around

the core nanocrystals. Interestingly, the trend of variation in EQLE with shell thickness of

UCNCs in their monolayer con�guration is similar to the variation in upconversion quantum

yield of UCNCs in colloidal solutions found by Fischer et al.30 When comparing the absolute

value of quantum yields of the UCNCs to the previous work,30 the current values are lower

for several reasons: (i) The previous work has reported the internal quantum yield, whereas

the present report consists of the external quantum yields. (ii) The present experiment is

performed only with Er3+ ions. (iii) The present dopant concentration is lower than the
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previously reported work.30 (iv) The EQLE is measured for the monolayers instead of the

concentrated colloidal solutions. The power of the excitation laser was varied in order to

determine the scaling of the upconverted light intensity (IUC) with the intensity of incoming

light (Iin) for each monolayer. In the double-logarithmic plot of Figure 2(a), the data of the

core UCNC monolayers fall on a straight line with a small deviation at higher power density

with an average slope of ≈1.5. This indicates IUC ∝ Iin
1.5 scaling. With an increase in the

shell thickness the slope drops to nearly 1 which indicates a linear (IUC ∝ Iin
1) scaling, indi-

cating saturation of the �rst excited level (4I13/2) of Er3+ ions due to very low non-radiative

decay rates in the thick shelled UCNC monolayers.

To comprehend the dynamics regulating the UCL process, time resolved photolumines-

cence measurements were performed. An 800 nm laser populated the 4I9/2 energy level

of Er3+ ions, for all samples in both solution and monolayer con�guration, and the detec-

tion of the emitted light provided the decay curves for both the 4I11/2 → 4I15/2 and the

4I13/2 → 4I15/2 transitions of Er3+ ions. The decay curves of all samples, in both solution

and monolayer con�gurations, were �tted to either a single-exponential decay with the for-

mula f(t) = Ax exp(−t/τx) or single-exponential decay with an initial exponential rise factor

following the formula h(t) = (1 − arise exp(−t/τrise))Ax exp(−t/τx), where Ax and τx rep-

resent the amplitude and the characteristic decay times of the luminescence, respectively,

from either the 4I11/2 or the 4I13/2 levels. A delay in terms of relaxation of the ions from

higher-energy level to the emission level (i.e. 4I11/2 or 4I13/2 ) before being signi�cantly lu-

minescent can explain the rise factor. The decay curves from the 4I15/2 transition of three

representative samples in both monolayer and solution con�gurations are presented in Fig-

ure 2(b1) and (b2), respectively, with the remaining decay curves deferred to the Supporting

Information, Figure S3 and S5. The curves in Figure 2(b1) and (b2) are �tted with single

exponential decay with an initial exponential rise factor except the core UCNCs in mono-

layer con�guration, which has no observable rise before the decay. From Figure 2(b1) it is
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evident that an increase in shell thickness causes longer decay times and also larger areas

under the curves which resembles the increased amount of light emitted from the monolayers

of UCNCs. However, the unknown concentrations of UCNCs in the colloidal solutions do

not allow the comparison of area under the decay curves among samples but the decay times

are irrespective to the concentrations and shows a similar trend to the UCNC monolayers,

presented in Figure 2(b2). This is a clear indication of the e�ective closing of non-radiative

decay channels at the surface of UCNCs with an increase in shell thickness.

Figure 2(c) shows one of the main results of the letter: a comparison of the characteristic

luminescence decay times of UCNCs in the transition from the solution to the monolayer

con�guration. The �gure shows the decay times of the 4I11/2 and the 4I13/2 levels as a func-

tion of UCNCs shell thickness in both con�gurations. The decay times are calculated from

the respective �tted models and abbreviated as τ11/2 for 4I11/2 → 4I15/2 transition and τ13/2

for 4I13/2 → 4I15/2 transition. For both energy levels and both con�gurations, the variation

in decay time as a function of shell thickness is similar; an increasing function �rst with low,

then steep, and �nally nearly zero slopes. It is important to note that the variational trends

in τ11/2 and τ13/2 are maintained in the transformation of UCNCs from colloidal solutions to

the monolayer con�guration. Therefore, it is evident that the colloidal UCNCs do not lose

the luminescence e�ciency in their two-dimensional arrangements. This proves the practi-

cability of UCNCs in upconversion-based solar cell devices for photo-current enhancement.

It is interesting that the trend in decay times is similar to the observations of the steady-

state UCL (EQLE) plot of Figure 1. This indicates a simple correlation between EQLE

and decay times for the samples in monolayer con�guration. The opening of non-radiative

decay channels from the 4I11/2 level and, consequently, shortening the value of τ11/2 for ei-

ther core or thin-shelled UCNCs, results in a reduction in the EQLE for 4I11/2 → 4I15/2

transition. Therefore, the EQLE is an increasing function of τ11/2. Similarly, the opening of
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Figure 2: [The color code is in agreement with Figure 1.] (a) The variation in integrated
UCL intensity with the pump intensity for the representative samples [measured outside the
integrating sphere to increase the sensitivity]. The slope of the curves are represented by the
m-value. (b) Decay curves from the 4I13/2 → 4I15/2 transition of the representative samples
in both monolayer con�guration (b1) and colloidal-solution con�guration (b2). The data are
�tted with the models (described in the text) represented by the black curves in both panels.
(c) Characteristic decay times for the 4I11/2 → 4I15/2 and the 4I13/2 → 4I15/2 transitions of all
samples in both solution and monolayer con�gurations. The squares and triangles represent
the transitions from 4I11/2 and 4I13/2 energy levels, respectively. The hollow and solid nature
of the symbols show the UCNCs in monolayer and solution con�gurations, respectively. The
dashed and solid curves are guides to the eyes for hollow and solid symbols, respectively.
(d) The EQLE as a function of the product of characteristic decay times τ11/2 and τ13/2 for
all UCNCs monolayers, shown on a double-logarithmic scale. The dashed line represents a
proportional �t.
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non-radiative channels from the 4I13/2 level and hence, the reduced τ13/2 for the same sam-

ples, implies a low probability of absorbing another photon via the energy transfer or the

excited state absorption processes. The EQLE is thus an increasing function of τ13/2. With

these considerations, we plotted EQLE versus τ11/2 × τ13/2 for all samples in the monolayer

con�guration on a double-logarithmic scale in Figure 2(d). It demonstrates an approximate

proportionality between the EQLE and τ11/2 × τ13/2, which is in good agreement with our

previous �ndings in another Er3+-doped system.55

In order to use the Au NPs as a plasmonic upconversion enhancer in the UCNC mono-

layer, we designed truncated nano-cone shaped (named as nanodiscs) Au-structures with

the LSPR peak position matched with the excitation wavelength (1500 nm) and fabricated

these via an EBL process. The characteristics of this process are mentioned brie�y in the

Experimental section and discussed in detail in the Supporting Information, Section 3.1.

The nanodiscs were placed in close vicinity of the UCNCs in two di�erent positions: on top

of the monolayers and buried in the monolayers after being deposited on quartz. In either

position, Au-structures were designed in 1×1 mm2 regions such that measurements both

in the presence and the absence of Au-structures could be performed on one sample. In

this way systematic e�ects due to variation in sample fabrication could be reduced. Exper-

imentally, the height and shape of Au-structures were kept constant and the diameter was

varied to achieve the desired LSPR peak position. The height of the structures was �xed to

20 nm to achieve full coverage of the smallest UCNCs (∼ 20 nm sized core) in the buried-Au

experimental pattern. The truncated cone shape is possibly the simplest geometry that can

be designed with a short EBL processing time. A transmission electron micrograph of a

similarly shaped Au disc is reported in our previous work.44 In the present work, we �rst

optimized the diameters of Au-nanodiscs for LSPR at 1500 nm wavelength by trial and error

and then veri�ed numerically with the obtained diameter, see Figure 3(b). The placement

of the nanodiscs on top or buried positions and the variation in the size of UCNCs tuned
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the refractive index of the surrounding medium felt by the nanodiscs, which consequently

a�ected the LSPR peak position. Therefore, the obtained diameters of the nanodiscs for

Au-on-top position was found bigger than for the buried-Au con�guration.

Numerically, we solved the Maxwell equations using the �nite element method (FEM) to

�nd the distribution of electric �eld around a single nanodisc induced by a normal-incident

plane wave. The collected scattered power from the distribution provided the scattering

cross section while the absorption cross section was calculated from the ohmic losses of the

Au-disc. Summation of both corresponds to the calculated extinction cross section. This was

divided by the geometrical cross section (A) of the Au-disc to achieve the relative extinction

cross section (σE/A), from which the LSPR peak positioning of Au-discs is found and com-

pared with the experimental �ndings, see Figure 3(b). The nanoscale structural variation

in the experimentally produced monolayers of UCNCs were smaller than the wavelength of

the plane wave, and therefore we considered the monolayers as a homogeneous �lms in our

calculations. The numerical analysis used the tabulated refractive index of Au whereas the

refractive indices of quartz and UCNCs in the monolayer con�guration were measured by

ellipsometry. The refractive indices of the representative UCNCs monolayers (before being

EBL processed) were measured at 50◦, 60◦, and 70◦ angles and the averaged refractive index

of monolayers were used for the numerical calculation.

The fabrication of in-resonance Au-structures on top of the UCNC �lms will open a new

path towards an Au-embedded multilayered design for an observable photo-current enhance-

ment in c-Si PV devices. In this regards, we attempted to prove the fabrication concept by

designing Au-discs on top of the spin-coated UCNC monolayers via the EBL process. We

ensured the diminutiveness in the possible deformation caused by the EBL process in the

UCNCs arrangements by the selection of an appropriate solvent, the ligand concentrations,

and the isotropic thermal treatments. The chemical and thermal stabilities of the monolayers

allowed the EBL process, see the Supporting Information, Figure S6. Despite the fabrication
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Figure 3: The structural and optical studies of UCNCs monolayers with buried Au nanodiscs
are presented in top (a) and bottom (b,c, and d) panels, respectively. The color code is in
agreement with Figure 1. Each colored box of (a) shows a top-view SEM of one of the
representative samples and a magni�ed image of a single buried Au-disc with a scale bar of
200 nm (top-left corner). The red dashed-circles indicate the presence of Au-discs hidden
under the UCNCs. Panel (b) shows the experimental (colored curves) and numerical (black
curves) LSPR peaks of Au-discs in extinction cross section per unit area (relative extinction
cross section) curve. The black dotted line marks the 1500 nm excitation wavelength. The
luminescence spectra of the same samples measured with (dashed curves) and without (solid
curves) Au-discs are presented in (c). Panel (d) depicts the total UCL yield measured in
presence and absence of Au-discs, and the UCL enhancement (the ratio between the two
UCL yields) as a function of the shell thickness of UCNCs for all Au-buried monolayers.
The errors in the shell thickness are excluded for clarity. The hollow and solid black squares
represent the UCL data measured with and without Au-discs. The color of some data points
match the prede�ned color code. The wine colored curve is a guide to the eyes for the
enhancement data points whereas the solid and dashed black curves are guides for the total
UCL yield measured without and with Au-discs.
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success, the luminescence of the EBL-treated monolayers was observed to be lower than the

non-treated monolayers (mentioned in the Supporting Information, Figure S8(b)), possibly

due to the electron-beam (e-beam) induced defects in the nanocrystals. However, the re-

placement of the EBL to a non e-beam nanofabrication, eg. nanoimprinting, for the discs

formation could possibly resolve the observed UCL drop.

The present study is focused on the UCL enhancement of the monolayers in a buried con-

�guration of Au-discs. The con�guration involved the EBL-fabrication of Au-discs on bare

quartz and the subsequent formation of UCNC monolayers. The structural and optical re-

sults of the representative samples are discussed here while the results of other samples are

presented in Supporting Information, Figure S6, S7 and S8. The top-view SEMs of the rep-

resentative samples are shown in Figure 3(a). The color code is in agreement with the upper

panel of Figure 1. The positions of Au-nanodiscs are random and visible in CS0 and CS3

samples whereas the dashed circles in CS10 sample show the location of the barely visible

Au-discs. The poor visibility of the buried discs in CS10 sample can be explained by the

bigger size of the nanocrystals (40 nm) compared to the height of the Au-discs (20 nm). In

order to show the traces of the nanodiscs, a region of a slightly less compact monolayer of

CS10 is deliberately shown in the �gure. The distributions of the UCNCs on top of Au-discs

are homogeneous and show a similar arrangements as shown in the upper panel of Figure 1).

This de�nes the reproducibility of the UCNCs arrangements irrespective of the surface treat-

ments of quartz during the EBL process. The magni�ed images in (a) show the full coverage

of the discs by the UCNCs, which is important for e�ciently capturing the enhanced electric

�eld generated by the discs.

Shifting from the structural to the optical results, the spectra of relative extinction

cross section and hence the LSPR wavelengths of the representative samples are depicted

in the Figure 3(b). The �gure shows the presence of LSPRs at the excitation wavelength

(∼1500 nm) which con�rms the fabrication of in-resonance Au-discs. The extinction plots
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also show a very good agreement between the experimentally achieved and the numerically

calculated LSPRs peak positioning for the representative samples which further validates

the single-particle FEM numerical approach. Experimentally, we maintained the LSPR

peak positioning nearly at 1500 nm wavelength for all samples by reducing the size of the

EBL-de�ned Au-discs going from CS0 to CS10 UCNCs. The extinction cross section, σE=

(1-TD-RD)/PD, was calculated by measuring the direct transmittance,TD, and direct re-

�ectance, RD in the spectrophotometer. In the equation PD represents the Au-nanodisc

density of 6000 per unit 100×100 µm2 fabricated area. After con�rming the deposition of

in-resonance Au-discs for the UCL enhancement, we performed the luminescence experiment

on and o� Au-discs for all samples. Figure 3(c) shows the spectrum of the upconverted light

at 980 nm for the representative samples, and the UCL intensity is clearly enhanced in the

presence of Au nanodiscs. In addition, we do not see any signi�cant change in the shape of

the UCL spectrum due to the presence of the metal discs. The total UCL enhancement is de-

�ned by the ratio of the area of all upconversion luminescence peaks in the presence and the

absence of Au-discs. The enhancement along with the total UCL with and without Au-discs

of all samples are shown in Figure 3(d). It is interesting to see that the trend of the variation

in UCL with the shell thickness is maintained in the buried Au-discs con�guration for both

the presence and the absence of Au-discs measurements. The maximum around �ve fold UCL

enhancement is observed in the core UCNCs; however, a decrease in the enhancement was

observed with increasing shell thickness, see the plot. As the shell thickness increases, the

spacing between the ions and the discs increases which prevents the nonradiative quenching

at small separation distances as reported previously34,46 therefore, the enhancement should

be an increasing function with the shell thickness. However, the increased shell thickness

simultaneously passivates the UCNCs surface defects also and consequently, improves the

UCL of the monolayers. Now if the surface passivation of the UCNCs gets dominant, no

signs of the improvement in the metal induced quenching appears. Therefore, instead of im-

proving the UCL-enhancement with the spacer distance at small distances (∼ 5-10nm), we
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observe a continuous drop due to the growing distance of the Er3+ ions (present in the core)

from the concentrated E-�eld of Au-discs. The observed maximum UCL enhancement in the

UCNC monolayers from Au-discs, ∼ 5 fold, is way too small compared to the enhancement

achieved by the inert-shell formation around the core, ∼ 100 fold. The specially designed

(e.g. by topology optimization56) Au-structures could possibly replace the nanodiscs for a

higher enhanced-upconversion in core-shell UCNC monolayers. In the present work, we prove

the possible implementations of both the chemical modi�cation at material surface and the

alteration of their near environment strategies in the fabrication of an e�cient upconversion-

based solar cells.

In conclusion, we investigated the relationship between the upconversion luminescence

and the shell thickness of Er3+:NaYF4-NaLuF4 UCNCs in their monolayer con�guration. We

demonstrated that the decay times of the �rst two excited states (the 4I11/2 and the 4I13/2)

of Er3+ ions were essentially unin�uenced in the transition of colloidal solutions to 2D-

arrangements of the UCNCs which further excludes the possible opening of non-radiative

decay channels. This conservation of the luminescence e�ciency enables the possible use

of thin �lms of such UCNCs in c-Si photovoltaic devices for the upconversion of 1500 nm

wavelength photons. In addition, the linear scaling between the UCL yield and the τ11/2×τ13/2
for all UCNC monolayers provided an appropriate connection between decay dynamics and

the obtained UCL yield. We further enhanced the UCL yield by introducing EBL-de�ned

resonant Au-nanodiscs in the top and bottom of the chemically and thermally stable UCNCs

monolayers. We experimentally tuned the disc diameters in both con�gurations to achieve

the LSPR at 1500 nm wavelength and veri�ed the position numerically. By depositing Au-

discs on top of the monolayers, we demonstrated good control of the fabrication process which

can further be extended to multilayered experiments, and by burying Au-discs in the UCNC

monolayers, we determined the possible achievable UCL-enhancement. The maximum �ve

fold UCL enhancement was achieved with the core nanocrystals and a drop with the increase
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in the shell thickness was observed in the buried-Au discs con�gurations.

Experimental

Synthesis of Er3+:NaYF4-NaLuF4 (core-shell) nanocrystals. The core of Er3+-doped

β-NaYF4 nanocrystals were prepared by a solvo-thermal method.57 The shells of NaLuF4

around the core were fabricated by the combination of both successive layers growth29,30,32

and one-shot injection methods. The successive layers growth method, on the one hand,

involves a sequential injection of shell precursors in the hot reaction vessels of the target

nanocrystals and the one-shot injection method, on the other hand, only includes one-time

injection of shell precursors into the hot reaction vessels of the core nanocrystals for the

desired shell thickness. All nanocrystals were structurally characterized by transmission

electron microscopy (TEM), X-ray di�raction (XRD), and inductive coupled plasma-optical

emission spectroscopy (ICP-OES) and some selective nanocrystals were also analyzed by

scanning transmission electron microscopy (STEM) and energy dispersive X-ray spectrom-

etry (EDS)-line scan. The details of the synthesis and the results of structural analysis are

mentioned in the supporting information, Section 1.

Fabrication of UCNC monolayers. The monolayers of Er3+:NaYF4-NaLuF4 (core-shell)

nanocrystals were developed by a drop-cast assisted spin coating technique. The technique

involved the placement of the optimized concentration of colloidal solutions onto quartz fol-

lowed by a subsequent rotation at a de�ned spinning speed. The selection of solvent, the

concentration of nanocrystals, and the spinning parameters were optimized to achieve mono-

layers for each sample. The experimental details are reported in the supporting information,

Section 2. The thickness and the optical constants of monolayers were obtained by ellipsom-

etry using a Sentech SE850 PV Spectroscopic Ellipsometer.

Fabrication of Au-nanodisc-consisting UCNC monolayers. Electron beam lithogra-

phy (EBL) was used for preparing Au nanodiscs with optimized geometries for the LSPR at
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1500 nm wavelength for all samples. The monolayer formation was performed as described

in the previous section. Depending on whether the Au-nanodiscs were placed on top of the

UCNC monolayers or buried within, this work is performed in two ways. In the �rst case,

the monolayers were prepared on quartz and heated at 110◦C for 15 min in an oven, followed

by fabrication of the Au-nanodiscs on top of the �lms. In the second case, the Au-nanodiscs

were prepared on naked quartz and then monolayers were prepared on top. The annealing

step was excluded for this purpose.

Optical investigations. The steady-state UCL spectra were recorded under continuous-

wave (CW) laser illumination at a wavelength of 1500 nm using a power of 18.9 mW and

a beam area (full width at half maximum) of 6.5×10−5 cm2. The monolayers were placed

inside an integrating sphere to con�rm a similar collection e�ciency for all UCNCs samples.

A Princeton Instruments spectrograph, consisting of an Acton SP2358 monochromator and

a PIXIS:100BR CCD camera captured the emitted light. The time-resolved PL (TRPL)

measurements were performed using a 35 fs pulsed Ti:sapphire laser with a peak wavelength

of 800 nm. The TRPL measurements were performed outside the integrating sphere. These

measurements used two identical Princeton Instruments monochromators with di�erent de-

tectors. A Hamamatsu R5509-73 photo-multiplier tube (PMT) for 1500 nm luminescence

detection and a Perkin Elmer avalanche photo diode (APD) single-photon counting module

for 980 nm luminescence detection. In addition, the wavelength-dependent transmittance

and re�ectance were measured using a Perkin Elmer Lambda 1050 spectrophotometer.
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Section 1: Colloidal solution of nanocrystals

1.1: Synthesis of nanocrystals

1.1.1: Precursors

Yttrium acetate hydrateY(CH3CO2)3.xH2O (99.9%), erbium acetate hydrate Er(CH3CO2)3.xH2O

(99.9%), lutetium oxide Lu2O3 (99.9%), sodium tri�uoroacetate NaCF3CO2 (98%), sodium

1



hydroxide NaOH (≥98%), ammonium �uoride NH4F NH4F (≥99.9%), tri�uoroacetic acid

CF3CO2H (99%), and oleic acid (90%) were purchased from Sigma-Aldrich. Oleylamine (80-

90%) and 1-octadecene (90%) were purchased from Acros Organics and TCI Deutschland,

respectively. All the chemicals were used without further puri�cation.

1.1.2: Synthesis of the core nanocrystals

The synthesis of Er3+:β-NaYF4 core nanocrystals was performed as published by Li et al.1

and Fischer et al.2,3 with minor modi�cations. For the fabrication of 5 mmol, 20 mol

% Er3+-doped core nanocrystals, the acetate precursors of yttrium (4 mmol) and erbium

(1 mmol) were mixed into a 250 mL three-neck �ask �lled with 25 mL oleic acid and 90 mL

1-octadecene. The solution was heated at a constant 125◦C under vacuum for approximately

one hour which turned the solution translucent. The solution was cooled down to room tem-

perature afterwards. Simultaneously, another solution of 20 mmol ammonium �uoride and

12.5 mmol sodium hydroxide in a 40 mL methanol was prepared in a vial under a constant

30 min stirring, ensuring that all �uoride was consumed completely. The prepared methanol

solution was added drop-wise into the reaction vessel �lled with lanthanide precursors and

stirred for 45 min. Subsequently, the prepared turbid solution was heated to 70 ◦C with open

necks to evaporate methanol, further heated for 10 min to 100◦C under argon �ow to remove

residual water, and then the solution was heated for 90 min with the rate of 18-20 ◦C/min to

300◦C under argon atmosphere and a constant stirring. The rotation speed and the geometry

of the magnetic needle were the deciding parameters in the stirring for the size determination

of the nanocrystals. Here, we worked with a spindle shaped, medium sized needle with a

1100 rpm rotation speed to achieve the desired size of the structures. Next, the heating

was turned o� and the �ask was detached from the heating element to let the solution cool

down to room temperature. After storing 4 mmol amount of the solution, 1 mmol solution

was precipitated in absolute ethanol and collected by centrifuge. The process is repeated 3

times to ensure the proper wash of the core nanocrystals. The collected precipitate was then
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dispersed in 10 mL hexane.

1.1.3: Growth of shell

Preparation of shelling precursor

In the process, we prepared the �uoro-acetate precursor of lutetium from the commercial

oxide. We dissolved 5 mmol lutetium oxide in 25 mL tri�uoroacetic acid and 75 mL distilled

water in a 250 mL three-neck �ask. This solution was heated in a condenser column to

90 ◦C overnight (8-10 hours) in an oil bath. The milky solution became transparent after the

dissolution of Lu2O3 during the evaporation-condensation process. The excess tri�uoroacetic

acid and water from the transparent solution were removed by evaporating at 65 ◦C after

removing the condenser column. Heating of around 5 hours provided a white powder of

10 mmol Lu(CF3CO2)3. The prepared powder was added into a 10 mL oleic acid, 15 mL

1-octadecence, and 2.5 mL oleylamine �lled �ask. The heating at 120 ◦C temperature in

vacuum made the solution clear but yellowish in color. Afterwards, the solution was cooled

down and transferred to a vial. The prepared solution was stored for the shell formation

process. Similarly, another solution of 10 mmol of sodium tri�uoroacetate in 7.5 mL oleic

acid and 7.5 mL 1-octadecence were prepared at the same temperature and conditions. The

heating was turned o� after obtaining a clear solution. The liquid was stored into a vial

for the shell formation process. Both precursor solutions were mixed in an equal volumetric

ratio to make the shelling precursor solution soon before the injection to grow the β-NaLuF4

shell.

The shell formation

The NaLuF4 shells around the core were fabricated by a combination of both one-shot

injection4 and successive layers growth3,4 methods. In the one-shot injection method, we

prepared 4 subsolutions of 1 mmol each from the 4 mmol of unwashed core nanocrystals

solution. Each core nanocrystals subsolution was then used for the core-shell nanocrystals

formation by developing the desired shell thickness. The 1 mmol unwashed core nanocrystals
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was taken into a 100 mL three-neck �ask and then heated quickly (20 ◦C/min) to 300 ◦C

under a constant argon �ow. The injected amount of the shelling precursor was based on the

desired shell thickness, and the volumetric concentration and size of the core nanocrystals.

The shelling precursor was added in one-shot through the septum of one neck of the �ask.

Depending upon the injected amount, the time for the decomposition of tri�ouroacetate to

grow a NaLuF4 shell varied from 5 min to 15 min. For the one-shot procedure we targeted

1, 3, 5, and 10 nm shell thickness around the core. The prepared core-shell nanocrystals

were collected by the steel syringe (appropriate for extracting 300 ◦C hot solutions) into the

glass vials. After extracting the volumetric half (equivalent to 0.5 mmol nanocrystals) of the

prepared mixture from each subsolutions, the remaining 0.5 mmol of newly prepared core-

shell nanocrystals of each subsolutions were used for the successive layered growth method.

In this procedure, the shelling precursor is added again in one-shot to the remaining mixture

of each subsolution which is already at 300 ◦C. After the 5-10 min period (depending upon

the amount of added precursor), the solution is cooled down. With the layered growth, we

targeted 2, 4, 6, and 11 nm shell thickness around the core by making 1 nm shell around

the one-shot method prepared core-shell nanocrystals. Now, all core-shell samples were

precipitated in ethanol and centrifuged at 7000 rpm for 10 min in Sigma 2-16P centrifuge

with a �xed-angle 12181 rotor. The cleaning process has been repeated 2 more times and

the sediments of each solution were dispersed into 10 ml hexane. The combination of these

two techniques allowed us to fabricate multiple samples with minimal e�orts in ensuring the

isotropic shell compared to the successive layered growth method used in Fischer et.al.3

1.2: Structural characterizations

The fabricated nanocrystals were structurally characterized by transmission electron micro-

scope (TEM), scanning transmission electron miscroscopy (STEM), energy dispersive X-ray

spectroscopy (EDS)-line scan, X-ray di�raction (XRD), and inductive coupled plasma optical

emission spectroscopy (ICP-OES) techniques. The TEM images were captured by Technai

4



G2 Spirit Twins instrument whereas the HR-TEM images of the representative samples (CS0,

CS3, and CS10), presented in the letter, were taken by a FEI Talos F200X instrument. The

TEM images and the corresponding size distributions of the core and the core-shell nanocrys-

tals, and the measured shell thicknesses are shown in Figure S1. The polydispersity of the

nanocrystals are maintained < 5% in all samples. From the TEM micrographs and the size

distributions, we can claim that the shell formation is nearly isotropic. Table S1 consists

of the targeted (from the synthesis) and achieved (acquired from TEM results) shell thick-

nesses of the fabricated UCNCs. The color and name codes are given to the samples and

maintained in all presented �gures.
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Figure S1: Transmission electron micrographs and the associated particle size distributions
of all UCNCs. From (a) to (h): the core (CS0) and the core with increasing shell thickness
UCNCs. The magni�ed TEMs are in the top-corners of each micrograph.
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The STEM images are captured by the same TEM instrument (FEI Talos F200X instru-

ment) in STEM mode. It was performed on two representative UCNCs samples: Core with

thin shell (2.8 nm shell thickness) and with thick shell (10.1 nm shell thickness). Figure S2

shows the distinct presence of both core and shell as dark and bright regions in the images.

It is clear that the formation of the shell around the core is uniform in both lower and higher

shell thickness growth.

20 nm 40 nm

Figure S2: STEM images of core with shell of 2.8 nm (left) and shell of 10.1 nm (right)
UCNCs. The core (dark) and shell (bright) are visible in both imgaes.

EDS-line scan were performed in order to con�rm the presence of Y and Lu in the core

and shells, respectively. In Figure S3, we show the distributions of both Y and Lu across a

single core with 10.1 nm shell nanocrystal. It is clear that the Y located in the core of the

particle and Lu is in the shell.
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Figure S3: EDS line scan across a single NaYF4-NaLuF4 core-shell UCNC presenting distri-
butions of Y and Lu.
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Table S1: The name and color codes are given and maintained for all UCNCs in both their
solution and monolayer con�gurations throughout the Supporting Information. The targeted
and achieved shell thickness are associated presented.

Sample name Targeted shell 

thickness (nm)

Achieved shell 

thickness (nm)

Color code 

CS0 0.0 0.0 Blue

CS1 1.0 0.8 Black

CS2 2.0 2.3 Cyan

CS3 3.0 2.8 Green

CS4 4.0 3.1 Orange

CS5 5.0 4.3 Wine

CS6 6.0 5.2 Dark cyan

CS10 10.0 10.1 Red

Powder X-ray di�raction (PXRD) using Cu Kα radiation in the Bragg�Brentano geom-

etry (Bruker D8 Discover), con�rms that the samples are crystalline and that two phases

are present in the samples when compared to the peak positions from the database. Fig-

ure S4 shows a clear right-shift in the peak positioning going from core UCNCs with the

dominance of β-NaYF4 to core-shell UCNCs where β-NaLuF4 introduces and gets dominant

over β-NaYF4 with increasing shell thickness. The gradual shift in peak positioning occurs

due to gradual compression of the core by the epitaxially grown β-NaLuF4 shell.
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Figure S4: XRD patterns of the core and core-shell upconverting nanocrystals with di�erent
shell thicknesses as indicated. The ICDD pdf (powder di�raction �le) database of NaLuF4

and NaYF4 are mentioned.

The elemental composition of the UCNCs was determined by inductive coupled plasma

optical emission spectroscopy, presented in Table S2. The concentration of the dopant varied

< 2% throughout the samples. The amount of erbrium precursor was added to achieve 20

at% concentration of Er3+ ions however, the average achieved concentration is 17.5 at%,

which is in an acceptable error range.
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Table S2: Nanocrystal composition of erbium and yttrium as measured by inductive coupled
plasma optical emission spectroscopy (ICP-OES). The average and expected values of both
elements are mentioned. The last column has the ratio of both.

Sample Y(mol%) Er(mol%) Y/Er ratio

CS0 83.00±0.20 17.00±0.06 4.88

CS1 83.20±0.16 16.76±0.12 4.96

CS2 82.80±0.45 17.20±0.07 4.81

CS3 82.70±0.65 17.30±0.04 4.77

CS4 82.70±0.80 17.20±0.08 4.80

CS5 82.67±0.97 17.30±0.07 4.77

CS6 81.57±0.70 18.40±0.55 4.42

CS10 81.40±0.70 18.60±0.15 4.37

Average 82.76 17.50 4.72

Expected 80 20 4

1.3: Optical characterizations

The steady-state UCL experiments on colloidal UCNCs were excluded due to previously

reported similar results of Fischer et.al.3 Time-resolved photoluminescence (TRPL) experi-

ments, on the other side, were preformed on the UCNCs in toluene using a femtosecond laser

with a peak wavelength at ∼800 nm to excite the 4I9/2 energy-level of Er
3+ ions. The transi-

tion of 4I11/2 → 4I15/2 and
4I13/2 → 4I15/2 were recorded and are presented in Figure S5. All

the decay curves obtained from TRPL are �tted with the single-exponential decay with an

initial exponential rise factor, the details of the �t are explained in the letter. It is important

to note that the amplitudes of the decay curves are not comparable due to an unknown
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concentration of the colloidal solutions. However, the lifetimes are comparable and reported

in Figure 2 of the letter.
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Figure S5: Decay curves from the 4I11/2 → 4I15/2 (presented in (a)) and the 4I13/2 →
4I15/2 (presented in (b)) transitions of colloidal UCNCs. The color code is in agreement
with Table S1. The insets of each panel give a schematic representation of the involved
excitation and emission processes. The data are �tted with a model (described in the text)
and represented by the same colored curves in both panels. The non-zero background levels
are due to dark counts in the detectors.

Section 2: Monolayers of nanocrystals

2.1: Fabrication of monolayers

The UCNC monolayer fabrication was performed with the colloidal solution of UCNC in

toluene. The choice of the solvent was based on its boiling point and viscosity. The lower

boiling point of hexane and the higher viscosity of dimethyl sulfoxide (DMSO) excluded these

solvents as a choice for the continuous monolayer formation. Therefore, the hexane from the

fabricated colloidal solution of UCNCs was evaporated �rst by Ar-�ow and then a new

colloidal solution of the UCNCs was prepared with toluene. The substrate surface cleaning

is one of the prerequisites for obtaining a uniform monolayer. In the drop-cast assisted

spin-coating technique, an equal volume but an unequal concentration of colloidal UCNCs

were spread on quartz. An optimized concentration of the core UCNCs for a monolayer
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formation was obtained by trial and error. The required concentration obtained for the

core-only particles and knowledge of the size of the targeted core-shell UCNCs allowed the

formation of monolayers for all samples using a simple calculation. As the shell thickness

increased, the size of the particle got bigger and that reduced the number on a �xed and

de�ned (10 X 12 mm2) area of quartz. The calculation is as follows:

CCSx = CCS0 · (ACS0/ACSx), (1)

where C and A represent the concentration and size of nanocrystals in their solutions. The

spinning of the solution was proceeded at optimized parameters of the spin coater. The

spinning parameters were optimized for core UCNCs by the trial and error and kept constant

(rotation speed 2500 rpm and acceleration 500 rpm for 40 s duration) for other UCNCs. The

�uid thinning occurred due to both shear forces and evaporation of the solvent, resulting in

the formation of a dry �lm within a matter of seconds. The narrow size distributions (see

the histograms of Figure S1) of all the nanocrystal solutions helped in achieving monolayers.

The monolayer was obtained at the center of the rotation in an approximately 2×2 mm2 area

of the substrate and a gradient in thickness has been observed afterwards. The maximum

observed thickness at the corners were 1.5 monolayers. The post-deposition processes of the

�lms were performed based on the next stage processes. The deposition of Au-nanodiscs on

top of the �lms demands the chemical and thermal stability. The stabilities were ensured by

dipping the sample in acetone with some mechanical stresses and by drying the �lms in an

uniform heating environment of an oven at the temperature of 110 ◦C. The deposition of a

UCNC monolayer on top of the Au-decorated quartz, in contrast, did not require any thermal

or chemical treatments. We did not see any signi�cant structural and optical changes in the

monolayers after being chemically and thermally treated, except for the formation of some

nanosized cracks in the �lms shown in Figure S8. The optical comparison between untreated

and thermally treated monoalyers are shown in Figure S10(b).
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2.2: Structural characterization of monolayers

Scanning Electron Micrographs (SEMs) of all UCNC monolayers are presented in Figure S6.

It is evident that the arrangements of the monolayers are di�erent for di�erent monolayers.

However, the domains are created in thin-shelled UCNC monolayers whereas the arrange-

ments are more random in thick-shelled UCNC monolayers as mentioned in the letter.

CS0 CS1

CS2 CS3
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CS4 CS5

CS6 CS10

Figure S6: Scanning electron micrographs (SEMs) of UCNC monolayers deposited on quartz.
The sample names, linked with Table S1, are given in each image. The scale bar is 1 µm.
The black regions of the SEMs are substrate in all the images except the image of sample
CS3, where the white regions are substrate. The magni�ed SEMs are in the top corner of
each image with a scale bar of 500 nm.

2.3: Optical characterizations of monolayers

The upconversion luminescence (UCL) experiments were performed on all UCNC monolayers

and the results are presented in the letter.

16



2.3.2: Time-resolved photoluminescence (TRPL) measurements

TRPL experiments were performed exactly in the same way as performed for the colloidal

solutions. The decay curves are presented in Figure S7. The decay curves of the transition

4I11/2 → 4I15/2 are �tted with a single-exponential decay and the transition 4I13/2 → 4I15/2

with a single-exponential decay with an initial exponential rise factor, the details of both

models are presented in the letter.
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Figure S7: Decay curves from the 4I11/2 → 4I15/2 (presented in (a)) and 4I13/2 → 4I15/2
(presented in (b)) transitions of UCNC monolayers. The color code is in agreement with
Table S1. The insets of each panel give a schematic representation of the involved excita-
tion and emission processes. The data are �tted with the models (described in the text)
represented by the corresponding colored curves in both panels.

Section 3: Nanocrystal monolayers with Au-nanodiscs

3.1: Electron beam lithography (EBL) process

The fabrication of Au-nanodiscs via the EBL process both on top of UCNC monolayers and

on quartz was exactly the same. The EBL process was performed with a 30 kV FEI Mag-

ellan scanning electron microscopy equipped with a Raith pattern generator. The e-beam

patterning was performed by a polymethylmethacrylate (PMMA) mask. A combination of

both methyl isobutyl ketone and isopropanol (IPA) was used for dissolving the patterned
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part of the mask and pure IPA was used as a stopper. The deposition of Au on the patterned

substrates was performed by an e-gun evaporation. Finally, the unexposed mask was dis-

solved in acetone and Au nanodiscs of size ranging between 350 nm to 430 nm were prepared

to achieve LSPR of Au-discs at 1500 nm wavelength.

3.2: Structural characterizations

The SEMs of Au-discs buried in UCNC monolayers are shown in the letter, so here we present

the SEMs of Au-discs on top of the representative monolayers in Figure S8. The cracks in

the CS0 sample are bigger than the other two due to intense heating e�ects. However, the

observed cracks do not impede the EBL process. The distributions of Au-discs were kept

random with ∼ 1µm minimum distance between any two discs. The optimized diameter of

the discs for LSPR at 1500 nm wavelength were achieve by the trial and error.

Figure S8: Scanning electron micrographs (SEMs) of Au-nanodiscs on top of the represen-
tative UCNC monolayers. From left to right : Core UCNC monolayer and core-shell UCNC
monolayers with 2.8 and 10.1 nm shell thickness. The scale bar is 1 µm. The magni�ed
SEMs are in the top corner of the each image with a scale bar of 500 nm. The size of the
Au-discs was varied from ∼370 nm to 430 nm to achieve LSPR of the discs at 1500 nm
wavelength.
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3.3: Optical characterizations

3.3.1: Extinction measurements

From the transmittance and re�ectance measurements, we determined the extinction of the

monolayers with both con�gurations of Au-nanodiscs, presented in Figure S9. The method

for the calculation of the extinction was given in the letter.
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Figure S9: The experimental variation in extinction with the emission wavelength. The left
panel shows the schematic representations of a buried-Au discs in an UCNC monolayer and
the associated extinction plots of all the monolayers except the representative samples. The
right panel shows the extinction of only the representative nanocrystals, but with the Au-
discs deposited on top of the monolayer con�guration. The color code is in agreement with
Table S1. The vertical-dashed lines of both panels indicate the desired LSPR peak position
at 1500 nm resonant with the 4I13/2 → 4I15/2 transition.

3.3.1: Steady-state upconversion measurements

The UCL results of the di�erent stages of the fabrication process, where Au-discs are de-

posited on top of UCNC monolayers, are presented here. Figure S10(a) shows the schematic

representation of the samples developed at di�erent stages of the fabricaion. The obtained

UCL results from these samples are presented in Figure S10(b) and (c). It is evident that

the luminescence of the sample drops to about half after the e-beam exposure, whereas the

thermal treatment does not a�ect the performance. Figure S10(c) shows a consistency in the

UCL-drop due to the e-beam exposure and a negligible UCL-enhancement from Au-discs in
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the representative samples.
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Figure S10: (a) Schematics of the samples at di�erent stages, denoted S 1 to S 4, of Au-disc
deposition on top of the monolayers process. (b) A variation in the upconversion lumines-
cence of the samples before Au-disc depositions. The spectrum of S 2 is hidden below the
S 1 spectrum. (c) The luminescence spectra of the representative samples in three di�er-
ent stages of the process. The color code is maintained for the untreated representative
monolayers (S1).

References

(1) Li, Z.; Zhang, Y. An e�cient and user-friendly method for the synthesis of hexagonal-

phase NaYF4: Yb, Er/Tm nanocrystals with controllable shape and upconversion �uo-

rescence. Nanotechnology 2008, 19, 345606.

(2) Fischer, S.; Swabeck, J. K.; Alivisatos, A. P. Controlled Isotropic and Anisotropic Shell

Growth in β-NaLnF4 Nanocrystals Induced by Precursor Injection Rate. Journal of the

American Chemical Society 2017, 139, 12325�12332, PMID: 28777550.

(3) Fischer, S.; Bronstein, N. D.; Swabeck, J. K.; Chan, E. M.; Alivisatos, A. P. Precise

20



Tuning of Surface Quenching for Luminescence Enhancement in Core-Shell Lanthanide-

Doped Nanocrystals. Nano Letters 2016, 16, 7241�7247, PMID: 27726405.

(4) Johnson, N. J. J.; Korinek, A.; Dong, C.; van Veggel, F. C. J. M. Self-Focusing by

Ostwald Ripening: A Strategy for Layer-by-Layer Epitaxial Growth on Upconvert-

ing Nanocrystals. Journal of the American Chemical Society 2012, 134, 11068�11071,

PMID: 22734596.

21


	Contents
	Abstract
	Dansk resumé
	List of Publications
	Abbreviations
	Acknowledgements
	1 General Introduction
	1.1 Introduction and motivation
	1.2 Aim of the research
	1.3 PhD dissertation outline
	1.4 Contributions to the PhD work
	References

	2 Lanthanides and Theory of Upconversion
	2.1 Introduction
	2.2 Electronic structures of lanthanides
	2.3 4f Energy levels of lanthanides
	2.4 Excitation and emission processes in lanthanides
	2.4.1 Excitation processes in lanthanides
	2.4.2 Emission processes in lanthanides
	2.4.2.1 Radiative emission
	2.4.2.2 Non-radiative decay
	2.4.2.3 Energy transfers


	2.5 The concept of upconversion
	2.5.1 Main upconversion mechanisms

	2.6 Details of the upconverter system of the present PhD work
	2.6.1 Erbium (Er3+) ions as an upconverter
	2.6.2 TiO2 as a host 
	2.6.3 NaYF4 as a host

	References

	3 Theory of Plasmonics and Plasmon-Enhanced Upconversion
	3.1 Introduction
	3.2 Principle of plasmonics
	3.3 Calculation of localized surface plasmon
	3.3.1 Electrostatic approximation
	3.3.2 Mie Theory or the optical properties of large spherical particles
	3.3.3 The optical properties of non-spherical large particles (Numerical approaches) 

	3.4 Localized surface plasmon resonance (LSPR) dependence
	3.4.1 Geometric dependence
	3.4.2 Material dependence

	3.5 Plasmon-enhanced upconversion 
	References

	4 Experimental: Fabrication Methods
	4.1 Introduction
	4.2 Upconversion materials fabrication
	4.2.1 Radio frequency magnetron sputtering
	4.2.1.1 Growth of the films
	4.2.1.2 Controlling parameters
	4.2.1.3 Experimental details of our experiment

	4.2.2 Nanoparticle synthesis
	4.2.3 Drop-cast assisted spin coating

	4.3 Focused-ion beam technique
	4.4 Electron beam lithography
	References

	5 Experimental: Characterization Tools
	5.1 Introduction
	5.2 Structural characterizations
	5.2.1 Scanning electron microscopy
	5.2.2 Transmission electron microscopy
	5.2.3 X-ray diffraction technique
	5.2.4 Inductive-coupled plasma optical emission spectroscopy (ICP-OES)
	5.2.5 Rutherford backscattering spectroscopy
	5.2.6 Secondary ion mass spectroscopy

	5.3 Optical characterizations
	5.3.1 Spectroscopic ellipsometry
	5.3.2 UV-Vis-NIR spectrophotometry
	5.3.3 Upconversion luminescence (steady-state) measurements
	5.3.4 Time-resolved photoluminescence measurements

	References

	6 Results and Discussions
	6.1 Introduction
	6.2 Summary of Article 1
	6.2.1 Introduction
	6.2.2 Summary

	6.3 Unpublished work
	6.3.1 Motivation and numerical predictions
	6.3.2 Fabrication and the fabrication challenges
	6.3.3 Results and discussions
	6.3.4 Conclusions

	6.4 Summary of Article 2
	6.4.1 Introduction
	6.4.2 Summary

	6.5 Summary of Article 3
	6.5.1 Introduction
	6.5.2 Summary

	6.6 A correlation between the luminescence of Er3+ ions present in TiO2 and NaYF4 films
	6.6.1 Calculation of normalized UCL yield for Er3+-doped  TiO2  film
	6.6.2 Calculation of normalized UCL yield for Er3+-doped NaYF4 monolayer

	References

	7 Summary and Future Perspective
	7.1 Summary
	7.2 Future perspective
	7.2.1 Fabrication of Au-discs embedded multilayered Er3+-doped TiO2 system 
	7.2.2 Chemically synthesized Au-nanorods for embedded Er3+-doped NaYF4 system
	7.2.3 Photo-current measurements in upconversion based-c-Si solar cells

	References

	8 Contributions to co-author articles
	8.1 Introduction
	8.2 Summary of Article 4
	8.3 Summary of Article 5
	8.4 Summary of Article 6
	8.5 Summary of Article 7
	References


