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“’Life would be tragic if it weren’t funny.”’

- Stephen Hawking

“’What | love about science is that as you learn,
you don’t really get answers.
You just get better questions.”

- John Green



ABSTRACT

UNIVERSITY OF TURKU
Faculty of Science and Engineering, Department of Chemistry, Laboratory of
Materials Chemistry and Chemical Analysis

TUOMISTO, MINNEA: Upconverting luminescent materials for solar energy
conversion

Doctoral thesis, 134 p.

December 2019

As attractive energy converters, solar cells are considered to play a vital role in
covering the constantly increasing energy demands in the future. Despite the strong
success in the field, a variety of solar cells including the commercially available ones
are utilizing mainly the visible region of the solar spectrum, and thus are lacking the
capacity to exploit effectively the infrared region. This issue gives a possibility to
improve the solar cell efficiencies by using the unutilized energy of the infrared
radiation. One solution to overcome this issue is to use upconverting luminescent
materials which are capable of converting infrared radiation to visible by stacking
photons. However, despite the potential, the rather weak conversion efficiency still
limits the use of these materials. On the other hand, even small portions of this
converted radiation would have significant effect on the solar cell efficiency which
is why the development of these materials is desirable.

The main aims of this thesis work were to investigate and develop different
fabrication methods and properties of the upconverting materials that could be used
in solar cells. These methods included the co-precipitation method to prepare
crystalline inorganic upconverting fluoride materials, the atomic and the molecular
layer deposition techniques to fabricate upconverting oxide and hybrid thin films,
and the direct particles doping method for preparation of upconverting luminescent
glasses. In addition, another goal was to study the possibilities to enhance the
upconversion luminescence which was done by adding transition metal ions (Cr3* or
Mn™) into the Yb*" and Er** doped fluoride material. Improvement in the
upconversion luminescence intensity was obtained by using Cr3* ions.

Another enhancement possibility is to use efficient NIR absorbers together with a
strong upconverting lanthanide ion. The combined ALD/MLD technique was shown
to enable the combination of NIR harvesting organic moiety and upconverting
lanthanide ions to form a hybrid thin film. The ALD and the combined ALD/MLD
techniques were demonstrated to be well suitable for upconverting thin film
fabrication. Moreover, the direct particles doping method was shown to offer a
promising way to introduce a variety of crystalline luminescent materials into
different glass matrices.
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TUOMISTO, MINNEA: Kéénteisviritteiset luminoivat materiaalit aurinkoenergian
hyodyntamisessa

Vaitoskirja, 134 s.

Joulukuu 2019

Aurinkoenergian tarjoamia mahdollisuuksia pidetddn yhtend lupaavimmista
vaihtoehdoista  kasvavien energiatarpeiden tdyttdmisessd tulevaisuudessa.
Aurinkokennot ovat kehittyneet paljon viime aikoina, mutta silti suurin osa
tutkituista ja kaupallisesti saatavilla olevista aurinkokennoista pystyy hyddyntdmaén
auringon spektristd vain nakyvan valon alueen jattden infrapuna-alueen l&hes
kokonaan hyddyntdmattd. Tama ongelma tarjoaa mahdollisuuden parantaa
aurinkokennojen tehokkuutta. Yksi tapa hyodyntaa infrapunasateilyn energiaa on
kéayttda kaanteisviritteisia luminoivia materiaaleja, jotka pystyvat muuntamaan
infrapunasateilyd nakyvéksi valoksi pinoamalla fotoneja. Tdméan prosessin heikko
teho rajoittaa toistaiseksi materiaalien kdyttod. Toisaalta, jopa pienelld IR-séteilyn
muuntomé&arélld on mahdollisuus vaikuttaa merkittdvésti aurinkokennon
tehokkuuteen, mink& vuoksi materiaalien kehittdminen on herattényt kiinnostusta.

Vaitoskirjatyon tavoitteena oli tutkia ja kehittdd aurinkokennoissa mahdollisesti
kaytettavien kaanteisviritteisten materiaalien ominaisuuksia ja
valmistusmenetelmid. Menetelmiin kuului kerasaostusmenetelma, jolla valmistettiin
kiteisia fluoridimateriaaleja; atomi- ja molekyylikerroskasvatusmenetelmat, joilla
valmistettiin Kiteisia oksidi ja amorfisia hybridiohutkalvoja; seké seostusmetelema
luminoivien lasien valmistukseen. Liséksi tavoitteena oli tutkia mahdollisuuksia
parantaa kaanteisviritteista luminesenssia kayttamalla siirtyméametalli-ioneja (Cre* ja
Mn™). Kaanteisviritteisen luminesenssin intensiteettia kasvatettiin lissamalla Cr3* -
ioneja fluoridimateriaaliin, joka oli seostettu Yb®* ja Er®* -ioneilla.

Ké&anteisviritteisen luminesenssin  tehostamisessa voidaan hyddyntdd myos
tehokkaasti ~ NIR-séteilyd  absorboivan  orgaanisen  osan  yhdistdmista
kadanteisviritteisesti luminoivaan lantanidi-ioniin. Naiden osien yhdistdminen
todettiin olevan mahdollista yhdistetylla ALD/MLD -tekniikalla, jolla valmistettiin
hybridikalvoja. Tamén yhdistetyn tekniikan ja ALD-tekniikan osoitettiin olevan
hyvin kayttokelpoisia ké&anteisviritteisten kalvojen valmistuksessa.
Lasimateriaaleilla tutkitun seostusmenetelmén osoitettiin olevan lupaava menetelma
erilaisten luminoivien kiteisten materiaalien lisédmisessa lasiin.
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1. INTRODUCTION

The conventional fluorescence involves one high-energy excitation photon to
produce one emitted photon with lower energy. Therefore, it differs from the
upconversion luminescence (UC) in which two or more low-energy photons are
absorbed and subsequently one high-energy photon is emitted (Fig. 1). The UC is
often described as a photon stacking process. This unique luminescence property of
UC materials enables the utilization of infrared radiation (IR) energy in solar cells
which are currently incapable of exploiting effectively this region of the solar
spectrum (Fig. 1).13

Solar radiation on Earth

] ' Visibl Infrared radiation
I
1 3 ' | VI S —
I .
I : g
' - ] s
I I ‘8
1 [ E
I 1 @
&
. 0]
Photoluminescence Upconversion
luminescence 500 1000 1500 2000
Wavelenght/ nm

Fig. 1. Schematic representation of the conventional photoluminescence and the
upconversion luminescence processes (left) and the solar radiation on Earth (right).

The use of UC materials in solar cells was first reported in 1996 when a vitroceramic
material doped with lanthanide ions capable of the UC process was incorporated into
a GaAs solar cell.* The following research has focused on a variety of different solar
cells including organic solar cells, perovskite and dye sensitized solar cells (DSSC),
amorphous silicon (a-Si) solar cells, and crystalline silicon (c-Si) solar cells that
represents the majority of commercially available solar cells. The type of the solar
cell sets limits to the UC materials which can be designed to absorb in a different
radiation region.

The materials capable of generating upconversion luminescence are mainly divided

into two groups. First are the materials that consists of inorganic host doped with
lanthanide ions or transition metals that work as an emitter of the UC, and second
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Introduction

are the organic chromophores capable of showing triplet-triplet annihilation (TTA)-
based upconversion. In addition, it is possible to combine different materials into
hybrid materials in which organic molecules harvest excitation radiation and transfer
the absorbed energy to the upconverting ion. The basic requirement for the
upconversion luminescence is the existence of the intermediate energy states with
relatively long lifetimes. The lanthanide ion based upconversion rely on the abundant
4f electronic energy levels while the TTA- upconversion is based on the triplet states
of the chromophore molecules.?° Nevertheless, this thesis work discusses only the
lanthanide ion based upconversion luminescence.

The UC materials can be introduced into the solar cells in several ways. For example,
the inorganic crystalline materials can be doped into a glass layer or they can be
synthetized as powders that are subsequently attached on a surface to form a film.
The UC material may also be prepared directly as a film, for instance, by using vapor
deposition techniques. In this thesis work, one of the aims has been to study different
fabrication methods for UC layers. The selected methods were the atomic layer
deposition and the combined atomic and molecular layer deposition techniques, as
well as the direct particles doping method for preparation of luminescent glasses.

One of the major reasons why UC materials have not reached success in the
commercial solar cell field is the challenge with the low efficiency of the UC process.
In the literature, a variety of enhancement possibilities have been suggested
including the manipulation of the crystal lattice and combination of a strong
lanthanide upconverter with an effective IR absorber molecule. Another aim of this
thesis work has been to investigate the possibilities to enhance the upconversion
luminescence. The main results of this thesis research will be shown at the
experimental part, but first the literature review will give an introduction to the
upconversion luminescence and the enhancement possibilities, as well as to the
materials that have been essential in this research.

16



2. LITERATURE REVIEW

2.1. Upconverting crystalline materials

2.1.1. Composition and electronic energy scheme

The UC-materials generally contain inorganic host and dopant ions which are usually
trivalent lanthanide ions (e.g. Er®*, Tm3*, Ho®" and Tb*") but some transition metals
(e.g. Cr¥*, Ni?* and Mo*") have additionally showed upconversion luminescence. A
single ion or multiple ions can be used as dopants. For example, when two ions are
used, one of them will work as an activator (emitter) and the other as a sensitizer
(absorber). The upconversion luminescence can be enhanced by selecting a sensitizer
with a large absorption cross-section. The studied host materials have mainly been
halides such as fluorides, bromides, chlorides and iodides. In addition, oxides,
vanadates and phosphates have been studied. The ideal properties for a crystalline
host material are chemical and thermal stability, optical transparency, high tolerance
for luminescence centers and low phonon energy. When compared to the molecular
hosts, inorganic hosts such as glasses and crystals have less effective non-radiative
deactivation routes for excited lanthanide ions.*®’

The effect of the host lattice on the upconversion luminescence efficiency is often
described by the phonon dynamics and the local crystal field. These should be taken
under consideration when selecting the host in particular for nanomaterials. The
main loss mechanism for UC emissions is the phonon-induced non-radiative process
which involves the multiphonon-assisted relaxations. During these relaxations, the
energy difference between the higher energy level and the lower energy level is
converted non-radiatively to the lattice phonons. The number of phonons needed for
this process can be indicated by the cutoff phonon energy of the host lattice. In
general, the phonon energy of the host lattice should be low enough to ensure the
efficient UC emissions. The optical properties of the upconverting lanthanide ion are
influenced by the local crystal symmetry surrounding the ion. Generally, a less
symmetric crystal phase favors a strong UC. For instance, monoclinic ZrO,
nanoparticles show stronger upconversion emissions than the tetragonal phase
nanoparticles.®®

One of the best host materials for upconversion has been the rare earth fluoride
NaYF4 which has a hexagonal (B) and a cubic (o) phase structure. When the material
is heated, the cubic phase will first transform to the hexagonal and further back to
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Literature Review

the cubic while the phase transformations are irreversible.® In general, the cubic
phase is indicated as a low-temperature or a high temperature cubic. In both cubic
and hexagonal phase, Na* and Y3* are statistically distributed over the same lattice
site with space groups Fm-3m and P63/m, respectively.1® The cubic NaYF, phase has
a fluorite type (CaF») structure in which the symmetry of the cation site occupied
with Na*, Y3* or Ln ions is Oy, for the high-temperature structure and Cs, for the low-
temperature structure. In the hexagonal NaYF, lattice, the symmetry of the Na site
is Can and the symmetry of Na/Y/Ln —site is C3!* The hexagonal NaYF. phase,
especially doped with Yb®-Er®* ion-pair, produces strong upconversion
luminescence when compared to the cubic form.?21® As known, the cubic phase of
NaYF, is about an order of magnitude less efficient than the corresponding
hexagonal phase.** The strong UC of the hexagonal phase is explained by the low
phonon energy of the NaYF, lattice and the symmetry differences between the two
phases.!516

In addition to the fluoride hosts, the rare earth oxides are well studied due to their
good chemical stability. Y,O3 have three different structures: hexagonal, monoclinic
and cubic.t’” The cubic Y,03 has coordination number 6 and it contains two non-
equivalent yttrium Sg and C, symmetry sites.*®1° Moreover, ZrO, host doped with Er
or Yb-Er have shown upconversion.?’ Some examples of another studied hosts are
CaMoO, co-doped with Er3*/Yb®" 2 Gd,0,S:10%Er**,? and other M20,S:Er (M=Y,
Gd, La)®.

The upconversion luminescence requires existence of multiple metastable energy
levels which makes lanthanides ideal for this purpose. Trivalent lanthanide ions with
partly filled 4f-orbitals have electronic energy states that enable the excitation of the
material and finally the luminescent emission. Each lanthanide ion has unique
electronic configuration (Fig. 2). The 4f-electrons are well shielded by the outer
complete 5s and 5p shells which minimize the impact of the surrounding
environment. Therefore, the 4f electrons do not take part in chemical bonding which
makes the chemical properties of lanthanides very similar. This also makes the
separation of the ions very difficult.>716
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Fig. 2. Energy levels scheme of lanthanides (Dieke diagram).524%

The luminescence of lanthanides originates from the electronic transitions between
4f levels that are formed due to several interactions within the ion (Fig.3). The largest
interaction is the Coulombic interaction which represents the electron-electron
repulsion within the 4f orbitals. This interaction induces terms which are further split
into several J-levels by spin-orbit coupling. These free ion levels are indicated by
Russel-Saunders notation of 25*1L;, where 2S+1 represents the total spin multiplicity,
L the total orbital angular momentum and J the total angular momentum of the f
electrons. The f-f transitions are parity forbidden according to the Laporte rule but
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become partly allowed when lanthanides are placed in a coordinating environment
such as an inorganic crystal or an organic ligand. This is due to the crystal field
splitting, which causes the further splitting of the electronic energy levels.57:16.26

3+
Eu’™ 4psqa o D,
5D,
D,
5 —
D /— le'é rem—
A Dy
2x 104 cm!
7FJ J=
6
21 10° em?!
Q- )
4f ua -
configuration (T) _— » 107 em!
S J-levels | sublevels
Coulombic spin-orbit crystal field
interactions coupling splitting

Fig. 3. The interactions inducing the formation of the different electronic energy
levels of Eu®* with [Xe] 4° 5d° configuration. Based on a figure by Werts.’

The activators capable of generating useful upconversion luminescence emissions
have equally spaced intermediate states in which the spacing is large enough to
reduce the probability of non-radiative multiphonon relaxations. Such latter-like
arrangement of the energy levels appears with Er®*, Tm®, and Ho®*, which are
frequently used as activators. In addition, all trivalent lanthanides, excluding La**
(4f%), Ce®* (4fY) and Lu®* (4f'4), are able to show upconversion luminescence.
However, most of the ions will produce rather low UC-efficiency.16:26:

The materials doped only with an activator have two major parameters that effect to
the UC-efficiency. First, the distance between two neighboring activator ions, and
second, the absorption cross-section of the ions. The distance between the ions
becomes shorter when higher doping levels are used, which can lead to increasing
cross-relaxation processes and quenching of the excitation energy. The activator
concentration has an upper limit which depends on the host but in most upconversion
materials the limit is 3 mol-% for Er®* and 0.5 for Tm?*.28 The absorption cross-
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sections of most lanthanide activator ions are quite low which makes the UC-
efficiencies of singly doped materials relatively low.6.2627

To enhance the UC, it is possible to use an activator-sensitizer ion-pair in which the
sensitizer with a large absorption cross-section will effectively absorb the excitation
radiation. One frequently used sensitizer is the trivalent Yb that possesses only one
exited 4f level of 2Fs,. The absorption cross-section of Yb3* at 980 nm is relatively
large and the 2F7, — 2Fs, transition of Yb®* matches well with the f-f transitions of
the commonly used upconverting ions. The sensitizer concentration is typically kept
high (around 20 mol-%) in doubly or triply doped materials.'%2’

2.1.2. Upconversion mechanisms

The upconversion emissions can result from various energy transfer processes that
may occur among the abundant energy levels of trivalent lanthanide ions. The basic
energy transfer processes between two ions are the resonant radiative energy
transfer, resonant nonradiative energy transfer, phonon-assisted nonradiative energy
transfer and the cross-relaxation (Fig. 4). Moreover, the mechanisms generating the
upconversion emissions are generally divided up into five classes (Fig. 5). The most
straightforward mechanism is the ground state absorption (GSA) followed by exited
state absorption (ESA). Other main mechanisms are energy transfer upconversion
(ETU), co-operative sensitization upconversion (CSU), photon avalanche (PA) and
energy migration-mediated upconversion (EMU).1-1627

resonant resonant phonon-assisted
radiative nonradiative nonradiative cross-relaxation
transfer transfer transfer
e == e, —R —
H : 1 : \\ IE i N\
| L s a
hv i : ! - : ‘\
N i : I : I ¥ D:
. " ! i [ _— -
- " [ i [ —_—
: i 1 I I ]
: " ! i I !
: | i ! : \
i — s s S
S A S A S A S=A A

Fig. 4. Schematic representation of the basic energy transfer processes between two
ions. In the scheme, ¢ is the energy mismatch. Based on a figure by Auzel.!
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Fig. 5. Schematic principles of the general upconversion processes including exited
state absorption (ESA), energy transfer upconversion (ETU), co-operative
sensitization upconversion (CSU), photon avalanche (PA) and energy migration-
mediated upconversion (EMU).

In exited-state absorption, a single ion absorbs two (or more) pump photons by
utilizing a ladder-like structure of energy levels (Fig. 5). The sequential absorption
by the single ion requires multiple energy levels with intermediate levels that are
stable enough for adequate electron populations. The excited state of the ion may
relax back to ground state and generate upconversion emission.11627

Energy transfer upconversion, also called as APTE (addition de photon par transferts
d’énergie), is the most efficient energy transfer mechanism for upconversion. ETU
mechanism is similar to ESA, both processes need absorption of two or more
photons, but ETU involves neighboring ions instead of a single ion (Fig.5). The
neighboring ions are called a sensitizer and an activator. In the process, each
sensitizer ion is excited from the ground state to the metastable state. Subsequently,
the sensitizer ions transfer the absorbed energy to the activator that is exited stepwise
starting from the ground state and ending to the energy state with higher energy than
the excitation energy. Finally, the excited state of the activator may relax to the
ground state by resulting in upconversion emission.16:27

Co-operative sensitization is for the Ln®* ions without the metastable states capable
of working as an energy storage reservoir. For instance, the ion can be Tb** or Eu®*.
Otherwise this mechanism has similar principle than the ETU mechanism, both
involve neighbor ions, but in the co-operative sensitization mechanism the two
sensitizers transfer their excited state energy simultaneously to the activator (Fig. 5).
This enables the excitation of the activator to the energy state which corresponds to
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the energy of two excitation photons. The excited state of the activator may relax to
the ground state with upconversion emission.11627

Photon avalanche effect was first discovered by Chivian et al. (1979) in Pr3* doped
LaCls and LaBrs. In this process, the excitation energy does not match the energy
gap between the intermediate and ground state of the ion, and thus higher pump
intensity is required (Fig. 5). The process starts with ground state absorption which
results in population of the intermediate state. This is followed by excited state
absorption which populates the higher-lying emitting state. A cross-relaxation occurs
between the ion in the exited state and the neighboring ion in the ground state leading
to situation in which both ions are at the intermediate state. The repetition of this
cycle results in increased population of the intermediate state and luminescent state
which finally enables the PA upconversion emission. Nevertheless, PA has
limitations such as the high pump power threshold and delayed emission
response. 1627

In the energy migration-mediated upconversion process, four types of ions are
embedded in the different layers of the UC-material: sensitizers, accumulators,
migrators and activators (Fig. 5). The sensitizer absorbs the excitation energy and
transfers it to the accumulator by ETU mechanism. This populates the higher excited
energy level of the accumulator which transfers the energy to the migrator. The
energy might migrate between migrators until it is finally trapped by the activator
resulting in upconversion luminescence.?’

2.1.3. Lifetime

The rare earth ions possess the unique energy level schemes with the necessary
intermediate states for the upconversion luminescence. These intermediate states
need also sufficiently long lifetimes to ensure the high population of the excited
energy states. The lifetime of an excited state is based on the rates of both radiative
and nonradiative depopulation processes. The radiative rate is particularly dependent
on the electronic structure of the lanthanide ion. Thus, the importance of the
coordination geometry and the chemical nature of the coordination is considered to
be minor.2°

Unlike the radiative rate, the rate of the nonradiative depopulation is dependent on
the energies of the participating phonon modes, and an energy gap law for the
multiphonon-relaxation rate constant, wo, has been defined as (Equation 1)%

Wo = e Q)
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where a and B are parameters characteristic of the host material, p = AE/ho is the
number of phonons that are needed for filling the energy gap AE while each phonon
has the energy ho. The multiphonon relaxation in lanthanides is dominant when p<5.
Phonon energies of oxides and fluorides are at the highest ~600 cm™ and ~400 cm™,
respectively.?® In the case of Er®* ion, the energy gap between the red upconversion
emission level (*Fo2) and the nearest lower lying energy level (*lg) is ~2650 cm?
which means that over 6 fluoride and over 4 oxide phonons are needed for filling the
energy gap. As follows the radiative rate is dominant with fluorides, whereas with
oxides, the multiphonon relaxation is competitive.

The lifetimes of lanthanide-based materials show size dependency in such a way that
upconverting nanoparticles exhibit shorter lifetimes than larger crystals. The
lifetimes of different emissions may also vary. For example, in Er®* nanomaterials,
the red emission lifetime is usually longer than the green emission lifetime. The size
dependency has been suggested to be due to the presence of quenchers enhancing
the non-radiative relaxation processes. These guenchers present in a solvent or on
a surface of ananoparticle may be molecular vibrations, such as C-H, N-H and
O—H.7'3l_33

2.1.4. Power dependence

The intensity of upconversion luminescence is dependent on the pump excitation
power density and it follows the Equation 2343

o< Pee )

where | is the intensity of the upconversion luminescence, Pexc is the pump excitation
power and n is the number of photons needed for the upconversion process. The
number of the photons can be determined from the plot of the luminescence intensity
versus the pump power in double-logarithmic representation where the slope
indicates n.*4% This dependency applies with material systems without sensitizer,
and with activator-sensitizer systems when low excitation power is used.3® Saturation
occurs with high excitation power densities and the slope of the curve becomes one.®

2.1.5. Quantum yield

The quantum yield of upconversion luminescence (UCQY) describes the efficiency
of the upconversion process. The UCQY is strongly dependent on the excitation
power density due to the nonlinear nature of the UC-process.®® Two different
methods have been used to measure the UCQY. First, the internal method defines
the ratio of upconverted to absorbed photons (Equation 3)2
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photons emitted emitted UC intensity __ Iyc

internal UCQY = 3

where ¢ is the absorption coefficient and P is the excitation power. The maximum
internal UCQY is at 100/n % for n-photon UC-process where at least two photons
are needed for upconversion.

photons absorbed absorbed excitation light T ep

The second method, the external method, defines the number of upconverted photons
to certain amount of incident photons (Equation 4)%7

upconverted photons

external UCQY =

incident photons (4)
This method has been used when upconversion is studied for solar applications due
to the more relevant information about the actual performance of a solar device and
not about the internal processes of the device.® It should be noticed that the internal
UCQY is always higher than the external UCQY. For example, B-NaYF4: 25% Er3*
has showed external (internal) UCQY of 8.6 % (12.0%) at irradiances of 4020 W/m?,
and the external (internal) UCQY for Gd,O,S: 10% Er®* has been 8.5 % (15.1 %) at
4070 W/m?2.3" In addition, the used excitation bandwidth has an effect to the quantum
yield. Broadband excitation has enabled as high upconversion photoluminescence
quantum yield as 16.2 £+ 0.5% at 2270 + 100 mW mm~2 for B-NaYF4: 10% Er3+3°
The previous quantum yield values have been measured with microcrystalline
materials. When the particle size decreases to nanosized the UCQY drops
enormously: even dropping about 95 % for internal UCQY have been detected for
NaYF4:Yb3 Er¥* when particle size has decreased from 30 to 10 nm.*® The
maximum UCQY for nanomaterials have been only about a few percent.*

2.1.6. Enhancing the properties of upconverting materials

Use of additional metal ions

One possibility to tailor the upconversion luminescence properties is to use
additional metal ion such as alkali metals or transition metals that may act as a
sensitizer in the system.*® These metal ions may also be able to affect the local crystal
field of the activator ion.** Changes in the crystal field will also change the distances
of the dopant ions which will effect to the transition probabilities of the upconversion
process. Another possibility is to use noble metals that may generate the plasmon
coupling effect to enhance the upconversion luminescence.*>*3 For crystalline
materials, doping can stabilize a specific crystallographic phase which may affect to
the upconversion luminescence efficiency. For instance, doping NaYFs host with
metal ion that is larger in size than Y?3* will favor the hexagonal phase instead of the
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cubic phase.** Some ionic radii of ions that have been studied for tuning the
upconversion luminescence are listed in table 1.

Table 1. lonic radii of transition metal ions studied for upconversion luminescence
enhancement. Collected from table by Shannon.*

jon  radii/A | ion  radii/A | ion  radii/A | ion radii/A | ion  radii/A
Bi**  0.96- K* 1.37- Ni%* 0.55- Srz+ 1.18- Zn%  0.60-
1.17 1.64 0.690 1.44 0.740
Ca** 1.00- Li* 0.590- | Sc3* 0.745- | Ti** 0.42-
1.34 0.92 0.870 0.74
Cr¥*  0.615 MnZ*  0.66- Sn*  0.55- Y3 0.900-
0.96 0.81 1.075

Alkali and alkaline earth metals

Li* ion has been used to tailor the crystal field of the activator ion Er¥* in Y,0s
host.“-¢ The co-doping with Li* was observed to enhance the upconversion
luminescence intensity. Similar results have been obtained for Li* doped
Y203:Yb% Ho** material.*® Beside the modification of the crystal field also the
reduced number of OH groups and the increased lifetime of the intermediate state of
Er®* have been proposed to be the reason for the enhancement.*”° Improvement of
upconversion luminescence by Li* co-doping has been studied also with materials
such as BaTiO3:Yb**,Er¥*,*0 and CaMoO4:Yb3® Er3*.5!

Co-doping NaYF4:Yb®* Er®* with K*,52 and Sr?* or Ca?* ions®® have been observed
to affect the morphology of the material. Increasing K* concentration changed the
shape of the particles from elliptical shape to hexagonal prisms and further to
nanorods. Moreover, this ion enhanced the green upconversion emission intensity.
Sr?* co-doping resulted in promoted formation of the cubic structure while Ca?*
enabled tuning of the crystallite size from smaller to larger when Ca?* concentration
was increased.

Transition metals

The blue, green, red and UV upconversion emissions of hexagonal NaYF4:Yb3* Er3*
have been enhanced by tridoping with Sc3*.%* In addition, the decay time was
observed to increase with different amounts of Sc®*. It was also concluded that the
Sc®* ion was able to tailor the local crystal field of the NaYF4 host lattice. Co-doping
Ti** in NaYF4Yb*,Er®* has also been observed to enhance the upconversion
luminescence of the material and prolong the lifetimes.>®> Moreover, a valence
balance was established with Na* that is able to occupy Y3 sites.
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NaYF4:Yb3 Er¥* microcrystals co-doped with Cr3* and prepared with hydrothermal
method have been studied.** The concentrations of the studied doping ions were 20
mol-% for Yb, 2 for Er and from 0 to 40 for Cr. The particle size was observed to
grow when the Cr concentration increased. The preparation method included the use
of sodium citrate which is known to be able efficiently control the particle
morphology.®6-%8 It was attributed that the selective adsorption of citrate ions was
behind the morphology and size changes. The upconversion luminescence was
measured in deionized water dispersion of the crystals. The upconversion
luminescence was enhanced when Cr3* was used up to the 25 mol-% concentration.
The strongest intensity was obtained with 15 mol-% of Cr®*. Moreover, the power
dependence results suggested that Cr3* ions have not affected the UC mechanism.
X-ray diffraction patterns showed shifts which suggest that Cr3* ion can shrink the
crystal lattice.

Cr¥*  sensitized  upconversion emission (at 510-560 nm)  from
LasGasGeO14:Yb* Er*,Cr3* using broad-band excitation (590-800 nm) has been
demonstrated.>® The increase in Cr3* concentration (from 5 to 30 %) was observed
to quench the upconversion luminescence intensity when excitation at 976 nm was
used. Therefore, the Cr3* content was suggested to be kept low when Cr3* sensitized
upconversion from Yb3**-Er3*is studied. The broadband excitation studies revealed
important features in the upconversion process. These were the efficient energy
transfer between Cr3* to Yb®* and inefficient energy transfer from Cr3* to Er®*. This
was observed from the decay results where the increase of Yb*" content resulted in
prolonged decays. Therefore, the use of Yb3* as a ‘bridge’ between the ions was
essential. Another interesting observation was that the process needed low contents
of Cr3* because larger amounts would interfere the energy transfer from Cr3* to Yb3*.

Trivalent chromium has shown broad-band absorption and is therefore used as a
sensitizer in upconverting transition metal-lanthanide molecular complexes.®®
Moreover, Cr(lll) has been proposed to be a solution to a common inefficiency
problem with lanthanide supramolecular compexes.®® Materials in which the
activator is embedded in a molecular complex show typically inefficient
upconversion luminescence due to reduced excited state lifetimes caused by
increased nonradiative relaxation processes. The proposed possibility to circumvent
this problem has been the use of a combination of sensitizers with long-lived excited
states such as Cr(l11).5?

In general, doping NaRF. (R = rare earth) lattice with ions that are larger in size than

the R®* ion will favor the formation of hexagonal phase instead of the cubic phase.
When using smaller ion such as Mn?* to replace Y?3*, the formation of the cubic phase
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has shown to be dominant.®? The reason behind this was proposed to be in the charge
differences. The Y3* substitution with Mn?* can generate an extra F~ ion on the grain
surface which would induce transient electric dipoles with negative poles pointing
outwards. The charge repulsion between the negative poles and Fions in the solution
would hinder the diffusion of the F- ions from the solution to the grain surface, and
thus result in retardation of the crystal growth. Even Mn?* content reaching 5 % can
generate the formation of the single-phase cubic NaLuF,; material during
hydrothermal synthesis, and the particle size can be grown larger (up to 19.9 nm)
when the content is increased up to 40 %.%2

It has been shown that Mn?* enables the tuning of upconversion emission of Er3*,
Ho® and Tm?3* activators into a single band in KMnF3 host with Yb3* sensitizer.54
The single band contained red and near-infrared spectral region. Strong red
upconversion emission has also been observed with MnF,:Yb?** Er®* material.%

NaYF4:Yb% Er¥* co-doped with Ni?* (10-40 mol-%) has shown enhanced
upconversion luminescence when compared to the material without Ni?*.5¢ All the
materials had the hexagonal structure. Shifts in the diffraction reflections were
observed which would indicate changed crystal fields. Strongest enhancement was
obtained with 20 mol-% of Ni?* which was proposed to be due to the increased
asymmetry in the crystal field. Energy-dispersive X-ray fluorescence showed the
presence of all expected elements (F, Na, Y, Ni, Yb and Er) in the nanoparticles.
Further increase of the Ni?* amount resulted in decreased upconversion
luminescence intensity. The possibility of the smaller Ni?* ion to occupy the sites of
Y3+ and Na* was suggested to be the reason behind the decreased luminescence.

In 2011, Cao et al studied the co-doping Y,0s:Er®* with Zn?*, Li* and Zn?*-Li* using
the sol-gel synthesis.*” Each ion co-doping resulted in enhancement of upconversion
luminescence intensity when compared to the Y,0s:Er®* material. Doping with these
ions was proposed to reduce the defects (OH groups) of the nanocrystals which was
pointed out to be the reason behind the UC enhancement. In addition to this, the
tailored local environment of the Er®* ion was believed to cause the green emission
lifetime to increase.

Post-transition metals

Co-doping of Sn** (up to 5 mol-%) has resulted in enhancement of the upconversion
luminescence of the hexagonal NaYF4Yb® ,Er¥* material.®’ The strongest
upconversion intensity was observed with 3 mol-% of Sn. The valence of the co-
doped tin was investigated using X-ray photoelectron spectroscopy (XPS) and
electron spin-resonance spectroscopy (ESR). A change from Sn** to Sn?* was
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observed when Sn-concentration was increased above 3 mol-%. In addition to
luminescence enhancement, the increasing Sn-concentration resulted in decreased
decay time constant.

The enhancement of the upconversion luminescence of Er3* by using Bi®* co-doping
has been studied in Y203:Er3*,%8 and Zn,SiO4:Yb3* Er3*.5 Both materials showed
enhanced upconversion luminescence when Bi®* was co-doped in the materials. This
was attributed to the modification of the local crystal field around Er®* in the Y,03
host which would enhance the radiative transition rate and favor the enhancement of
the upconversion emission intensity. The optimal Bi®* content in the Y>O3 host was
found to be 1.5 mol% which enhanced the upconversion luminescence intensity by
1.5 times. The Zn,SiO4 host can crystallize with a rhombohedral structure in which
the Zn?* sites have C; symmetry. The rare earth dopants may occupy the Zn site
during the used microwave synthesis. The optimal Er®* and Yb?®* concentrations were
0.5 mol% and 3, respectively. 1 mol% Bi®* addition resulted in the strongest
upconversion intensity which was improved by 20 times. Bi** has larger ionic radius
(0.96 A) than Zn?* (0.74 A) and thus it is able to distort the lattice and reduce the
local crystal field of Er®* which was suggested to be the reason behind the
upconversion enhancement.

Plasmonic enhancement using noble metals

Noble metals (Au, Ag, Cu, Pt) are used to induce the plasmonic enhancement which
arises from resonant oscillation of the free electrons on the metal surface when
stimulated by light.#243 This surface plasmon resonance (SPR) oscillation is able to
propagate along a metallic surface and constitute an intense electric field which may
result in enhanced efficiency of the energy conversion processes needed for the
upconversion luminescence.*>™ Surface plasmon can influence the upconversion
luminescence in three ways:’%t 1) enhance the absorption of the sensitizer, 2)
improve the radiative decay rate of the activator, and 3) increase the energy transfer
from the sensitizer to the activator. The enhancement factors up to 450 have been
reported.”

SPR is strongly dependent on the size, size distribution, shape, composition and
surrounding environment of the metallic nanoparticles or substrate.*>" Therefore,
the studies about the plasmonic enhancement have been focused on optimization of
the plasmonic structure. Moreover, upconverting materials have been introduced to
the metallic surfaces using different ways. First way is that UC-particles can be
deposited on the metallic surface. The surface may be a specifically engineered film,
such as gold island film,” gold nanopillars on continuous gold film,” or a metallic
film and UC-particles may be separated with an additional intervening layer™. In
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addition, other surfaces, such as silver nanogratings,’ gold nanoparticles,’”® and 3D
plasmonic nanoantenna’’ have been studied. Second way is that the metallic particles
can be attached on to the UC-particles’ surface.”®° The final third way is to use core-
shell design. For instance plasmon enhancement of the upconversion luminescence
from  the  Y,03;:Yb*,Er¥*  material in  core/spacer/shell  design
(Au/SiO,/Y203:Yb®* Er*) has been studied.?’ Optimization of the spacer thickness
resulted in enhancement of the upconversion luminescence up to 9.59 fold.

Surface passivation and broadband sensitization

Upconversion efficiencies of nanoparticles are lower than those of corresponding
bulk materials due to the increased surface-to-volume ratio which exposes most of
the lanthanide ions to quenching by ligands, solvents, surface defects or
impurities.®1-8 Surface passivation is one way to prevent the quenching effects and
enhance the upconversion luminescence. This can be done by homogeneous or
heterogeneous active core-inert shell design.8

The homogeneous core-shell structure refers to the identical host lattice material in
the core and shell. For instance, the upconversion luminescence was enhanced by 7
and 29 times in NaYF4Yb,Er/NaYF, and NaYFsYb, Tm/NaYF, core/shell
materials, respectively.® In the heterogeneous core-shell structure, the core and the
shell matrix have different compositions. This type of structure have been studied
with cubic NaYF4:Yb,Er/CaF, core-shell material.® Enhancement of 4-5 times
stronger than that of NaYF4:Yb,Er/NaYFs and 300 times stronger than the pristine
nanoparticles was obtained. Moreover, the (a- NaYF4:Tm)/CaF; core-shell material
has shown the high quantum yield of 0.6 + 0.1 % under low power density excitation
(0.3 W/cm?) and 35-fold increase in the intensity of the upconversion
luminescence.®’

The core-shell design enables the use of different doping ions with inorganic hosts,
and also the combination of lanthanides and organic dye molecules. This design
offers the possibility to enhance the absorption of the materials, and thus enhance
the upconversion luminescence. An active core/active shell approach has been used
in the design of the NaGdF4:Yb,Er/NaGdF4:Yb core-shell material which showed
significant enhancement of the upconversion luminescence (approximately 13 and
20 fold for the green and red emissions, respectively) when compared to the core-
only nanoparticles.®®

Organic molecules can work as antennas to harvest the excitation energy. This type

of ‘antenna effect’ has been studied using commercial, broadly absorbing infrared
dyes (IR-808 and IR-820) that were attached to NaYbF:Tm/NaYF4:Nd core-shell
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nanoparticles.8® Upconversion quantum efficiency of 19 % was reported. Moreover,
a broad NIR excitation response range from 700 to 800 nm was obtained. A
commercially available cyanide dye, IR-780, has been carboxylated to form IR-806
dye which was attached to the surface of B-NaYFsYb,Er nanoparticles.® A
significant increase of the overall upconversion luminescence intensity (even by a
factor of 3300) was observed.

Core-shell design has been used to study B-NaYFa4:Yb,Er crystals for dye sensitized
solar cells.’” The B-NaYF4:Yb,Er crystals of 400 nm in diameter and 470 nm in
height were coated first with amorphous SiO; as inner shell with 10 nm thickness,
and second with anatase TiO- grains of 30 nm in thickness as outer shell. SiO, shell
was designed to create an electrical isolation for the upconversion core to prevent
electron trapping caused by the B-NaYF4Yb,Er crystals. The upconversion
luminescence intensity was observed to decrease after SiO, coating, and after further
TiO; coating the intensity remained unchanged. However, the overall change was
considered to be minor and a highly crystalline core with strong luminescence and
double shells would not result in heavy attenuation of the luminescence intensity.

2.1.7. Preparation methods

Crystalline materials
Coprecipitation

One of the most uncomplicated methods for upconversion material preparation is the
coprecipitation method which needs no costly equipment or time consuming,
complex procedures. One of the earliest studies based on this method focused on
preparation of LaFz nanoparticles doped with Ln3* (Ln = Eu, Er, Nd, and Ho).* The
procedure included mixing of two solutions in which the first contained ammonium
di-n-octadecyldithiophosphate and NaF, and the other solution was a mixture of the
rare earth nitrates in water. This was done at 75 °C for two hours, and followed by
cooling, separating with centrifugation, washing and finally drying.

Similar steps were followed when NaF in water, rare earth chlorides, and Na:-
ethylenediaminetetraacetic acid (EDTA) were used to synthetize NaYF4:Yb,Er.%
Differing from the previous, this synthesis was made in the room temperature. After
the synthetization, the materials were annealed under H»/N, atmosphere at 400 —
600 °C for five hours to enhance the upconversion luminescence emissions. The
presence of EDTA enabled the control of the particle size in the range of 37 to
166 nm diameter. Coprecipitation method has been used also for oxide materials
such as Y-03:Sm and Gd»03:Sm,* and Y»0s:Er and Y.0z:Yb,Er.%
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Some materials prepared with coprecipitation method need post-annealing process
or a calcination step to obtain the desired optical properties. To avoid the extra
heating step, a high-temperature coprecipitation method has been developed for the
highly uniform particle synthetization.®>% This method uses oleic acid as a capping
ligand and octadecene as a solvent.®” The two main steps are the formation of small
amorphous NaYF, coprecipitates at the room temperature and further the growth of
the nanoparticles at high temperature such as 300 °C. The coprecipitation synthesis
route has been widely used for upconverting nanoparticle preparation.%-102

Hydro(solvo)thermal synthesis

Hydro(solvo)thermal syntheses enable the preparation of highly crystalline materials
under relatively low temperatures. The hydro(solvo)thermal reactions are performed
in a sealed environment in which a high pressure and temperature above the critical
point of the solvent promote the reactions between the solid precursors. The needed
environment can be created in a specialized reaction vessel called autoclave which
has a protective insert such as a teflon or a titanium layer. However, this kind of
system excludes the possibility to observe the nanoparticles as they grow.
Nevertheless, simultaneous control over the crystallographic phases, sizes and
morphologies can be achieved, especially when organic additives are used. Some
examples of the used additives are oleic acid, polyethylenimine, EDTA, and
cetyltrimethylammonium bromide (CTAB).16:95.%

The hydro(solvo)thermal preparation of B-NaYF4:Ln®* (Ln = Eu, Th, Yb/Er, and
Yb/Tm) has been extensively studied by Li et al.1% The procedure included rare earth
chlorides and NaF as precursors, distilled water, ethanol and acetic acid as solvents,
and CTAB and EDTA as organic additives to control the crystal morphology and
size. The precursor solution was heated in an autoclave at 180 °C for 24 h, and finally
the precipitates at room temperature were separated by centrifuging, washed and
dried. Similar procedure have been utilized in preparation of B-NaYF,:YDb,Er for
perovskite solar cells.1%*

Thermal decomposition

Thermal decomposition is one of the most commonly used methods for the
synthetization of the high quality, monodisperse upconversion nanoparticles with
controllable particle size. The used precursors are generally organometallic
compounds which decompose at an elevated temperature in a high-boiling point
solvent in an oxygen free environment. The precursor compound is most commonly
metal/Ln-trifluoroacetate and the solvent may be oleic acid, oleylamine, tri-n-
octylphosphine oxide or 1-octadecene. This method requires well optimized
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synthesis parameters such as the reaction time, reaction temperature and the
concentration of the reagents to ensure the preparation of the high-quality
nanoparticles. In addition, this method has risen some safety concerns due to the air-
sensitive and toxic precursors and by-products such as HF. One of the earliest
development of this method was done with synthetization of monodisperse LaF3;
nanoplates.'% Later on this method was used to synthetize upconversion materials
such as NaYF4:YDb,Er/Yb,Tm,1% NaGdF4:Yb,Er88 and CaF,; Th107, 9596108

Other methods

Sol-gel process is one example of techniques used for preparation of upconversion
nanocrystals for applications such as thin film coatings and glass materials. The
process involves hydrolysis and polycondensation of the precursors that are usually
metal alkoxides (or halides). For upconversion nanocrystals, typically a calcination
is needed to improve the crystallinity.® For example, this method has been used to
prepare Er-doped sol-gel silica-glasses'® and Er-doped Y, Ti,O7 nanocrystals'*®. The
drawback with the process is a long heating time of up to a few days.

In addition to the above-mentioned co-precipitation method, the urea-based
homogeneous precipitation method has been used to prepare oxide materials, such
as Gd203:Yh,Ho'** and Y203:Yb,Ert*2, The precursors and solvents needed for these
precipitations were rare earth nitrates, de-ionized water, nitric acid and urea. The
latter study involved also EDTA to control the particle size. Moreover, microwave
assisted methods have produced upconverting nanoparticles, such as
NaYFsYb,Er''® and GdFs:Yb,Ert**, This method typically involves organic
precursors, such as trifluoroacetates.

Bridgman method and modified versions of the method have been used to prepare
upconverting single crystals. The method uses polycrystalline precursor materials
and seed crystal which are heated above the melting point of the crystal for several
hours, and finally cooled slowly to the room temperature. Some examples of
materials prepared using this method are LiYF4Yb,Er't® LaCls:Er*®, and
KPb,Brs:Ertt’,

Solid state reactions may also be used to prepare upconverting materials. For
example, the ground mixture of RF3;, NaF and NaBr have been heated to 550 °C in a
HF/Ar gas stream for 20 h to form B-NaYFsEr —material.'>*® Moreover,
YsW-015:Yb,Er material was obtained when rare earth oxides and tungsten trioxide
were ground, and calcined at 1100 °C for six hours.'%°
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Upconverting films

Upconverting films have been fabricated either by first synthetizing the particles and
then depositing them on substrates or by directly fabricating the upconverting
material as a film. Reports can be found on various deposition techniques including
spin coating*?%t2! dip-coating'??, sol-gel method*?31%4 pulsed laser deposition'? and
chemical vapor deposition?®, In addition, printing technology, such as screen
printing, has been used to introduce upconverting particles on a film.'** Next, the
thin film deposition techniques that are based on chemical processes and gaseous
precursors are introduced. In this thesis work, the focus is on the atomic
layer deposition technique which has been used for luminescent thin film
fabrication.1?’-12

Chemical vapor deposition

Chemical vapor deposition (CVD) is a relatively mature vapor phase technique used
in research and industry to fabricate a variety of thin films and coatings for
applications such as semiconductors for microelectronics, optoelectronics, energy
conversion devices and fibers. In the CVD process, the gas-phase precursors are
simultaneously in a reaction chamber which is activated (e.g. by heat, light or
plasma). The gaseous precursors may dissociate and/or chemically react in the gas
phase (homogeneous reactions) or on a surface (heterogeneous reactions) to form a
solid stable material that is either a powder or a film. The material can be inorganic
or organic. Possible by-products are removed using purging gas. The CVD technique
offers composition control and it is used in production of synthetic diamonds,
graphene, metals, silicon dioxide, silicon nitrides and polysilicon. CVD technique
has many developed variations such as thermally activated CVD, plasma enhanced
CVD and photo-assisted CVD.*30.13

Atomic layer deposition

Atomic layer deposition is based on chemical reactions of gaseous precursors that
are introduced on the substrate surface sequentially and separately which enables
control over thickness and conformity of the thin films. The history of ALD started
at 1960s and 1970s when ALD was developed to grow ZnS thin films for
electroluminescent displays. The technique was first termed as atomic layer epitaxy
(ALE) but the name was afterwards changed to atomic layer deposition. Since then,
ALD has shown its importance in microelectronics industry and in nanotechnology.
To date, the ALD has been used in research and industry in areas such as
photovoltaics, optoelectronics and supercapacitors, and the technique has been
typically used to deposit inorganic binary compounds such as oxides, nitrides and
sulfides.32-134
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The atomic layer deposition technique has exhibited potential advantages, especially
when compared to other film deposition techniques such as chemical vapor
deposition and physical vapor deposition. ALD offers conformity, thickness and
composition control, repeatability, and materials deposition with atomic-level
precision. In addition, the deposited films are dense and pinhole-free. All the benefits
are obtained due to the cyclic and self-limiting nature of the ALD process.13%-134

The general ALD process has been described by an ALD cycle in which two
precursors are usually presented (Fig. 6). In the process, the gaseous precursors are
alternately and sequentially pulsed into a reaction chamber in vacuum. The chamber
is in selected temperature to accelerate the chemical reactions between the precursors
and the substrate surface. Each precursor pulse leads to self-limiting, gas-solid
reaction, which is often called a half-reaction, and is followed by a purge of an inert
carrier gas to remove unreacted precursors and possible reaction by-products. Self-
limiting growth is ensured when the pulsing and purging steps are optimized to be
adequately long. After both half-reactions and purges, the ALD cycle is complete
and a monolayer of the desired material has grown. The cycle is repeated until the
targeted film thickness is obtained.!32-134
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Fig. 6. Schematic representation of an ALD cycle.

The film growth is described with the growth-per-cycle (GPC) value that means the
average increase in film thickness during one ALD cycle. An ideal process shows a
temperature range in which the GPC value stays constant and does not dependent on
parameters such as temperature, gas pressure, pulse and purging times. This specific
temperature range, often referred to as an ALD window, enables the self-limiting
processes of the ALD (Fig. 7.). All ALD processes do not show ALD window,
however, the process may still be highly reproducible. Outside the ALD window, the
temperature affects the growth. A relatively low temperature may lead to precursor
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condensation and, on the other hand, too high temperature may cause decomposition
of the precursor. This sets limitations to the precursors. In addition to thermal
stability, the precursors need to have high volatility, high reactivity to co-
reactant surface and complete unreactivity towards the surface covered with the
precursor,132-135

ALD window

Growth per cycle

\ 4

Temperature

Fig. 7. ALD window. Similar as the figure by Karppinen.t®

Atomic and molecular layer deposition in preparation of hybrid materials

Whereas ALD was developed to fabricate inorganic thin films, the molecular layer
deposition technique can be considered as a counterpart for ALD to prepare organic
thin films. The two techniques were developed independently of each other, and
consequently MLD technique was first reported in 1990s by several researchers from
Japan. This technique was developed from the already existing method known as
vapor deposition polymerization (VDP), and it was first referred to as either
alternating vapor deposition or layer-by-layer growth and as well as VDP. Today
MLD and combination of ALD and MLD is used to preparation of porous films,
surface functionalization of ultrafine powders and fabrication of inorganic-organic
hybrid materials.13-1%

MLD process is similar to ALD process where the precursors in gas-phase are
separately and sequentially supplied into a reaction chamber where they chemically
react with the substrate surface (Fig. 8). The combination of these both techniques
enables the fabrication of inorganic-organic hybrid thin films that may not be
obtainable by using any other film deposition method. MLD offers the similar
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benefits as ALD such as conformity and control over molecular layer and thickness.
However, hindered growth may occur when ALD/MLD or MLD are used due to
several causes. The organic layer may not grow perpendicular to the surface if the
organic molecular chains are long. This kind of molecules may bend and react more
than once with the surface which may lower the growth rate. In addition, large
molecules may cause steric hindrance.35-138
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Fig. 8. The ALD/MLD process.

2.2. Other lanthanide based materials
2.2.1. Luminescent lanthanide complexes

Luminescent lanthanide complexes have been studied intensively after the optical
properties were discovered in 1942, Ytterbium and neodymium chelates have been
studied since 1958 and 1960s, and Yb3**-porphyrin complexes have been studied
since 1990s. These materials have shown potential particularly in bioanalytical
applications. Combination of a lanthanide ion and certain organic ligands in a
complex offers two benefits: the organic ligands may protect the metal ion from
vibrational coupling and increase the absorption of the excitation radiation by the
antenna effects. Mostly the complexes are studied in aqueous media. However, the
lanthanide complexes suffer from poor thermal stability and low mechanical strength
which have restrict the practical use of the materials. One studied solution has been
to introduce the complexes in a stable rigid matrix, such as a silica- or titania based
material.”1%
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Lanthanide complexes consist of a chromophore moiety (antenna ligand) and a
central ion coordinating moiety (lanthanide ion carrier chelate) (Fig.9). The
commonly used chromophores consist of groups such as pyridine, bipyridine,
terpyridine, p-diketonates and triphenylene. The chelate structures that coordinates
the central lanthanide ion are typically composed of polyacid and macrocycle
structures. These complexes are also often called lanthanide chelates due to the
multiple coordination bonds between the organic structure and the central ion. The
lanthanide coordination is mainly due to the ionic bonding interactions and strong
coordination can be obtained in aqueous media. 40141

Excitation

3+
Energy transfer Ln>
- emission

Fig. 9. A schematic representation of a lanthanide complex with luminescence.

The luminescence mechanism of the lanthanide complexes is complicated but it can
be described with a simplified three-step model. First, the ligand absorbs the
excitation energy, and then transfers it to the lanthanide ion which finally emits light.
Three different mechanisms for intramolecular energy transfer in lanthanide
complexes have been suggested (Fig.10). In mechanism I, an intersystem crossing
occurs between the lowest singlet and triplet excited states of the ligand which is
followed by energy transfer from the triplet state to the lower energy state of the
lanthanide ion. In mechanism I, the energy transfer from the singlet state to the
lower energy state of the ligand is direct. The mechanism I1I involves also the upper
intermediate state of the lanthanide ion where the energy is transferred from the
singlet state. After this, the energy is transferred back to the triplet state of the ligand
and further to the lower energy state of the lanthanide ion.'#?
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Fig.10. The different mechanisms for intramolecular energy transfer in lanthanide
complexes. Similar as in'#?

In general, the intramolecular energy transfer between the organic ligand and the
lanthanide ion involves an intersystem crossing from the ligand singlet state (S;1) to
the ligand triplet state (T1). This type of mechanism is usually called as the Dexter
exchange mechanism which is a double-electron exchange mechanism that operates
with short distances. The luminescence properties of this type of materials depend
on two factors. First is the efficiency of the energy transfer between the ligand and

the central ion, and second is the concentrations of quenchers surrounding the central
ion.l4l—l45

While the Dexter mechanism operates with short distances, the resonance energy
transfer (RET) occurs with long distances. Instead of RET, sometimes the term
Forster resonance energy transfer (FRET) is used. In this kind of process, the energy
transfer occurs non-radiatively from the excited luminescent molecule (donor) to the
energy receiving molecule (acceptor). The FRET mechanism is a non-radiative
dipole-dipole interaction between the transition dipoles of the donor and acceptor. It
is highly dependent on the distance between the donor and acceptor and it can operate
with long distances up to 10 nm,141-145

The number of studies focusing on molecular complexes capable of upconversion
luminescence is quite small and they were first introduced not until 2011.6%.146-15
The molecular UC systems are expected to have benefits such as high absorptivity,
small size, simple addition of functional groups and less toxic nature when compared
to the inorganic upconverting nanoparticles. Nevertheless, observing upconversion
with these systems particularly in solutions appears to be a difficult task due to the
presence of the quenchers such as OH, NH and CH oscillators.*5?
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The UC complexes consist of ligands (L) with sensitizer (S, such as Yb3®" or
Cr3+)61151 "and activator (A, such as Er®* or Th3).1%0 (Fig. 11). The use of two
sensitizers per activator is preferable due to the improved intensity of the
upconversion luminescence.®* Two other requirements for the system has also been
suggested.1#6 First, the sensitizer should have long enough lifetime to enable the
sequential energy transfer needed for upconversion luminescence. And second, the
activator should be protected from high-frequency vibrations. The studied
upconversion luminescence mechanisms in molecular systems are mainly limited to
GSA/ESA and ETU mechanisms in which the latter is more efficient.1#¢ In addition,
the CSU has been studied with Th3* activator.®!
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Fig. 11. Ligands used in UC complexes (a and b) and a schematic representation of
UC complex with two sensitizers (c).14915

2.2.2. Metal organic frameworks

Metal organic frameworks (MOF) are solid-state materials with hybrid inorganic-
organic structure that combines metal ions or clusters and molecular building blocks.
These organic ligands link the metal ions or clusters via coordination bonds and form
1-, 2- or 3-dimensional networks. These materials have high porosity, high volume
and surface area, and low crystal density. In addition, MOFs have high structural
tunability when compared to other solid porous materials such as zeolite or silica.
Metal organic frameworks have been studied for applications in areas such as
bioimaging, sensing and photocatalysis.5*-1%

The rare earth ions have been studied as the metal source for upconverting MOFs.
Nd3** has been coordinated with 1,4-naphthalenedicarboxylate (NDC) linker in DMF
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solvent (N,N-dimethylformamide) to form [Nd2(NDC)3(DMF)s]-H.O material X%’
The material showed UV upconversion emission at 391.6 nm and blue upconversion
emission at 449.5 nm under 580 nm excitation. The proposed upconversion
mechanism  for  this  system was the ETU. In  addition,
[Nd2-(H20)4][{CsH3N(COO),}{CsHs-COO),}] material has shown UV/VIS
emission (at 422 nm with shoulders at 364 and 461 nm) under 580 nm excitation.'%®
The upconversion mechanism GSA/ESA was suggested to apply for this system.

Rare earths (R) Er**, Y3 Gd*', Lu®** and Yb®* have been used together with
1,3,5-benzenetricarboxylic acid (BTC) to form R(BTC)(H.0)-DMF metal organic
frameworks.**® The synthetized materials were 3D porous framework crystalline
materials with a rod-like shape. The UC-MOFs with Y3* and Er®* showed the green
and red upconversion emissions of Er®* under 980 nm excitation. The optimal Er®*
concentration was demonstrated to be 6 %. The upconversion mechanism was
studied by preparing MOFs with Y/Yb/Er in which Yb concentration was changed
from 30 to 60 and 90 % while Er concentration was kept at 10 %. The upconversion
emissions of these materials remained basically at the same level which suggested
that ESA would be more probable mechanism with this system than ETU
mechanism.

MOF and upconverting nanoparticles have been combined to form upconverting
nanocomposite  core-shell materials.® The upconverting NaYF4:Yb,Er
nanoparticles were used as a core and iron(l11) terephthalate (MIL-101_NH,) MOF
was used as a shell material. The surface amino groups of the core-shell particles
were modified using poly(ethylene glycol)-2-amino ethyl ether acetic acid and folic
acid, and the upconversion luminescence were detected from this surface modified
material in water. The core-shell material showed the green and red emissions of
Er3* with 980 nm excitation.

2.3. Upconversion in glasses and glass-ceramics
2.3.1. Introduction to glasses

Glasses are amorphous solids that differ from crystals in the lack of the long-range
atomic order which gives them the ability to be modified to have almost unlimited
amount of geometrical structures. Due to the lack of the long-range order a glass
have higher configuration entropy and higher free energy than the crystalline
material with the same composition. Thermodynamically glasses are in metastable
state. Moreover, glasses have high optical transparency and thermochemical strength
which makes them useful for optical applications. Glass can be doped with rare earth
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ions or microcrystallites or glass can be prepared in such a way that particles are
directly crystallized into the glass to form glass ceramics, GCs (Fig. 12).160-162
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Fig. 12. Schematic representation of the difference in the Ln3* distribution in
various glasses. Based on a figure by Zhao.¢°

Glass has a network that composes of single atoms or molecular units. In principle,
the constituents that form the glass have no requirement of stoichiometry which
facilitates the doping of active elements such as transition metals. All the constituent
in a glass are either network formers or network modifiers. Extra network formers
may help to increase the chemical durability, suppress the crystallization rate and
increase the viscosity of the glass. The network modifiers can introduce ionic
bonding to the structure of largely covalent network and thus give more flexibility
in the structure. The network modifier may be one of the lanthanide ions which have
large sizes that prevent their use as network formers. The 3d transition metals may
enter to the glassy network as formers or modifiers.161162

2.3.2. Preparation

Glasses can be prepared by using the conventional melt-quenching technique which
is the most commonly used technique for bulk glasses. This method has been used,
for example, with glasses having P,0s-SrO-Na,O-Er,O3 composition.!®® In the
process, precursor chemicals are mixed and heated to 1100 °C for 30 min with a
heating rate of 10 °C/min and the melt is poured into a preheated brass mold and
annealed at 400 °C for 5 h to decrease the residual stress. Other techniques for bulk
glass preparation are the chemical vapor deposition and sol-gel process.1%?

The preparation of glass ceramics can be carried out by melting glass and converting
it into ceramic using an appropriate heat treatment which usually includes two step
heating.'%* This type of treatment induces the devitrification of the glass where the
nucleation and the crystal growth occur during bulk crystallization. For glass
ceramics preparation, a phase-separating agent such as magnesium oxide may be
needed.'® Glass ceramics with NaYF4:Yb?*,Er®* nanocrystals have been prepared by
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using the melt-quenching technique and an appropriate heat treatment to form the
glass ceramic.165-167

In one example of the glass ceramic procedure, the precursors of the glass with
composition SiO; — Al,O3 — Na;COs; — CaO — NaF — YFs — YbF3 — ErFs were first
heated at 1500 °C for an hour and then poured onto a preheated brass plate and
annealed at 500 °C for 10 hours to relinquish the inner stress. The glass ceramics
were obtained by heat-treatment at 700 °C for four hours. Other techniques to form
glass ceramics have also been used. Combination of modified chemical vapor
deposition and solution doping has often been used to prepare rare earth doped
fibers.1%5 In addition, a new technique where ALD and CVD are combined have been
investigated for rare earth doped optical fiber fabrication.16516

2.3.3. Different glass systems

Among various oxides SiO2, GeO,, B203; and P,0s are used as industrial materials
for glasses. This is due to their good network forming ability which enables the
development of the three-dimensional network and the use as a single component
glass able to form a glass itself.?52 Silica glass has been the most commonly used
single component glass due to the good properties such as optical transparency in a
wide wavelength range and high chemical and mechanical durability.*5> However,
this glass has a high melting temperature which may be a drawback for some
applications. Upconverting silica glasses have been studied, for example, for optical
devices.'® When rare earths are added to silica, for example in optical fibers, usually
co-doping with alumina (Al>Os) or phosphorus pentoxide (P2Os) is heeded to prevent
clustering of the rare earths due to the low solubility of rare earths into the silica
network.16°

Nonsilicate glasses such as phosphate, borate, germanate, vanadate or tellurite
systems are not generally applied for mass production but they do show some unique
properties that cannot be obtained with silicate glasses.*6? Tellurite glasses have
received attention due to their potential as an optical glass with high refractive
index.’®? Thulium and ytterbium co-doped tellurite glasses with composition
80TeO0,-10K20-(9.9 — X)TiO~ 0.1Tmy03—xYb20; (x=0.1-2.0) have showed
upconversion luminescence.'®® Tm3*/Ho®*/Yb** triply doped bismuth tellurite
glasses with multicolor upconversion have also been investicated.'®® Moreover,
erbium doped zink tellurite glasses with silver nanoparticles'’® and erbium doped
germanium-tellurite glasses with gold nanoparticles’* have showed plasmon
enhanced upconversion luminescence. However, tellurite glasses may be toxic due
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to the possible leakage that may occur in a corrosive environment due to the
disruptive nature of tellurite to the tellurite glass network.1¢°

Phosphate glasses are an eco-friendly option for the tellurite glasses.}’? They consist
of P-O-P chains that contains four-fold coordinated phosphorous!®? Phosphate
glasses have low nonlinear refractive index and a high absorption cross-section
which are ideal properties for optical applications. These glasses have also high
solubility of noble metals, rare earths and nonoxide semiconductor compounds such
as CdS.'®2 However, phosphate glasses have high phonon energy which is known to
quench the upconversion luminescence.'”® Fluoride glasses have also a very low
nonlinear refractive index which would be ideal for some applications but these
glasses have not been researched widely due to the high toxicity of the fluoride
glasses and the precursors. In addition, they are unstable and expensive.'’*

Oxyfluoride glass-ceramics can be oxides such as silicate, quartz, germinate,
phosphate and borate, or they can be chalcogenide, halogenide or mixed nature. GCs
are formed when the parent glass is heat treated in such a way that it will first lead
to nucleation and further to crystal growth. Oxyfluoride glass-ceramics consists of
oxide glass network which contains imbedded fluoride crystals. Therefore, they
combine the good mechanical and chemical durability of oxides and low phonon
energy of fluorides which makes them ideal for upconversion luminescence. For
nanoparticles, the glass phase prevents the agglomeration of the particles and offers
a protective layer to prevent the surface related quenching. Moreover, GCs have
negligible porosity and great uniformity when compared to sintered ceramics.’*

Upconversion from oxyfluoride glasses containing LaFs; and CaF, have been
studied.t’>17® Such fluorides have low phonon energies and are thus ideal
environments for upconverting ions. Oxyfluoride glass ceramics containing
NaYF4Er particles have been prepared by melt-quenching and subsequent
heating.”® The heat treatment enabled the phase transition from cubic to hexagonal,
although, pure hexagonal phase was not obtained. NaYF, nanocrystals have also
been investigated to precipitate in glass with composition SiO2-Al,O3-Na,O-NaF-
Y F3-ErFs-YbF; after heat treatment.*818 The oxyfluoride glasses with composition
of SiO,-Al;0s-AlF;3-Na;COs-NaF-Lu,03-Yb,03-HoFs-CeFs have been prepared
using the traditional melting quenching technique route to investigate the effect of
Ce®* to the upconversion luminescence of Ho®*.282 Ce®* addition was found to enable
the spectral conversion of Ho®** from pure green to yellow and finally to red under
980 nm excitation.

44



Upconversion for utilization of solar energy

The GCs approach to prepare Ln®-containing nanocrystals in glass where
nanocrystals are growth in situ in a glass matrix is commonly used method but it is
challenging to control the composition and nanostructure of the nanocrystals with
it.10 First, the concentrations are not well-defined and the control of the crystalline
sites is limited. Moreover, the obtainable Ln®*" concentrations in nanocrystals are
limited due to the restricted solubility and short-distance diffusion of Ln3* ions in
glass, as well as the large volume fractions (25-35 %) of nanocrystals growth in situ.
Second, it is impossible to grow core-shell and heterogeneous structures with this
method. Third, it is possible that in situ growth of nanocrystals may occur during
post-annealing or reheating process. To overcome these issues the direct doping
method where separately synthetized nanocrystals are doped into a glass melt may
be used.

2.4. Upconversion for utilization of solar energy

While solar energy offers an abundant energy source to meet the increasing energy
consumption demands, the development of efficient and cost-effective solar cells is
widely studied. The major problem with effective solar conversion to electricity in
conventional solar cells is the lack of ability to absorb radiation in a wide range. The
standard solar irradiation spectrum (Air Mass 1.5) consists of wide range photons
with wavelengths ranging from ultraviolet to infrared region (300 — 2500 nm)*&,
However, the single-junction PV devices are able to use only a small fraction of the
photons and typically NIR and IR range remains non-utilized.'® This issue can be
circumvented by using upconversion luminescence materials.

The conversion efficiency of any traditional single p-n junction solar cell has an
upper limit which is determined by the bandgap energy of the semiconductor
material that has been used to prepare the cell.*®* With a single bandgap of 2 eV and
an ideal upconverter material attached to the rear side of the solar cell a theoretical
efficiency limit for the cell has been calculated to be 63.2% for concentrated sunlight
and 47.6% for non-concentrated sunlight.'® The placing of the upconverter material
has an effect on the conversion efficiency. The rear side of the solar cell has often
been considered to be the optimum place for the upconversion material .* Especially
when a reflection layer is used together with an upconverter (Fig. 13). An exception
for the attachment to the rear side has been the glasses and glass ceramic materials
which can be placed on top of a conventional solar cell due to the fairly transparent
nature.*

45



Literature review

Solar cell UC material  Reflector

Fig. 13. Representation of an UC solar cell with reflector.

One important figure-of-merit for photovoltaics is the external quantum efficiency
(EQE) and for upconversion solar cells the EQE due to upconversion (EQEuc).* EQE
is the ratio of extracted electron flux (current) of the solar cell to the incident photon
flux (¢in) onto the solar cell whereas EQEuc is defined as (Equation 5)*

Al
EQEyc = % (5)

where Alsc,uc is the additional short-circuit current due to upconversion and q is the
elementary charge.

2.4.1. Crystalline silicon solar cells

The c-Si solar cells have the maximum conversion efficiency as high as 25.6 %36
which is close to the Schokley-Queisser limit (~30 %). The c-Si solar cells are able
to absorb light less than 1100 nm due to the bandgap of crystalline silicon
(~1.12 eV)™83. These limits set limitations to the upconversion materials which need
to absorb above 1100 nm. Other desirable properties for the upconversion materials
in c-Si cell are good response under low-intensity excitation range (10-100 Wm-2),
high conversion efficiency and high transparency towards the upconverted light.°

The upconversion materials that are single doped with Er* have attracted attention
in the field. For a bifacial c-Si solar cell with an acrylic adhesive medium layer
containing NaYF4:20% Er®* microcrystals on the rear, an external quantum
efficiency of 2.5 % was obtained under excitation at 1523 nm.'®" In addition,
microcrystalline NaYF4:20% Er®* have been attached to a c-Si solar cell by filling a
powder cell and using an index-matching liquid, and an external upconversion
efficiency of 0.34 % with 1.09 W cm™ at 1523 nm has been reported.'®
BaYFs:30% Er upconverter material mounted in front of a single-face silicon solar
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cell was studied and external quantum yield of upconversion as high as 6.5 % at an
irradiance of 8.5 W under 1557 nm excitation was achieved.'®® The same material
was also studied in'®. Gd,O,S:Er®* has also been investigated for silicon solar
cells?218 In addition to monochromatic studies, NaYF4:20% Er®* has been studied
also under broad spectrum illumination.1%t

Glasses and glass ceramics can be placed on top of the crystalline solar cells. For
example fluoroindate glasses co-doped with Yb** and Er®* have been studied for c-Si
solar cells.*®? The glasses with composition InFsz - ZnF,— SrF, — BaF, — YbF; — ErFs
were placed on top of a commercial solar cell but the glass samples were not optically
coupled with the solar cell that is no index matching oil between the glasses and the
solar cell were used. Nevertheless, a glass sample co-doped with 2.25 mol-% of Er®*
and 0.1 mol-% of Yb®* produced an EQE of 0.4 % under excitation with 37 mW at
1480 nm.

2.4.2. Amorphous silicon solar cells

Amorphous silicon solar cells have promising properties such as relatively low
manufacturing cost, easy preparation and good chemical stability which are reasons
behind the wide interest towards these cells in solar industry and research. Hydrogen
passivation is often used with a-Si cells to enhance the electrical behavior, and the
bandgaps of the a-Si:H solar cells are from 1.7 to 2 eV.% Upconversion materials
offers even more advantage for a-Si solar cells than for c-Si solar cells due to the
higher inability to utilize the IR photons. a-Si solar cells are able to absorb light
shorter than 700 nm?8 which makes the upconversion materials with absorption
above 700 nm suitable for these cells.

Upconverting NaYF:18% Yb%*,2% Er®* nanocrystals have been attached to
amorphous solar cells by using solidified mixture of polydimethylsiloxane and the
upconversion powder, and enhancement of short circuit density from 16 to
17 mAcm2 (6.25 %) has been reported.'®* Another way to use the NaYF4:Yb3* Er®*
powder in amorphous solar cells has been to first dissolve it to
polymethylmethacrylate (PMMA) in chloroform and after use spin coating to form
a film with thickness of 200-300 um.*® This type of coating showed an external
quantum efficiency of 0.02 % at 980 nm.1%

In addition to crystalline materials research, upconverting glasses and glass ceramics
have also been studied for amorphous silicon solar cells. Triwavelength excitation
(808, 980, 1530 nm) for germanate oxyfluoride glasses containing LaFs:Er®* crystals
resulted in significant enhancement of the upconversion luminescence intensity.1"
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Other studied glass ceramics have been the oxyfluoride borosilicates containing
NaYF4:Yb® Erd* 1% and NaGdF4:Er*.2%” Moreover, Er¥*-Yb®* co-doped TeO,-PbF,
oxyfluoride tellurite glasses have been attached at the back of amorphous silicon
solar cells in combination with a rear reflector and a 0.45 % improvement in
efficiency was obtained under co-excitation of AM1.5 and 400 mW 980 nm laser
radiation.1%

2.4.3. GaAs solar cells

The first solar cell with upconversion material was reported in 1996.% In the study,
Yb** and Er®* was used to harvest IR radiation by coupling a substrate-free GaAs
cell to a 100 um thick vitroceramic material doped with the lanthanide ions. The
efficiency of 2.5 % for an input excitation of 1 W at 1.39 eV (0.039 cm? cell) was
reported. Furthermore, Yb-Er has been investigated with YW-O1s host material in
GaAs solar cell and the maximum output power of 0.339 x 106 with a 973 nm laser
excitation at 145.65 W/cm? 119

2.4.4. Dye-sensitized solar cells

Dye-sensitized solar cells were first reported by Grétzel in 1991.1%° DSSCs offer low
cost, simple fabrication methods and environmentally friendly option to common
solar cells. Usually the band-gap of the dyes are higher than 1.8 eV.18, These cells
are able to absorb wavelengths shorter than 700 nm which makes them ideal for
enhancement by upconversion. The first reported DSSC with rare-earth-doped
upconversion material (LaF3:Yb3*/Er**-TiO, nanocomposites) was reported in
2010.2%

Ho®'/Yb?** co-doped Gd.Os nanoparticles have been introduced into a TiO; layer of
a DSSC solar cell.*! Enhancement of the power conversion efficiency from 6.701 %
to 7.403 % was reported. YOF:Yb3/Er®* particles have been doped into a TiO:
photoanode layer and an efficiency increasement of 23 % was reported when 7 wt.%
of the YOF material was used.?®* NaYF4:Yb%* Er3*@TiO, core-shell nanoparticles
were used to prepare the photoelectrode of the DSSC which resulted in 23.1 %
enhancement of the energy conversion efficiency.?

2.4.5. Perovskite solar cells

Lead halide perovskite (CHsNHsPbXs; X =1, Br, Cl) solar cells were introduced in
2009 and since then they have been highly studied due to the promising properties
such as low-cost and relatively easy fabrication, unique optical and electrical
properties, and high efficiency.?® In the few recent years, the power conversion
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efficiency of the cells has increased from 3.8 % to 22.1 %.2%* Perovskite solar cells
have absorption range of 300-800 nm.2%52% UC rare earth materials have been used
in organic-inorganic lead halide perovskite solar cells to expand the absorption range
and improve the stability.

A single crystal LiYF4:Yb** Er** has been used as an independent upconverter to
enhance the power conversion efficiency of perovskite solar cell.*'> Enhancement of
7.9 % under the irradiation of simulated sunlight by 7—8 solar constants was reported.
B-NaYF4:Yb®* Er®* nanoprisms incorporated in CHsNHsPbl; perovskite solar cell as
a mesoporous layer resulted in a power conversion efficiency of 16 % which was
13.7 % increase when compared to a cell only with a common TiO; layer and without
the upconverter.’®* NaYF4:Yb,Er nanoparticles have also been used as a replacement
of m-TiO, mesoporous layer in CHsNHsPbl; perovskite solar cells.2°” The power
conversion efficiency of the perovskite cell with the upconversion material was
reported to be 17.8 % and a power conversion efficiency of 0.35 % was reported
when the solar cell was under 980 nm laser irradiation. Core-shell nanoparticles
(B-NaYF4:Yb3*, Tm? at TiO, core) have been incorporated into a mesoporous layer
of perovskite solar cells (CH3NHsPbls).2%® The efficiency of the solar cell was
16.38 % with the upconversion material and 13.98 % without it.

Upconverting fluorotellurite glasses in combination with perovskite solar cell have
been investigated.?®® The glass was composed of 65TeO,~15Al,0s-15CaF,~5NaF
with addition of 10YbFs—xErFs (x = 0.5, 1.0, 1.5, 2.0) and was placed in front of a
MAPbI;.«Clx-based perovskite solar cell. The upconversion luminescence of the
glasses showed good stability in temperatures up to 100 °C. An open circuit voltage
of 0.83 V and a short circuit current of 0.32 mA/cm? under 980 nm NIR irradiation
was measured.

2.4.6. Organic solar cells

Organic solar cells have promising advantages such as flexibility, low cost, light-
weight and easy fabrication when compared to the Si-based cells. However, the
organic solar cells mainly absorb at the visible range. Consequently, a major
enhancement of the organic solar cells could be obtained by using upconverting
materials.&

Er®* and Yb* doped MoOs; material has been incorporated in organic solar cell
having poly-3-hexylthiophene and phenyl Ce; butyric acid methyl ester in an active
layer.219 Less than 1 % improvement of short-circuit current under one-sun (AM 1.5)
illumination was reported.
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3. AIMS OF THE STUDY

The general goals of the research were to optimize and improve the properties of
upconverting materials to make them more functional in the field of solar conversion,
especially in solar cells. The upconversion luminescence from NaYFs-powders,
oxide thin films, hybrid thin films, and fluorophosphate glasses were studied. The
main aims were to test the fabrication methods, optimize the parameters needed for
efficient upconversion luminescence and enhance the upconversion luminescence by
doping metal ions or widen the absorption range of the materials.

The more specific aims in each publication were:

I. To investigate the possibility to enhance the the upconversion luminescence from
NaYF4:Yb,Er material by transition metal ion doping and study the effect of this
doping on the properties of the materials, such as the composition, phase and the
thermal behavior.

Il. To test the feasibility of the atomic layer deposition as upconverting film
deposition technique by depositing oxide thin films.

I11. To evaluate the potential of pyrazine to work as a precursor for an organic moiety
in the upconverting hybrid thin film. To study the upconversion luminescence
properties of the hybrid material fabricated by using the combined atomic and
molecular layer deposition technique.

IV. To test the direct particle doping method for preparation of NaYF4:Yb,Er doped
fluorophosphate glasses with the composition (90NaPO3; — (10 — x)Na;O — xNaF)
(mol%) with x =0 and 10. To study the survival of the particles and the upconversion
luminescence of the glasses.

V. To further improve and optimize the direct particle doping method for preparation
of NaYF4:YDb,Er doped fluorophosphate glasses with the composition (90NaPOs; —
(10 — x)Na20 — xNaF) (mol%) with x = 0 and 10.
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4. MATERIALS AND METHODS

4.1. Materials and films preparation
4.1.1. Particles preparation

The upconversion luminescence materials (NaYF4:Yb3" Er®* and NaYF4:Yb3 Erd*,
Cr¥*/Mn?*) were synthetized with the low-temperature co-precipitation method (I,
IV and V).°2 The RCl; (R: Y, Yb or Er) water solutions used in the synthesis were
first prepared by dissolving R,03 (99.99 %) in hydrochloric acid (pro analysi, 37 %),
vaporizing the excess acid and finally diluting the remained solutions with distilled
water to prepare RCls solutions with 0.2 moldm- concentration (Equation 6). The
pH of the final solutions was adjusted to ca. 2. The MnCl; (pro analysi) and CrCls
(96 %) were dissolved directly to distilled water to produce solutions with
0.2 moldm Mn2*/Cr®* concentration (I).

R203(s) + 6 HCl(ag) — 2RCls(aq) + 3H0(l) (6)

In the synthesis of the upconverting particles, NaF (2.1 g, 12.5 Na/R ratio) was first
dissolved in 60 cm?® of distilled water. The solution was stirred with a mixture of
prepared chloride solutions with selected dopant concentrations (Yb:17 %; Er:3/0.3;
Mn:0.1-0.2 and Cr:0.05-0.2) for 1 h at room temperature (Equation 7). The
precipitates formed were centrifuged (8 min, 3766 g) and washed either with distilled
water (one time 60 cm?®) and ethanol (99.5 %, three times 20 cm?) (1) or only once
with ethanol (I and V). After each washing the solution was centrifuged. The as-
formed low temperature cubic form was dried in a vacuum desiccator. The
synthetized materials were annealed at 500 °C for 5 h under a reducing static
N2 + 10 % H; gas sphere to obtain the final product with hexagonal form.

RCls(aq) + 4NaF(ag) — NaRF4(s) + 3NaCl(aq) @)

4.1.2. Films preparation

The thin films were fabricated using ALD (11) or ALD/MLD (l11) techniques. The
used ALD reactor was a commercial F-120 (ASM Microchemistry Ltd.) and
precursors were a mixed (Yb,Er)(thd)s (I1) or (Y,Yb,Er)(thd)s (111) metal precursors
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(synthetized as in 21%212) and ozone (I1) or pyrazine carboxylate (I11). Ozone was
generated from oxygen (>99.999 %) in an ozone generator (Fischer model 502). The
organic precursor was commercial 2,3-pyrazinedicarboxylic acid powder (Sigma
Aldrich) (I11). During the depositions, the precursors were kept in a glass crucible
inside the reactor at 130 °C (the metal precursors) and 145 °C (the organic precursor).
The reactants were alternately introduced on a substrate in the reactor while nitrogen
(>99.999%; Schmidilin UHPN 3000 N generator) worked as a carrier and purging
gas. Inside the reactor, a pressure of 2—4 mbar was maintained during the film
depositions. The substrates used were Si(100), DuPont polyimide, quartz and
nanocellulose. The depositions took place in temperatures of 300 °C (I1) and 160-
275 °C (I11). The precursor pulse/purge cycles were: 1.5 s (Yb,Er)(thd)s / 2s N2 /
2.5503/3s Nz (I1)and 1.5 s (Y,Yb,Er)(thd)s/ 2 s N2/ 2 s pyrazine / 4 s N2 (I11).

4.1.3. Glass materials

Upconverting glasses were prepared by a direct particle doping method in which first
the glasses were prepared and after the NaYF4:Yb®*,Er®* particles were added to the
melted glass (IV,V). For the preparation of the glasses with the composition
(90NaPOs — (10 — x)NaO —xNaF) (mol%) with x = 0 and 10, a standard melting
process was used. In the process, NasO1sPs (Alfa-Aesar, technical grade), Na,CO3
(Sigma-Aldrich, >99.5%) or NaF (Sigma-Aldrich, 99.99%) were mixed in a quartz
crucible and melted at 750 °C for 5 min. Prior to the melting of the glass with x =0,
a heat treatments at 400 °C (IV) and 300 °C (V) for 30 min were carried out to
decompose Na,COj3 and evaporate CO,. After melting the glasses, the upconverting
particles were added at lower temperatures. Doping temperatures of 525, 550 and
575 °C and dwell times of 3 and 5 min were tested. 3.75 wgt% (1V) and 5 wgt% (V)
of NaYF4:Yb3*,Er* particles were used. After the dwell time, the glasses were
poured onto a brass mold. All the glasses were annealed at 40 °C below the glass
transition temperature for 8h in air.

4.2. Characterization
4.2.1. Microscopy techniques

Atomic force microscopy (AFM) was used to investigate the surface morphology of
the ALD deposited thin films (I11). The used AFM instrument was composed of
Veeco Dimension 51000 Scanning Probe Microscope, Nanoscope Controller,
Digital Instruments, and Nanoscope Analysis 1.5 Software.
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The surface morphology and elemental distribution of the thin films (1) and the
composition of the glasses (1V) were analyzed with scanning electron microscopy
(SEM). Two setups were used. First included Leo 1530 Gemini microscope equipped
with a Thermo Scientific UltraDry SDD EDSsystem (I1) and the second consisted
of Carl Zeiss Crossbeam 540 microscope equipped with Oxford Instruments X-
MaxN 80 EDS detector (IV). Prior to imaging the glasses, they were polished and
coated with a thin carbon layer.

The particle size and shape were studied with transmission electron microscopy
(TEM) (1). The apparatus had a JEM-1400 Plus Transmission Electron Microscope
with a maximum acceleration voltage of 120 kV and 0.38 nm resolution.

4.2.2. X-ray powder diffraction

The phase purities and crystal structures of the NaYF.:Yb,Er-materials (1) were
analyzed with the X-ray powder diffraction (XPD) measurements. The XPD-patterns
were collected using a Huber G670 image plate Guinier camera (26 range: 4-100°,
data interval: 0.005°). The measurement was carried out at room temperature and the
monocromatic copper K, radiation (A: 1.5406 A) was used. The time for data
collection was 30 min.

4.2.3. X-ray reflectivity and grazing incident x-ray diffraction

The film thickness, density and roughness values were determined from X-ray
reflectivity (XRR) and the crystallinity of the thin films were studied with grazing
incident X-ray diffraction (GIXRD) (I, I11). The instrument was Panalytical X’Pert
MPD Pro Alfa 1 with the XPERT HighScore Plus-reflectivity software for the data
analysis.

4.2.4. X-ray fluorescence

The materials compositions were studied with X-ray fluorescence spectroscopy
(XRF) (I, Il and I1l) using two different instrumentations. The NaYFa:Yb,Er-
materials (1) were measured with the PANalytical epsilon 1 apparatus (Ag tube with
Exa: 22.1 keV) with its internal Omnian calibration. The thin films were
characterized with PANalytical AxiosmmAX with Rh tube (K.: 20.2 keV), 3 kW
model (11, 111).
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4.2.5. Thermal analysis

The thermal analysis of the NaYFs-materials (I and additional data for 1V and V)
was carried out with a TA instruments SDT Q600 Simultaneous thermogravimetry
and differential scanning calorimetry (TGA-DSC) apparatus between 25 and 720 °C
in a flowing N2 gas sphere with a flow rate 100 cm®min? and a heating rate
5 °Cmint. The sample pan was made of aluminium oxide and a similar empty pan
was used as a reference.

The thermal behavior of the glasses (1V, V) were studied using differential thermal
analysis, DTA with Netzch Jupiter F1 apparatus at a heating rate of 10 °Cmin-*. The
samples were measured in Pt crucibles. The first derivative of the DTA curve was
used as the inflection point of the endotherm which was used to determine the glass
transition temperature Ty The onset of the crystallization temperature Ty was
ascertained from the beginning of the crystallization feature, and peak of the
exotherm, respectively. The temperature accuracy was +3 °C.

4.2.6. FT-IR spectroscopy

Fourier transform infrared spectroscopy (FTIR) was used to confirm the organic
content of the hybrid thin films and to study the bonding scheme (111). Nicolet
Magna-IR Spectrometer 750 was used with an average of 32 scans and 4 cm
resolution.

The IR spectra of the glasses were measured with Perkin ElImer Spectrum One FTIR
Spectrophotometer in Attenuated Total Reflectance (ATR) mode in the range of
600-1600 cm* (V). Corrections for Fresnel losses were made for the spectra along
with normalization to the band having maximum intensity. An average of 8 scans
and a resolution of 1 cm™ was used.

4.2.7. Raman spectroscopy

The Raman spectra of the glasses was measured using a 532 nm wavelength laser
(Cobolt Samba), a 300 mm spectrograph (Andor Shamrock 303) and a cooled CCD
camera (Andor Newton 940P) (V). All the spectra were normalized to the band
showing the maximum intensity.
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4.2.8. Reflection, absorption and transmission

Illumination from a 60 W incandescent light bulb was used with the reflectance
measurements of the NaYFs-materials (1). The bulb was located 20 cm above the
sample and the reflectance of the light was collected with an optical fiber with
diameter of 600 um. The reflectance spectra were recorded with an Avantes
AvaSpec-2084x14 spectrometer using a data collection time of 400 ms.

UV-visible absorption spectroscopy was used for the hybrid thin films
characterization (111). The UV/VIS/NIR absorption spectrometer was PerkinElmer
Lambda 950.

The transmission spectra of the polished glasses were recorded in the range of 200—
700 nm (1V) and 200-1600 nm (V) at room temperature. The latter range was used
also for the collection of the absorption spectra (V). A Shimadzu UV-3600 Plus UV-
VIS-NIR Spectrophotometer was used.

4.2.9. Density and viscosity measurements

Archimedes principle was utilized with the density measurements of the glasses (V).
Ethanol was used as the immersion liquid. The accuracy of the measurement is
+0.02 g/cm?.

The viscosity of the glasses was measured with a beam-bending viscometer (BBV)
in the (Logl1l-Logl3 Pa s) range (V). The measurement was conducted under the
test protocol ASTM C-1351M. 4 x 5 x 50 mm bars of the glass with x = 0 was used.
A parallel-plate viscometer (Model PPV-1000 following the test protocol ASTM
C-1351M) was used to measure the glass viscosity in the softening range
(Log5-Log 8 Pa s). The measured glasses with x = 0 and x = 10 were prepared in
disk with diameter of 10 mm and a thickness of 5 mm.

4.2.10. Upconversion luminescence and lifetimes

The upconversion luminescence of the NaYF4-materials (1) was measured with an
Ocean Optics PC2000-CCD spectrometer at room temperature. A capillary tube
filled partially with the studied material was placed in a sample holder in which the
excitation and the emission paths had a 90° angle. A Hamamatsu L9418-04 NIR
laser diode (Aexc: 976 nm; V: 0,246 cm™) was used for the excitation. The emission
was directed to the detector using an optical fiber with diameter of 200 um. A long-
pass filter with a cutoff at 850 nm (RG850, Edmund Optics) was used in the
excitation path. In the emission light path, a short-pass filter (an extended hot mirror,
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Edmund Optics) was used to exclude the scattered excitation radiation. The
excitation and emission radiation were focused with lenses.

The upconversion luminescence of the thin films (I1, 111) were measured with an
Avaspec-HS-TEC CCD spectrometer at room temperature. The materials were
excited with an Optical Fiber Systems IFC-975-008 NIR laser (6 W; Aexc = 974 nm).
The angle between the excitation and the emission paths was 90° and different angles
between the laser beam and the film was tested. The spectra of the oxide film (I1)
was measured at 60° and the power dependency of the same film at 20° angle. An
optical fiber (diameter: 600 pm) was used to direct the emission to the detector. In
the excitation path, a long-pass filter (Newport 10LWF-850-B) was used, and in the
emission path, a short-pass filter (Newport, 10SWF-900-B) was used. Lenses were
used to focus the excitation and emission radiation.

Two different set ups were used to measure the upconversion luminescence of the
glasses. First, the glasses (1) were ground and placed in a capillary tube and the
upconversion luminescence was measured with an Avantes AvaSpec-2048 x 14
CCD spectrometer and an Optical Fiber Systems IFC-975-008 NIR laser (6 W;
Xexc = 974 nm). The optical fiber (diameter: 600 pm) directing the emission to the
detector was attached to the sample container at 90° angle to the excitation. The
system had a long-pass filter (Newport 10LWF-850-B) and a short-pass filter
(Newport, 10SWF-900-B) in the excitation and emission paths, respectively.
Focusing lenses were also used in both paths. All the materials were measured at
room temperature.

The other set up used for the upconversion measurements contained of a
monochromator (Digikrom, DK480) and a lock-in amplifier (Stanford Research
Systems, SR830) equipped with a TEC-cooled silicon photodiode. The glasses (V)
were excited with a TEC-cooled fiber coupled multimode laser (II-VI Laser
Enterprise, Aexc: ~980 nm, incident power on sample 23.5 mW). The materials were
measured at room temperature. A short-pass filter (Thorlabs, FES800) was used in
the emission path. The excitation spot size was estimated to be at least 100 mm in
diameter.

The upconversion luminescence lifetimes of the glasses (V) were measured at room
temperature with a Newport 5060 laser driver and Optical Fiber Systems IFC-975-
008 laser (6 W; Aexc = 974 nm). A long-pass filter (Newport 10LWF-850-B) and a
short-pass filter (Newport L0SWF-850-B) were used in the excitation and emission
paths, respectively. The excitation and the emission paths had a 90° angle. The
emission was directed into a photomultiplier tube (Hamamatsu R1465) and collected
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at 544 nm and 650 nm by using band-pass filters (Thorlabs band-pass filter FL543.5-
10 and Thorlabs band-pass filter FB650-10). The excitation power range was from
1000 mV to 9000 mV. The excitation pulse duration was 50 ms and a delay of 50 ms
was used before the next excitation pulse. One measurement contained 1000 pulse-
delay cycles.
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5. RESULTS AND DISCUSSION

5.1. Effect of transition metal doping on upconversion luminescence

The use of UC materials in solar cells have one major drawback which is the
efficiency issue. The first aim of this research was to investigate the possibility to
enhance the upconversion luminescence by an additional ion doping. The effect of
transition metal (Mn and Cr) doping on the properties of upconversion materials
were studied (I). As the host material, NaYF4 was chosen due to the excellent
properties for upconversion luminescence. As the emitter, the Ers* activator was used
together with the Yb3" sensitizer. The materials were synthetized using the co-
precipitation method at room temperature as described above, in sections 2.1.5 and
4.1.1. The simplicity of the method and the relatively cheap and fast procedure were
the reasons for the choice of the synthesis.

5.1.1. Crystal structure, phase purity and morphology

As discussed in section 2.1.1., the NaYF, host lattice has three possible crystal
structures which are the low-temperature cubic (the a-form), the hexagonal () and
the high-temperature cubic. To study the possible effect of transition metal doping
on the phase transition temperature of the material, thermal analysis was carried out.
The DSC curves of the prepared materials show the irreversible phase transitions at
350-450 °C and 670 °C (Fig. 14.). The temperature of the transition from the low-
temperature cubic to the hexagonal phase is about 70 °C lower with the Cr or Mn
co-doped materials than with the NaYF4:Yb,Er material. Thus, the decrease in the
transition temperatures suggest that co-doping with either Mn or Cr enables the
preparation of the hexagonal material with lower temperature. The Cr and Mn co-
doped materials have very similar phase transition temperatures, therefore, the
crystallinity can be assumed to be very similar between the materials.
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Fig. 14. The DSC curves of the Mn and Cr co-doped and non-co-doped NaYF4:Yb,Er
materials. [I]

The XPD patterns show that the studied materials have the hexagonal structure
without detectable impurities, such as NaF and RFs (strongest reflections at 26: 39°
and 27-34°, respectively) (Fig. 15). The crystallite size could not be estimated from
the XPD patterns with the common Scherrer equations which indicates that the sizes
are larger than 150 nm. Therefore, TEM images were used to estimate the sizes to
rule out the possible size effect on the upconversion luminescence intensity. All
materials have very similar morphology and sizes (ca. 250 nm) (Fig. 15). In addition,
the crystallites are aggregated in all of the materials. The presence of Mn and Cr was
confirmed with XRF measurements and the results of the best upconverting materials
are listed in Table 2. The results reveal that the Mn co-doped material has less Er®*
than the others which indicates weaker upconversion luminescence.
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Fig. 15. XPD patterns for materials with Cr (top, left) and Mn (top, right) and TEM
images (bottom) of the selected materials. [I]

Table. 2. XRF results showing the rare earth and d transition metal contents (mol-%)
of the best upconverting materials. [1]

Material Y Yb Er Cror Mn
NaYF4Yb3* Erdt 76.9 22.2 0.8 -
NaYF4:Yb% Er®* Cr (0.1%) 77.0 219 0.7 0.3
NaYF4:Yb®* Er®*,Mn (0.125%) 78.3 20.9 0.4 0.3

5.1.2. Upconversion luminescence

The typical green and red emissions of Er3* are obtained with 976 nm excitation
(Fig. 16). The significantly strongest upconversion luminescence intensity is
observed with the material co-doped with 0.1 % of Cr. The other studied Cr
concentrations result in weaker upconversion luminescence when compared to the
non-co-doped material. All tested Mn concentrations clearly weakens the
upconversion luminescence intensity. As mentioned above, the XRF results show
that the Mn-doped material contains less Er3* than the other materials which is the
probable cause of the weak upconversion luminescence.
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Fig. 16. Upconversion luminescence spectra of the Cr/Mn co-doped materials (above
[17) and the UC mechanism (below).

The excitation power densities have no effect on the relative upconversion
luminescence enhancement or suppression that appear with the Cr and Mn co-doped
materials. This means that the effect strengthens when the power density increases.
The pump excitation power density measurements suggested that the upconversion
luminescence may be obtained with lower power densities when Cr doping is used.
However, the absolute lower limit for obtaining upconversion could not be
determined due to the limitation of the measurement system. The materials capable
of upconversion luminescence with low excitation power densities are highly
desirable because the power of solar radiation on Earth is only about 0.1 W/cm? 213
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5.1.3. Reflectance

The obvious reason behind the enhancement of the upconversion luminescence
intensity with the Cr co-doped material would be the ability of chromium to absorb
the excitation energy and transfer it to either Er®* or Yb®*. However, Cr is expected
to be in the trivalent form because in the NaYF lattice it will probably replace Y?3*.
Moreover, the lattice has similar structure than the CaF, which suggest that the
NaYF, is strong enough not to allow Cr to have any levels below 12500 cm*
(800 nm). This means that the reason for the enhanced upconversion luminescence
is in somewhere else than in the absorption of Cr. The reflectance spectra of NaYF4
materials either tridoped (Y, Er, Cr) or single doped (Cr) shows that the single doped
materials have only absorption below 750 nm (Fig. 17). This confirms the absence
of the energy levels close to 1000 nm. This means that the mechanism behind the
enhancement of the upconversion luminescence caused by Cr co-doping needs
further investigations which are beyond this PhD research.
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Fig.17. Reflectance spectra of selected Cr co-doped materials [I1].
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5.2. Upconverting thin films

UC thin films in solar cells have been constructed either by using UC powder
materials or preparing the UC materials directly as films, as discussed in section
2.1.5. Nevertheless, no single method seems to be superior. ALD and MLD
techniques have excellent properties such as conformity, thickness and composition
control and repeatability which are ideal for larger scale production. One aim of this
study (11, 111) was to investigate the possibility to use the ALD and the combination
of ALD and MLD techniques in upconverting film fabrication.

5.2.1. (Yb,Er);0s thin films

The procedure for oxide film fabrication with ALD has been known for some time,
but the luminescence properties of these films have rarely been studied. In this
research (11), the upconversion luminescence of oxides co-doped with Yb and Er
was investigated. The idea behind the dopant choice was to maximize the absorption
in the NIR range and thus the yttrium was not incorporated.

The oxide film deposited with 2000 ALD cycles was polycrystalline material based
on the grazing incidence x-ray diffraction pattern (Fig. 18). The GIXRD pattern
shows also the cubic C-Ln,Oj3 structure. The XRR pattern was used to characterize
the film thickness (39 nm), roughness (1 nm) and density (9.2 gcm-3). The growth-
per-cycle (GPC) value is 0.195 A and it was calculated from the film thickness value.
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Fig. 18. Indexed GIXRD and XRR patterns [11].
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The Er/(Yb + Er) ratio for the studied thin film is 0.018 and it was calculated from
XRF results. Similar ratio can be calculated for the (Ybog7Ero.0s)(thd)s precursor
which suggests that the Er-to-Yb substitution level is close to the desired 3 % level.
The SEM-EDX elemental maps show that the elemental distribution of Yb, Er, O
and Si is quite homogeneous (Fig. 19 a) and the combined map for Yb and Er reveals
that the Er occupies areas with lowered Yb content (Fig. 19 b).

Fig. 19. SEM-EDX elemental maps for Yb, Er, O and Si (a) and combiner elemental
maps for Yb and Er (b). [11]
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The 39 nm thick (YbogrEroes).03 thin film shows the strongest upconversion
luminescence intensity (Fig. 20) and is therefore selected for the further
characterization. The film with 0 % Er stands for the thin film which was prepared
only with Yb. The weak emission detected from this material is due to ppm level
impurity concentration of Er always present in materials containing Yb. The selected
film shows the green and red upconversion emissions of Er®* with 974 nm excitation
(Fig. 20). The pump power dependence of the upconversion luminescence intensity
is represented in the log-log graph (Fig. 20) and the slope of the lines are close to 2
which indicates that the both processes need two photons.
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Fig.20. Upconversion luminescence characterizations. The total upconversion
intensity with different Er content (left), the upconversion luminescence spectrum of
the selected (Ybo.e7Ero0.03)20s thin film (middle) and the pump power dependence of
the green and red upconversion emissions of the studied thin film (right). [11]

5.2.2. Molecular hybrid thin films with upconversion luminescence

The combination of ALD and MLD techniques enables the fabrication of completely
new kind of materials which cannot be made by using any other method. This
possibility offers a way to prepare new type of inorganic-organic hybrid materials
capable of upconversion luminescence. Combining strong lanthanide emitter with
efficient organic absorber could also enable the upconversion luminescence
enhancement. Moreover, thin film structure may prevent luminescence quenching
effects detected with complexes in aqueous media.

Combining the ALD with the MLD technique enabled the formation of the hybrid
inorganic-organic thin films of the complex in which Y3*, Yb®** and Er®* ions were
used together with pyrazine (IlIl). The pyrazine has shown to form stable
complexes?# and metal-organic frameworks!#® with lanthanides. Therefore, it was
selected as the ligand for the (Y,YDb,Er) complex. The films were mainly prepared
on silicon substrates but also deposition on quartz, and flexible polyimide and
nanocellulose substrates were studied.
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The (Y,Yb,Er)-pyrazine thin films were grown using (Y,Yb,Er)(thd)s (thd: 2,2,6,6-
tetramethyl-3,5-heptanedione; Fig. 21) and pyrazinedicarboxylic acid as precursors.
The ALD/MLD process worked ideally with deposition temperature of 160 °C and
the growth-per-cycle remained constant and independent of the precursor pulse
lengths, and the increase of the film thickness was linear when ALD/MLD cycles
were increased. In addition, deposition temperatures up to 280 °C were investigated.
GIXRD results suggested that the films were amorphous up to 250 °C and some
crystallinity could be observed when the deposition temperature was raised up to
275 °C. With GPC value of 3.4 A/cycle ca. 20-50 nm thick films were deposited and
these films were further investigated. The chemical state of the hybrid thin films was
studied using FTIR and the data was used to propose a possible bonding scheme
which is represented in Fig. 21.
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Fig. 21. Schematic representation of the precursor Er(thd)s (left) and the possible
bonding of the (Y,Yb,Er) — pyrazine -thin film (right) [I11].

The upconversion luminescence efficiency of the complexes depends on the amount
of the quenchers surrounding the emitter. Thus, the upconverting material needs to
be placed in an environment free of quenchers or the emitter ions needs to be
protected from the quenchers. In addition, the upconversion luminescence with
sensitizer requires a close-distance between the sensitizer and activator (or i.e. donor
and acceptor, respectively) and long enough lifetimes of the sensitizers’ excited
states to ensure the efficient energy transfer. These basic requirements for
upconversion luminescence appears to be fulfilled with the deposited thin films of
the (Y,Yb,Er) complex that showed the green, red and blue upconversion emission
colors under 974 nm excitation (Fig. 22). The emissions are due to the
2H1112,%S30—*11512; *Fo2—*11512; 2Horp—*l1512 transitions of Erd*, respectively.
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Fig.22. The upconversion luminescence of the (Y,Yb,Er) — pyrazine -thin film (top),
the log-log dependency between the intensity and the pump power (bottom, left) and
the upconversion mechanism for Yb-Er (bottom, right). [Adapted from I11]

The upconversion emission requiring the stacking of three photons of hybrid
inorganic-organic materials is rarely reported, and therefore, the appearance of the
blue emission with the (Y,Yb,Er)-pyrazine thin films is a unique feature. The reason
for the infrequency of the blue emission is probably that the blue emission is a three-
phonon process, thus, the probability of the blue emission is lower than the two-
phonon processes such as the green and red emissions. In addition, molecular
complexes have ligands that may act as quenchers in the system.

Thin films with different thicknesses from 20 to 50 nm were deposited on silicon
substrate and the effect of the film thickness on the upconversion luminescence was
studied. All the films showed the green and red upconversion luminescence under
974 nm excitation and the upconversion intensity was found to be independent of the
film thickness between the studied thickness range.

As discussed in the section 2.1.3, upconversion luminescence intensity has an
exponential dependency on excitation pump power which enables the study the
upconversion process. The upconversion intensity of the hybrid thin films was
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measured using different pump excitation powers. In addition, a few spectra per each
pump power was measured using different cooling powers for the laser due to the
temperature dependence of the excitation wavelength. The log-log dependence
between the intensity and the pump power is represented in the Fig.20. The slope of
the blue emission (2.7) indicates three photon process, as expected. The slope for the
green emission (1.7) indicates two photon process and the slope for the red emission
(2.3) may refer to two or three photon process.

5.3. Upconversion from fluorophosphate glasses

As a host for upconverting material, glasses offer flexibility to the UC solar cell
design as they can be placed on the top of the cell due to the transparent nature.
Properties such as high solubility for rare earth ions and relatively low glass
transition temperature make phosphate glasses ideal hosts for upconverting rare earth
ions.

Before selecting the glass composition, the suitable doping temperature for the
NaYF4:YDb,Er particles was investigated. In the literature, the evaporation of the
NaYF, particles and the melting of NaF has been reported to occur above 750 °C?®
which indicates that the suitable doping temperature is below this temperature. To
confirm the convenient doping temperature, thermal analysis was carried out for the
B-NaYFa4:Yb,Er material used for doping the glasses (Fig. 23.). The DSC curve
shows the endothermic signal at ca. 675 °C which is due to the structural change
from hexagonal to high temperature cubic phase. Because the hexagonal phase of
the NaYF4:Yb,Er material show extremely stronger upconversion luminescence than
the cubic phase, the particles doping temperature needs to be lower than 675 °C to
avoid the phase change. The DSC curve shows also an endothermic signal around
600 °C which has remained unidentified. However, the presence of amorphous NaF
and/or its reaction with non-stoichiometric NaRF4 have been suggested as tentative
attributions for the signal.?¢
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Fig.23. Thermal analysis of beta-NaYF4:Yb,Er.

The fluorophosphates glasses with the composition (90NaPO3; — (10 — x)NaO -
xNaF) (mol%) with x = 0 and 10 were chosen as the glass host for the
NaYF4:Yb% Er®* particles due to low melting temperature (750 °C) and good
thermal properties, such as stability against crystallization (Table 3). After finding
the good host glass, different parameters for particles doping were investigated
starting with the doping temperature of 575 °C (T4) and the dwell time of 3 min (1V),
and continuing the optimization with different doping temperatures and dwell times
(V) (Table 4).

Tabale 3. Thermal properties of the fluorophosphate glasses (90NaPO; -
(10 — x)Na20 — xNaF) (mol%).

X T, (°C) Tx (°C) AT =Tx-T4 (°C)
(x3°0) (x3°0C) (£6°C)

0 284 374 90

10 246 356 110
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Table 4. Investigated parameters for the preparation of the fluorophosphate glass
(90NaPO; - (10 — x)Na20O — xNaF) (mol%) doped with NaYF.:Yb3* Er®* particles
(NP).

X NP doping temperature,  dwell time/  publication
wit% Tq/°C min

0 3.75 575 3 \%
0 5 525 3 V
0 5 525 5 V
0 5 550 3 V
0 5 550 5 V
0 5 575 3 V
0 5 575 5 V
10 3.75 575 3 \Y
10 5 525 3 V
10 5 525 5 V
10 5 550 3 V
10 5 550 5 V
10 5 575 3 V
10 5 575 5 V

Former studies?!”2'® suggested that elements of the particles can diffuse from the
particles into the glass during the glass preparation. Thus, the survival of the
upconverting particles was investigated by first measuring the upconversion
luminescence spectra of the NaYF4:Yb,Er containing glasses with x = 0 and 10 (IV).
The glasses showed the green and red emissions of Er3* due to the 2Hi1/2,*Szi2—*l1512
and “Fgp—*l1512 transitions, respectively (Fig. 24). The upconversion luminescence
intensity of the glass with x = 10 was stronger than of the glass with x = 0. Next,
samples with known concentrations of NaYF4:Yb,Er particles were prepared and the
upconversion spectra were measured. Finally, the upconversion intensities of the
green emission at 550 nm of the prepared samples (Fig. 24) was compared with the
intensities of the glasses. This indicated that only 5 and 20 % of the particles survive
in the glass with x = 0 and 10. Such low percentages of survived particles clearly
brought out the importance of further optimization of the direct particles doping
method.
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Fig. 24. UC-spectra (top) and UC intensities of green emission at 550 nm of the
samples with known NaYF4:Yb,Er concentration (bottom). [1V]

5 wt% of NaYF4Yb,Er material was added in the glasses and different doping
parameters were tested (Table 4) (V). The glasses are labelled as (T4 - dwell time).
During the glass preparation, the glass with x = 0 had too high viscosity at the doping
temperature of 525 °C and it could not be quenched. The pictures of the glasses
(x = 0 or 10) under daylight and excitation (980 nm) revealed that the upconversion
luminescence was obtained with higher doping temperatures with x = 0 than with
x =10 (Fig. 25 and 26). This is in agreement with the changes in the thermal
properties of the glasses when NazO is replaced by NaF. Such changes are decrease
in glass transition (T), the onset of crystallization (Tx) and the peak of crystallization
(Tp) temperatures as well as the shift of the viscosity to the lower temperatures. In
addition, the upconversion luminescence intensity seems to decrease in both glass
systems with longer dwell time and increasing doping temperature. The pictures
show also that some of the glasses have agglomerates of the particles which reduce
the degree of dispersed particles in the glass. However, the (550 - 3) glass with x = 10
appears to be agglomerate-free.
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Fig. 25. Pictures of the glasses doped with NaYF4:Yb%*,Er®* material in daylight and
under excitation at 980 nm. The composition of the glasses were (90NaPO; —
(10 — x)Na20O — xNaF) with x = 0. [V]
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Fig. 26. Pictures of the glasses doped with NaYF4:Yb®**Er®* material in daylight and
under excitation at 980 nm. The composition of the glasses were (90NaPOs; —
(10 — x)Na20 — xNaF) with x = 10. [V]
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In the publication (V), four main factors influencing the upconversion luminescence
intensity are discussed. Those factors are 1) the thermal stability of the NaYF4:Yb,Er
particles, 2) the temperature of the glass melt at the point of adding the particles, 3)
the viscosity of the glass melt, and 4) the homogeneity of the dispersion of the
particles in the glass. These factors may account for the differences between the
upconversion luminescence results of the investigated glasses. The glasses showed
the green and red emissions of Er¥* (Fig 27). The spectra of the glasses exhibit
distinct fine structure which indicates the presence of crystalline NaYF.:Yb,Er.
Moreover, the spectra show that an increase in doping temperature and dwell time
leads to decreased upconversion luminescence intensity of both green and red
emissions. This may due to the lack of the thermal stability of the NaYF4:Yb,Er
particles (factor 1) when increasing the T4 and dwell time. This lack is caused by the
change from the hexagonal to the high temperature cubic form of the NaYF4:Yb,Er.
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Fig. 27. The upconversion luminescence spectra of the glasses with x = 0 (left) and
x = 10 (right). The glasses with composition (90NaPO; — (10 — x)Na.O — xNaF) were
doped with NaYF4:Yb3* Er3* material. [V]

The upconversion luminescence lifetimes of the green and red emissions show
indications of the corrosion of the NaYF4:Yb,Er particles (Fig.28). During the
heating, the corrosion of the nanoparticles may either occur uniformly or change the
composition of the particles. For the x = 0 glass, the green emission lifetime
decreases when the T4 and dwell time increase which suggests the occurrence of the
homogeneous corrosion. For the x = 10 glass with 3 min dwell time, the green
emission lifetime increases when the Tq increases from 525 to 550 °C which
indicates that the Er®* concentration decreases. The lifetimes of the red emissions
were more difficult to explain. Nevertheless, the lifetimes seem to decrease when the
particles are incorporated into the glass.
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Fig. 28. Decay curves of the NaYF4:Yb®* Er** material for green (a) and red (b)
emissions, and the lifetimes of the green (c) and red (d) upconversion emissions of
the material (NP) and the glasses. All materials were excited at 975 nm witha 0.9 V
voltage (except *0.1 V, **0.2 V and ***0.5 V). N.A. refers to cases in which the
signal intensity was too low to be measured.
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6. CONCLUSIONS AND OUTLOOK

Due to the possibility to exploit the IR region, the upconverting materials offer a
promising alternative to solar cell enhancement. These materials can be used in many
different solar cells from amorphous and crystalline silicon to organic solar cells.
The materials may be introduced into the solar cells in different ways. They can be
added into the glass layer which can be placed on the top of the cell or they can be
added as an extra layer on the r side of the cell. However, no upconverting layer
fabrication method has shown to be superior. The direct particle doping method for
luminescent glasses offers the possibility to use the efficient crystalline upconverting
materials in solar cells. Alternatively, the atomic layer deposition technique enables
the fabrication of thin films with high quality and this technique has already proven
its potential in industry and research field. Both methods were studied in this thesis
work.

Another challenge in utilizing the whole potential of the upconverting materials is in
the rather weak efficiency of the IR conversion to visible especially when
considering the use of upconverting thin films or nanomaterials. For crystalline
materials, the change in the crystal field around the doped lanthanide may lead to
enhancement of the upconversion luminescence. The possibility to improve the
upconversion luminescence intensity of crystalline fluoride material by an addition
of metal ions were studied in this research. Moreover, a combination of an efficient
IR harvester and a strong upconverting ion can enhance the upconversion efficiency.
This harvester may be an organic moiety which can be combined with lanthanide
upconverter ions by using the combination of atomic and molecular layer deposition
techniques. This possibility was also investigated.

The main conclusions based on the publications are:

First, the possibility to improve the upconversion luminescence intensity of Yb/Er -
doped fluoride material was studied by transition metal (Cr and Mn) co-doping (1).
Cr co-doping improved the upconversion luminescence intensity whereas the Mn co-
doping was observed to weaken the luminescence. The upconversion luminescence
measurements with different power densities suggested that upconversion may be
obtained with lower power densities when Cr doping is used. The most possible
cause for the weaker luminescence with Mn addition was the lack of Er in the
materials when compared to the material doped with only Yb and Er. The results
gave no hint for the mechanism behind the enhancement by Cr co-doping and the
more detailed research of the mechanism remained beyond this thesis work.
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Nevertheless, the future investigations could focus on discovering the possibility of
Cr to introduce into the lattice which would be easier to detect with higher
concentration of Cr.

Second, the possibility to use ALD (Il1) and ALD/MLD (Ill) techniques for
fabrication of upconverting thin films was studied. The upconversion luminescence
was clearly detected from the ALD-prepared, crystalline (Yb,Er)oxide thin films and
the ALD/MLD-prepared, amorphous hybrid (Y,Yb, Er) -pyrazine thin films. These
techniques were demonstrated to be well suited for upconverting film fabrication.
The techniques allow the preparation of highly uniform and conformal thin films on
different substrates in varying geometries which is an attractive feature when
considering different applications including the solar cells. In the future, the NIR
harvesting properties of these thin films may be improved by systematically mapping
various organic constituents.

Last, the direct doping method for preparation of upconverting phosphate glasses
was investigated (1V,V). First important conclusion was that the thermal stability of
the upconverting particles is not the only parameter to bear in mind when preparing
the particles doped glasses. Another parameter to be considered was the corrosion
effect of glass melt on the upconverting particles. The doping temperature and the
guenching time after the doping were further optimized. Strong upconversion
luminescence was observed with the upconverting particles doped phosphate glass
containing NaF and prepared with 550 °C doping temperature and 3 min dwell time.
In the future, this effect could be avoided by coating the upconverting particles with
a protective layer.

Altogether, this thesis work has provided more information on alternative fabrication
methods for upconverting layers that could be used in solar cells. The unique
possibilities that the atomic layer deposition techniques can offer was demonstrated
to apply also for upconversion films. The use of combined ALD/MLD technique was
pointed out to enable the combination of organic NIR harvester and upconverting
lanthanide ions which could be one solution to the efficiency issue of the
upconversion. The direct particles doping method for luminescent glass preparation
was shown to be a promising method in introducing efficient upconverting
crystalline materials into glasses. In addition, transition metal ion doping of
crystalline fluoride material was proved to improve the upconversion luminescence
properties.
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Although the new insight gained in this thesis work appeared to be promising, it
introduces solutions only to a small part of the problems with the upconversion
luminescent materials in solar cells. The field has still a variety of issues to overcome
before the upconversion materials can be considered as commercially attractive, and
the future steps in the upconversion research will reveal the development of this
interesting research field.
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