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1. Introduction 

Various nanoscale composite and hybrid inorganic-organic materials have at-
tracted considerable interest in recent years as they have shown an exciting va-
riety of novel properties.1 As a particular motivation for the present thesis, new 
luminescent hybrid materials, such as luminescent mesostructured thin films 
and metal organic frameworks (MOFs), have shown unique luminescent phe-
nomena and application possibilities. These include  the upconversion of nano-
crystals for bioimaging, lanthanide-containing  single molecule detection, mul-
ticolor  barcoding, biological sensing and emission in visible and near-infrared 
regions, waveguides, luminescent thermometers and molecular hybrid lantha-
nide complexes for next-generation superexcitation.2-14 While there is a wide 
range of synthetic methods, among them solvothermal and hydrothermal, to 
produce these materials in bulk form, appropriate thin-film deposition tech-
niques are yet lacking. Optimally, the deposition technique should allow a high 
degree of control of both the chemical composition and nanostructure,15 and the 
possibility to fine-tune the optical properties and to ensure the stability (as most 
of the current luminescent hybrid inorganic-organic materials suffer from in-
stability). In addition, the thin films should preferably be ultra-fine, transpar-
ent, mechanically flexible, environmentally friendly, and inexpensive.  
   The combined atomic/molecular layer deposition (ALD/MLD) technique is a 
highly attractive thin-film deposition technique for networking inorganic and 
organic layers in a sequential manner.16-18 It has several advantages over con-
ventional techniques as it enables thin films with high precision for the nano-
thickness and composition and the possibility for novel material characteristics 
through controlled incorporation of both inorganic and organic functionalities. 
It also enables the engineering of the surfaces and interfaces in three dimen-
sions (3D). Recently, the ALD/MLD preparation of even crystalline MOF-type 
hybrid thin films was demonstrated,19 for the application in e.g. organic Li-ion 
microbatteries.20  
   The ALD/MLD technique in principle allows a rich variety of interesting metal 
and organic components to be combined into new hybrid materials as far as 
proper precursors are found that can be evaporated and made mutually reactive. 
The seven nucleobases that the deoxyribonucleic acid (DNA) and ribonucleic  
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acid (RNA) are composed of could be exciting new organic components for the 
ALD/MLD-grown hybrid thin films. There has been great progress in recent 
years towards synthesizing new types of metal-organic systems based on nucle-
obase analogues.21 Moreover, the DNA nanotechnology research has been de-
voted to the creation of artificial nucleic acid motifs by incorporating the nucle-
obases with altered hydrogen-bonding and metal-coordination patterns. Such 
assemblies of molecules in DNA and RNA as well as peptides and proteins rep-
resent a key emerging field in nanotechnology with the focus on biomimetic ap-
plications.22-24 Addition of metal species to nucleobases has been used to design 
biosensors for metal ions.25, 26 Moreover, nucleobases can be applied as smart 
materials in logical AND and OR gates.27 These organic materials are also an 
environmentally friendly way to increase device performance in electronics.28 
However, most studies on nucleobases have been concerned with two-dimen-
sional (2D) ordered patterns on surfaces,29 not on 3D thin-film structures. 
   In this thesis, several new hybrid inorganic-organic luminescent materials 
have been developed utilizing the ALD/MLD technique for the synthesis. The 
initial research goals set for the work were: (1) deposition of novel lanthanide-
based hybrid inorganic-organic materials by means of ALD/MLD, (2) deposi-
tion of novel nucleobase-based inorganic-organic materials by ALD/MLD, and 
(3) characterization of the luminescence properties of these newly synthesized 
hybrid thin-film materials. This summary part of the thesis is organized as fol-
lows: Chapter 2 introduces the ALD and MLD techniques. Furthermore, the ef-
forts in developing new hybrid materials by means of the combined ALD/MLD 
technique relevant to the aims of this thesis are shortly discussed. Chapter 3 
provides with the basics of the luminescence sensitization, upconversion and 
red-edge shift phenomena with the focus on the family of lanthanide-based ma-
terials. Chapter 4 is then a summary of the results produced in this thesis: the 
newly developed ALD/MLD processes for a number of novel hybrid thin-film 
materials as well as their luminescence properties.  
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2. Atomic/Molecular Layer Deposition  

The state-of-the-art thin-film technology, atomic layer deposition or ALD, has 
been developed since 1970s for depositions of a number of inorganic thin films 
for advanced applications.30 It is based on successive self-limiting chemical re-
actions occurring between precursors and the surface upon the sequential in-
troduction of gaseous precursor pulses into the reactor. This results in highly 
homogeneous thin films and coatings of well-defined composition and thick-
ness. In addition, it enables the film deposition on complex 3D geometries down 
to nanometer precision in conformity over high-aspect-ratio and porous struc-
tures. The precise thickness of the resultant thin film is controllable by the num-
ber of the precursor pulsing cycles.  

An example of an ALD process is shown in Figure 1 for Eu2O3 films where the 
sequential surface reactions between europium tris(2,2,6,6-tetramethyl-3,5-
heptanedione) (Eu(thd)3) and ozone (O3) take place. In the first step, Eu(thd)3 
is pulsed in the reactor followed by an N2 purge to remove the excess precursor 
molecules from the gas phase. The second precursor O3 is pulsed then, followed 
again by an N2 purge. Such a repetition of alternating two precursors in an ALD 
cycle produces the atomic-layer-controlled growth of the desired material. With 
the purging, it is ensured that all excess precursor molecules and byproducts are 
removed from the reactor before the introduction of the other precursor to avoid 
any undesired gas-phase reactions. Similar ALD processes have been developed 
– among an extensive family of binary and ternary inorganic compounds – for 
a number of other rare earth oxides, such as Y2O3, La2O3, Sm2O3, Tb2O3, Yb2O3, 
and Lu2O3.31  

The name molecular layer deposition (MLD) was given for the processes – es-
sentially similar in principle to the ALD processes for the inorganics – devel-
oped since 1990s for purely organic thin films based on two different organic 
precursors.32-35 Then, for the hybrid inorganic-organic materials, the combined 
ALD/MLD process allows for depositing well-defined inorganic-organic thin 
films by alternating exposures of the surface to vapors of inorganic and organic 
precursors;16, 17, 36, 37 by mixing the inorganic and organic reactants in repeatable 
ALD/MLD cycles hybrid thin films can be deposited of the desired thickness and 
composition at the atomic/molecular level based on similar self-limiting surface 
reactions as in the original ALD technique for the inorganics. In Figure 1, an 
example of an ALD/MLD process for Eu-based hybrid films is shown where 
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Eu(thd)3 and  3,5-pyridine dicarboxylic acid (3,5-PDC) are used as the metal 
and organic precursors, respectively.I The process works on the same principle 
as the ALD process for Eu2O3, the only difference is that the second reactant is 
an organic molecule instead of ozone. Repetition of this ALD/MLD cycle results 
in hybrid thin films of precise thicknesses defined by the number of deposition 
cycles.      

 

Figure 1. Schematic presentations for (a) the ALD cycle for the deposition of Eu2O3 thin films 
from Eu(thd)3 and O3 precursors, and (b) the ALD/MLD cycle for the deposition of Eu-based hybrid 
thin films from Eu(thd)3 and 3,5-pyridine dicarboxylic acid precursors. 

For the ALD processes for producing metal oxides typical metal precursors are 
e.g. Al(CH3)3 (trimethylaluminium; TMA), Zn(C2H5)2 (diethyl zinc; DEZ) and 
TiCl4, where the ligands are small alkyl groups or halides.38, 39 For the rare earth 
oxides the most widely used precursor is based on the more bulky thd (2,2,6,6-
tetramethyl-3,5-heptanedione) ligand.31 The same metal precursor groups have 
also been commonly applied in the ALD/MLD processes for the hybrid thin 
films. The first ALD/MLD processes were for Al, Zn and Ti as the metal constit-
uent.16, 17, 40, 41 Even to date, the most widely employed metal components in hy-
brid materials are Al, Zn, and Ti, but ALD/MLD processes have been developed 
for other metal constituents as well such as Zr, Hf, Fe, Ca, Li, Mn, Co,V, Na, K, 
Mg, Sr, Ba, La (Figure 2).20, 42-48  

 

 

Figure 2. The distribution of the metal constituents employed in these studies and number of 
ALD/MLD papers annually published in the time period 2008-2017. 
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In the organic precursors used for ALD/MLD, the functional group participat-
ing in the ligand-exchange reactions with the metal precursors has most com-
monly been the hydroxy group (OH); this is a kind of equivalent to water which 
is often used as the source of oxygen in ALD of inorganic oxide films. Both alco-
hols and phenols have been employed in ALD/MLD processes.37, 49-59 For exam-
ple, Dameron et al.60 used ethylene glycol (EG) together with TMA in their early 
study, and Peng et al.40 combined EG with DEZ. Ethylene glycol has also been 
used with TiCl4.61 Later Ti-based hybrid films were also made by using propane-
1,2,3-triol (glycerol; GL) together with TiCl4.62 Organic acids and amines with 
COOH and NH2 groups have been utilized as well.63-65 In particular, with metal-
thd precursors only the carboxylic acids are strong enough reactants.20 In Figure 
3 shown are examples of the most common organic precursors employed for the 
hybrid inorganic-organic thin fims fabrication.18 In an ideal case, the growth-
per-cycle (GPC) may be close to the length expected for the unit metal cation + 
organic backbone. The ALD/MLD-based thin films are fabricated using a binary 
two-precursor process, such as EG+TMA or DEZ +TMA, where a homobifunc-
tional organic precursor molecule contains two similar functional groups.17, 40 
Such processes with simple bifunctional organic precursors tend to result in un-
desired side reactions and thereby lower the GPC value.66 To avoid such double 
reactions a three-step reaction sequence was applied using TMA, ethanolamine 
(EA), and maleic anhydride (MA).67 In such a system, MA works as a ring open-
ing reactant and allows surface functionalization with reactive carboxylic acids 
sites. Another way to suppress the probability of the double reactions is to use 
organic precursors with a rigid backbone such as the benzene ring in hydroqui-
none (HQ),68 benzene-1,3,5-triol16 or 1,4-diaminobenzene.69 Furthermore, it 
seems to be beneficial to use heterofunctional organic precursors such as 4-ami-
nophenol (AP) molecule with both OH and NH2 functional groups: here chances 
are that the metal precursor might react more preferably with one of the func-
tional groups compared with the other. For example, in the ALD/MLD process 
based on the TiCl4 and AP precursors the observed steady growth of the hybrid 
films was attributed to the stiff aromatic backbone and heterofunctionality of 
the AP molecule – besides  the fact that the Cl ligands in TiCl4 are small enough 
not to cause steric hindrance.70  
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Figure 3. Examples of common organic precursors used in ALD/MLD studies.   

Since in the present work, thd-complexes were employed as the metal precur-
sors, carboxylic acids were considered the most feasible organic precursors.I-VI 
Deposition of hybrid inorganic-organic thin films using carboxylic acids as or-
ganic precursors was first described by Nilsen et al. in combination with TMA 
as the metal precursor; the works covered saturated71 and unsaturated linear ac-
ids72 as well as aromatic acids.73 The first publication based on carboxylic acid 
in combination with a metal precursor different from TMA, was on zinc acetate 
together with 1,4-benzene dicarboxylic acid (1,4-BDC).74 More recently, thd pre-
cursors of Li, Mn, Co,Ca, Na, K, Mg, Sr, Ba, and La were used together with 1,4-
BDC.20, 46, 48 In addition, fumaric acid75 and amino acids76 for bioactive hybrid 
materials have been reported. 
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3. Lanthanide Luminescence 

The rare earth (RE) element group includes the 15 lanthanides (Ln) from lan-
thanum to lutetium together with scandium and yttrium. Interesting lumines-
cence properties of Ln ions, e.g. Eu, Yb, Er, evolve from the partially filled 4f 
orbitals. The electronic transitions between the states of 4fN configuration in Ln 
ions are employed in most of the applications.77 They afford excellent emission 
properties, long luminescence lifetimes and photostability. For applications, 
e.g. upconversion, these ions are embedded into host crystals. Trivalent yttrium 
and scandium are optically inert because they lack 4f electrons and thus serve 
as a good host matrix for the optically active Ln dopant ions.77 Host materials 
should have good lattice matching with the dopants as it determines the split-
ting of optical transitions. In addition to Sc3+ and Y3+ other commonly used host 
ions are Gd3+, La3+, and Lu3+. 

 

3.1 Energy levels of lanthanides 

The splitting of the emission spectrum into a rich structure of spectral lines re-
sults from the superposition of the energy level splitting’s of the excited and de-
excited states. Here the 4f10 configuration of holmium is taken as an example, 
see Figure 4. The splitting can be understood in terms of three fundamental in-
teractions, which are in the order of decreasing strength: (1) electron-electron 
repulsion resulting from the coupling of the single electron orbital angular mo-
menta of f-electrons into the total orbital angular momentum eigenstates, (2) 
splitting of the total orbital angular momentum and total spin angular momen-
tum eigenstates into eigenstates corresponding to the total angular momentum, 
resulting from the spin-orbital interaction, and (3) splitting of the total angular 
momentum into eigenstates of the ligand field. 

The second column of Figure 4 shows how the electron-electron repulsion 
splits the 4f10 level into total orbital angular momentum and total spin angular 
momentum eigenstates. These states have a fixed value of the quantum num-
bers L and S. The splitting is governed by the Hund’s rule by considering how 
the space parts of the one-electron orbitals occupied in each spectral term cor-
responding to fixed S and L are located with respect to each other. Depending 
on the values of L and S the occupied electron orbitals are spatially located either 
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closer or at a larger distance from each other. This then will influence the Cou-
lomb repulsion between the electrons. 

The third column shows how the spin-orbit coupling splits the eigenstates cor-
responding to fixed L and S values. The spin-orbit interaction is proportional to 
the dot product of spin and orbital magnetic momentum vectors. The largest 
quantum mechanically allowed total angular momentum quantum number 
J=L+S corresponds to the lowest eigen energy as seen in the third column of 
Figure 4. 

The fourth column shows the splittings caused by non-isotropic part of the 
ligand field, which has the symetry of the host lattice. In this splitting the mag-
netic substates corresponding to the fixed J, L and S values are grouped in such 
a way that the linear combinations of magnetic substates which correspond to 
the same irreducible representation of the crystal lattice symmetry group have 
the same energy.78  

 

 

Figure 4. Atomic interactions and energy level splittings of RE elements (here Ho as an exam-
ple).79 

Figure 5 presents the so-called Dike chart for the energy levels of trivalent lan-
thanide ions in crystals, first created for Ln3+ ions in a LaCl3 crystal.80 Energy 
levels of trivalent lanthanides vary by approximately 1% in different host matri-
ces.81 In 1937, Van Vleck established a theory according to which the lanthanides 
transitions are forbidden and the most intense and of electric dipole in nature. 
They are caused by the distorted electronic motion in crystalline fields.82 Une-
ven components of the crystal field due to Ln occupation in a crystal field with-
out inversion symmetry are able to relax the parity selection rules through mix-
ing opposite-parity wave functions. Thus, a host lattice with low symmetry83 and 
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low lattice phonon energies for such relaxation are preferred. It results in mini-
mization of nonradiative energy loss, insurance of long lifetimes in between in-
termediate states.84 
 
                     

 

 
 

Figure 5. Energy levels diagram for lanthanides. LaCl3 was used as the host crystal of the rare 
earth ions, it serves as a basis for other crystalline environments with a variation in the order of 
10-2 wave numbers. The thickness of each line corresponds to the magnitude of the Stark level 
splitting. 
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3.2 Photoluminescence 

Part of the excitation energy absorbed is emitted as visible light. Such photolu-
minescence (PL) emission is named differently depending on the mechanism 
involved. The processes occurring between the absorption and emission of light 
are shown by the Jablonski diagram (Figure 6).85 

The light absorption bands arise from the ground state (S0) to the singlet ex-
cited states (S1-4), where a fluorophore is excited to S1 or S2 (higher vibrational 
level). After singlet states have been excited, the electron is paired by means of 
opposite spin to the other electron (which is located in the ground state orbital) 
and when such a spin-allowed electron returns to the ground state a photon is 
emitted.86 Return to the ground state of S0 is called fluorescence and it is the 
reason the emission spectrum can be observed. Excitations from S0 directly to 
the triplet (T) states are forbidden since this would require a change in the spin 
angular momentum. The conversion from S1 to T1 is termed intersystem cros-
sing. Molecules in the S1 state undergo spin conversion to the first triplet state.  
In phosphorescence light is usually emitted from the triplet-excited state T1 
(when the excited electron has the same spin orientation as the ground-state 
electron).85 Fluorescence is singlet-singlet electronic relaxation and phospho-
rescence is triplet-singlet electronic relaxation. Both forms of photolumines-
cence are observed for lanthanides.85 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Jablonski diagram: the singlet ground, first, and second electronic states are depicted 
by S0, S1, and S2. At each of these electronic energy levels the fluorophores can exist in a number 
of vibrational energy levels, depicted by 0, 1, 2, etc. The transitions between the states illustrate 
the instantaneous nature of light absorption and are depicted by the vertical lines.85  
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3.3 Luminescence sensitization  

 
Due to the forbidden transitions, the molar absorption coefficient of lanthanide 
ions is only 0.1-10 M-1 cm-1.82 This value can however be increased up to 104 -105 
M-1 cm-1 by taking advantage of the so-called antenna effect (luminescence sen-
sitization, Weismann 194287) in lanthanide complexes containing organic lig-
ands; in such complexes the excitation energy is transferred from the organic 
ligands to the metal excited states (intramolecular energy transfer).82 Thereby 
the rules limiting the f-f excitation in lanthanides can be bypassed and lumines-
cence enhancement by three orders of magnitude or even more may be 
achieved.88-91 

Most organic molecules have an arrangement of two electrons in an orbital 
having paired (i.e. opposite or antiparallel) spins and it is called a singlet.86 The 
sensitizing chromophore is normally an aromatic organic molecule which is an-
ionic or strongly dipolar, thereby able to bind to the Ln3+ ion.91 When the UV 
radiation excites an intraligand π-π* absorption transition of the organic ligand, 
the resulting π-π* singlet state undergoes intersystem crossing to the lowest lig-
and-centered π-π* triplet state. Intermolecular energy transfer then occurs from 
the ligand triplet to the metal and as a consequence of it populates a spin-for-
bidden excited state of the metals (e.g. lanthanides).92 The first demonstration 
of sensitized europium luminescence was the work by Bhaumik and EI-Sayed 
showing that the lowest triplet level of Eu3+ was excited by triplet-triplet inter-
molecular energy transfer between an organic molecule and the Eu3+ ion.91 

The efficiency of the intramolecular energy transfer from the ligand-localized 
triplet to the manifold of the metal ion states depends on the energy difference 
between the ligand and the metal. It is necessary for successful energy transfer 
through the intersystem crossing to the triplet state.92 Specifically in hybrid ma-
terials of trivalent europium, intermolecular energy transfer from the ligand-
localized triplet state ( through the intersystem crossing) populates any of sev-
eral states in the manifold of 5D excited states; the emission transition for Eu 
case is a 5D-7F transition (e.g. Eu3+ ion, Figure 7).88  

Two mechanisms are usually invoked for the ligand-metal energy transfer:93 
(1) Dexter’s exchange mechanism which involves a double electron transfer  and 
requires a good overlap between the ligand and metal orbitals. It displays a 
strong dependence in the donor-acceptor distance, and (2) Förster’s (or dipole-
dipole) mechanism in which the dipole moment associated with the dipole mo-
ment of the 4f orbitals.94 For the inorganic-organic materials prepared in the 
bulk form the exact mechanism of the energy transfer is still under debate.95  
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Figure 7. Schematic illustration of the sensitization of the lanthanide luminescence through the 
antenna effect in metal complexes. 

 

3.4 Organic ligands  

 
The energy transfer from the antenna to the lanthanide ion is distance depend-
ent.95 It is preferred that the organic chromophore is in close proximity to the 
metal ion. Through absorption of the light the energy transfer takes place from 
the lowest triplet state energy level (T1) of these organic groups to the resonance 
level of the lanthanides and they usually act as an efficient antennas or sensitiz-
ers.96 In addition, excitation wavelength can be shifted by applying various or-
ganic molecules in hybrid materials. 

One of the most effective sensitizers of lanthanide luminescence is 2,6-pyri-
dinedicarboxylic acid.95 Examples of other known chromophores are β-diketo-
nates, phenanthroline, and heterocyclic carboxylic acid groups.96 Carboxylate 
linkers represent the majority of ligands in lanthanides sensitization and they 
were described in the recent review on lanthanide ions and ligands.97 For exam-
ple, 4,4′-bipyridine-2,2′,6,6′-tetracarboxylic acid was used to synthesize lumi-
nescent Tb3+ and Eu3+ complexes.98  Lanthanide-based MOFs were prepared us-
ing 1,2,4-benzenetricarboxylate with europium,99 and 1,3,5- benzenetricarbox-
ylate with terbium.100 Oxygen-based linkers for sensitization of lanthanides 
such as 1,4-benzenedicarboxylate, biphenyldicarboxylate,101 4-hydroxyquino-
line-2-carboxylate allowed to cover the Vis and NIR ranges of electromagnetic 
spectrum.102 Combining oxygen- and nitrogen-containing ligands allowed syn-
thesizing luminescent MOFs from 2,5-pyridinedicarboxylic acid as well as 1,4-
phenylenediacetic acid.103   
   Finally, amides synthesized from nitrogen-based linkers such as azolates and 
imidazolates,104 have advantages over carboxylates due to their high thermal 
stabilities and strong luminescence. The color of MOFs can be tuned together 
with 1,3,5-tris(4-carboxyphenyl)-benzene molecule.105 Upconversion of lumi-
nescence was achieved with 1,4-naphtalenedicarboxylate.106   
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3.5 Upconversion mechanism 

 
Upconversion (UC) emission is generated by accumulating the energy of more 
than one excitation photon via sequential energy transfer between dopant ions. 
When conventional fluorescence takes place, one higher-energy photon is ab-
sorbed and one lower-energy photon is emitted, while in the photon upconver-
sion process two or more photons are absorbed and one higher-energy photon 
is emitted (Figure 8a). The complicated mechanism of upconversion is usually 
described by the basic mechanisms, which contribute to the upconversion emis-
sion: direct photoexcitation and energy transfer between neighboring ions.  

Excited state absorption (ESA) is the first identified up conversion mech-
anism due to the excited state absorption, following ground state absorption. 
Nicolas Bloembergen (Nobel Prize in 1981107) proposed that infrared photons 
could be detected and counted through sequential absorption.108 This was the 
start of the research field of upconversion and it has since inspired the design of 
NIR upconverters capable to generate visible light suitable for many applica-
tions including biological imaging, medical diagnostics, multi-dimensional dis-
plays and photovoltaics.109 The ion is excited with the light source from the 
ground state G to the first metastable energy level E1. Then the second photon 
promotes the ion to the energy state E2 via ESA process where upconversion 
emission occurs via transition E2 to G (Figure 8b).  

Energy transfer upconversion (ETU) is a more efficient process than 
ESA and it was first proposed by Auzel in 1966.110 During this process nonradi-
ative energy transfer takes place between two neighboring ions, meaning that 
the energy transfer takes place not only between ground- and excited-state ions, 
but also between the excited neighbor ions and these ions are not necessarily 
limited to the same type.109 The energy donors and acceptors in this process are 
called the sensitizer and the activator, respectively. This sensitizer-activator pair 
defines the efficiency of energy transfer. According to Auzel, the most efficient 
systems were the Yb-Er and Yb-Tm systems (see Figures 8c and 9).109 In the 
ETU process the neighboring sensitizer and activator atoms both absorb a pump 
photon of the same energy populating their metastable levels E1. Due to the en-
ergy transfer process from the sensitizer to the activator, the activator ion is pro-
moted to a higher-lying E2 emitting energy state, where at the same time the 
sensitizer relaxes back to the ground state (Figure 8c).  
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Figure 8. (a) Conventional fluorescence,  (b) ESA (excited state absorption), and (c) ETU (energy 
transfer upconversion) upconversion processes: dashed, solid and dotted lines represent photon 
absorption, photon emission and energy transfer processes, respectively.; S, sensitizer; A activa-
tor; G ground state; E1 and E2 are excited states. Drawn based on figures by Dong et al.111 

 

 

Figure 9. Schematic diagram of Yb3+ sensitized Er3+ up-conversion luminescence. After first pho-
ton excites Yb3+ ion transfers energy to Er3+ where it is promoted to  4I11/2 level and further  to 4F7/2 
through absorption and energy transfer of second NIR photon, lastly Er3+decays non-radiatively 
to  2H11/2, 4S3/2 or 4F9/2 levels. Upconversion emission is green at 2H11/2, 4S3/2 transitions, and red 
at 4F9/2 transition. 

 
The Yb-Er couple is considered to be a good pair because the Yb3+ sensitizer has 
relatively long-lived excited states and a larger absorption cross-section (10-20 
cm2) than the other lanthanides at the 975 nm wavelength. In addition,  the Er3+ 
activator has a ladder-like energy level structure allowing long-lived intermedi-
ate energy states; erbium fulfills the demands of specific applications, such as 
biomedical imaging.109 In such materials, usually the Er concentration is as low 
as possible (around 2 mol-%), while the Yb concentration is considerably higher, 
up to 20 mol.-%.109 

 
 
Dexter described the probability of energy transfer between two ions as fol-

lows:112 
s

s
SA R
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                                                                                                               (1) 
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where τs (s) is the lifetime of the excited state of the sensitizer, R (m) is the dis-
tance between the two ions, and R0 (m) is the critical energy transfer distance 
in which energy transfer and deactivation of the sensitizer are of the same prob-
ability. Here s is a positive integer of the index of the multipolar interactions, 
where, being 6 for dipole-dipole interactions, 8 for dipole-quadrupole interac-
tions and 10 for quadrapole-quadrapole interactions.112 

Triplet-triplet annihilation (TTA) based on organic molecules is even better 
upconversion mechanism.113, 114 There has been a rapid development for such 
systems for biomedical imaging.81 One of the major challenges is to have control 
over size and morphology of these materials and therefore many synthetic 
methods have been developed.115 The major challenge is to enhance the upcon-
version efficiency. For example, absorption of the excitation light can be 
achieved through optical antennas, such as dye molecules with large absorption 
cross-sections, where efficient energy transfer takes place between the antenna 
ligands and metal ions.116 This strategy was also applied in this thesis. Another 
approach is to control the sensitizer doping level, by synthesizing materials with 
various dopant concentrations and finding the optimum one.117,118 Too high con-
centration results in upconversion quenching.119 

Among purely inorganic compounds, fluorides are employed due to their low 
phonon energies (350 cm-1), where hexagonal NaYF4 based upconverters are 
among the most efficient ones.120 Even more efficient are the NaLuF4 based 
ones. They exhibit higher luminescence intensities because the ionic radius of 
Lu3+ (0.85 Å) is much closer to that of Yb3+ (0.86 Å) when compared to Y3+ (0.89 
Å).121 Valence plays a role in the relaxation of the parity selections rules. Life-
times if they are prolonged, it results in the suppression of nonradioactive pro-
cesses.109 

3.6 Red-edge shift 

The red-edge effect is one of the interesting topics in fluorescence spectroscopy. 
It is defined as shifting of the emission wavelength to the red while shifting the 
excitation wavelength to the red end of the absorption spectrum. For example, 
the peak position of the fluorescence of graphene oxide in a polar solvent is 
heavily dependent on the excitation wavelength. The red-edge shift usually 
takes place in fluids, but it has been also observed for labeled proteins, labeled 
membranes, and for the intrinsic tryptophan fluorescence of proteins.122-131 

The behavior of polar molecules with red-edge excitation has been explained 
by Lakowich132 by examining a Jablonski diagram (Figure 10). It includes spec-
tral relaxation when the fluorophore is introduced into a frozen solvent. The 
sample is excited in the center of the last absorption band (λC) or on the red edge 
(λR). The excitation at λC yields an excited state F at which reorientation of the 
solvent does not take place and F state decays to a lower energy state R ( relaxed) 
at a rate constant ks. Therefore, the emission at the F state occurs at shorter 
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wavelengths that at R  state. For excitation at λC the usual emission from the F 
state is observed; however, excitation at λR selects for those fluorophores that 
have absorption at lower energy. These fluorophores which have configuration 
similar to that of the relaxed state are typically more tightly hydrogen bonded 
and are responsible for red-shifted emission. The magnitude of the red shifts 
depends on the rate of spectral relaxation.132  

 

 

Figure 10. Effects of red-edge excitation on emission spectra. The term λC is excitation in the 
center of the last absorption band of the fluorophore. The term λR is excitation on the red edge of 
the absorption band. The solid lines represent the observed spectra. The dashed lines represent 
the emission spectra of either the F or R state. The dotted line (middle panel) represents a pos-
sible consequence of reverse relaxation. 
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4. Novel Inorganic-Organic Thin Films 
by ALD/MLD 

  
In this thesis, novel ALD/MLD processes were developed for the preparation of 
a number of new lanthanide-based and nucleobase-based hybrid inorganic-or-
ganic materials. The newly deposited hybrid thin films showed various interest-
ing luminescence properties. An important part of the work was the characteri-
zation of the films for these properties.  
 

4.1 Precursors 

As metal precursors, thd (2,2,6,6-tetramethyl-3,5-heptanedione) complexes 
were used for all the metal constituents investigated. These precursors are air-
stable and easily handled, relatively inexpensive and reasonably reactive. All the 
thd-based precursors were prepared in-house.133 In some of the depositions hy-
brid films with mixed rare earth compositions were aimed. The metal ratio was 
varied by adjusting different percentages of nitrite starting materials already in 
the thd-precursor preparation stage. This made it possible to deposit thin films 
of precisely controlled RE molar concentrations, such as: 0.92 Y – o.o4 Yb – 
0.04 Er, 0.96 Y – 0.04 Er, 0.96 Y – o.o4 Yb, and 0.96 Y – o.o4 Eu.   

The most common organic precursors employed in ALD/MLD are alcohols 
and phenols with OH- groups as the functional groups.134 These are however not 
reactive enough with the metal-thd complex precursors. In this work, pyridine 
and pyrazine carboxylic acidsI,II,VI and nucleic acid bases (uracil and adenine)III-

V were used instead. These organic molecules were found reactive enough to-
wards the thd complexes. Carboxylic acids had been used before in ALD/MLD,73 
but there were no previous works reported with nucleobases. Moreover, nitro-
gen-containing organic molecules such as pyridine carboxylic acids were inves-
tigated as they were known to be excellent candidates for the sensitization of 
lanthanides luminescence,135 thus expected to provide rich optical properties 
when combined with the studied lanthanide components. The primary goals for 
the search for the new organic precursors were to identify potential organic mol-
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ecules that (i) could satisfy the ALD/MLD growth criteria, and (ii) act as an ef-
ficient sensitizer for the Ln-ion luminescence. Figure 11 displays the molecular 
structures of all the precursors used in this work. 

 

 

Figure 11. Precursors used in the present work.  

Besides the simplest aromatic dicarboxylic acid, 1,4-benzenedicarboxylic acid or 
1,4-BDC, heterocyclic molecules were studied in which the aromatic rings con-
tain nitrogen atoms. Replacing one of the benzene carbons with a nitrogen atom 
forms a pyridine. Interesting organic molecules are also those where two of the 
benzene carbons are substituted with nitrogen; in pyrimidines these nitrogen 
atoms are in the 1 and 3 positions and in pyrazines in the 1 and 4 positions. For 
example known is that in the case of the pyrazine ring, the electron deficiency 
of the ring favors the internal charge transfer and thereby the sensitization of 
lanthanides. In addition, the pyrazine ring is capable for a two-photon absorp-
tion with a large cross section for intramolecular charge transfer.136 
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All the seven nucleobases that are the constituents of the DNA and RNA struc-
tures are pyrimidines. In this work, as representatives of the nucleobase mole-
cules uracil and adenine were evaluated as organic components in combination 
with a monovalent alkali metal (Na), a divalent alkaline earth metal (Ba) and a 
trivalent rare earth element (La). Besides the pyrimidine-type nitrogen heteroa-
toms, uracil contains oxygen atoms while adenine is a non-oxygen containing 
molecule having instead an NH2 group. Hence, while uracil may form bonds via 
both nitrogen and oxygen atoms, adenine binds to the metal only through nitro-
gen atoms. Additionally, for both of these organic molecules, it is common to 
form multiple hydrogen bonds.137, 138  

In Table 1 the evaporation temperatures used for the inorganic and organic 
precursors are given. The advantage of the pyrazine 2,3-dicarboxylic acid (2,3-
PZD) precursor investigated in this work together with (Y,Yb,Er)(thd)3 precur-
sors is its low sublimation temperature (lower than 150 °C) which allows the 
films to be grown on temperature-sensitive biopolymers such as transparent 
nanocelluse sheets. For the nucleobases, significantly higher sublimation tem-
peratures are required. A standard evaporation temperature for lathanide-thd 
precursors is around 130-140 °C, except for the La(thd)3 which requires a some-
what higher temperature. Also for Na(thd) and Ba(thd)2 the evaporation tem-
peratures are around 200 oC.  

Table 1. Evaporation temperatures used for the precursors employed in the present work. 

 

 

 

 

 

 

 

 

 

 

 

Inorganic 
Precursor 

Sublimation 
Temperature 
[°C] 

Organic 
Precursor 

Sublimation 
Temperature 
[°C] 

 
Eu(thd)3 

 
140 

1,4-BDC 
3,5-PDC 
2,6-PDC 

212 
222-235 
185 

(Y,Yb,Er)(thd)3 130 2,3-PZD 145 

Na(thd) 
 

Ba(thd)2 
 
La(thd)3 

 

195 
 

205 
 
167 

Uracil 
Adenine 
Uracil 
Adenine 
Uracil 
Adenine 

235 
255 
235 
255 
235 
255 
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4.2 Growth characteristics 

Table 2 presents the new ALD/MLD processes developed and summarizes the 
resultant growth rates. For all depositions with the different carboxylic acid and 
nucleobase precursors, self-saturated behavior was confirmed even when inor-
ganic precursor pulse lengths as short as 1 s and organic precursor pulse lengths 
of 2 s were used. 

For the ALD/MLD growth behavior investigation (i.e. various deposition tem-
peratures, and increasing number of cycles) the precursor pulse lengths were 
typically fixed to 1–1.5 s for the inorganic precursors and to 2 s for the organic 
precursors. The purging time was typically twice the precursor pulse length for 
both the inorganic and organic precursors. Using such a pulse sequence the 
ALD/MLD processes of Eu(thd)3 together with 1,4-BDC,  3,5-PDC and 2,6-PDC 
were investigated.I,II Within the deposition temperature range 260–280 °C in 
particular, the film growth was well controlled for all the three processes. The 
highest GPC achieved was 2.5 Å/cycle for 3,5-PDC. Consistent wih the previous 
studies reported on carboxylic acids, the GPC decreased with increasing depo-
sition temperature,46 most likely due to decomposition of organic precursor at 
higher temperatures. 

For 2,3-PZD together with (Y0.92Yb0.04Er0.04)(thd)3 as the metal precursor the 
pulse lengths were fixed to 1.5 s for the inorganic and 2 s for the organic precur-
sor. The linear increase of the film thickness with increasing number of 
ALD/MLD cycles was shown at the deposition temperature of 160°C. With in-
creasing deposition temperature the GPC remained essentially constant at 3.4 
Å/cycle up to 225 °C. 

Uracil and adenine precursors were tested together with Na, Ba and La.  
Metal-uracil and metal-adenine thin films could be easily and reproducibly de-
posited within the temperature range of around 250-320 °C. At the fixed depo-
sition temperature of 300 °C and using similar pulse sequences, the GPC rate 
was the highest for the Na-based thin films and lowest for the La-based thin 
films. It was tentatively concluded that the growth rate is controlled by steric 
hindrance of the bulky metal-precursor ligands, the GPC value decreasing with 
increasing number of these ligands in the order of Na(thd), Ba(thd)2 and 
La(thd)3.   
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Table 2. New ALD/MLD processes developed and the resultant growth rates and degrees of crys-
tallinities. 

 

4.3 Bonding and crystallinity  

In Table 2, the data for the growth rates were accompanied with the information 
on the crystallinity of the hybrid thin films deposited. It can be seen that films 
based on the pyridine dicarboxylic acids, 2,6-PDC and 3,5-PDC, were amor-
phous while those based on 1,4-BDC showed partial crystallinity.II Pyrazine car-
boxylate thin films were amorphous up to the deposition temperature of 250 °C, 
but showed some crystallinity at 275 °C. Among the nucleobase-based films it 
seems that the bulky thd-ligands do not only restrict the growth rate but may 
also hinder the in-situ crystallization of the films, as the Na-nucleobase films 
were found highly crystalline, the Ba-nucleobase films partly crystalline and the 
La-nucleobase films completely amorphous.IV Hence, it could be tentatively 
concluded that in order to deposit crystalline ALD/MLD films for the higher-
valent metal species it could be advantageous to look for precursors with as 
small ligands as possible. Moreover, as a general trend it could be seen that the 
crystalline thin films were rougher as compared to the amorphous ones. 

In order to determine the bonding structures of the newly deposited hybrid 
inorganic-organic materials, they were examined using Fourier transform infra-
red (FTIR) spectroscopy; a typical example of the spectra for the carboxylate-
based films is shown in Figure 12, for a 2,3-PZD based hybrid film together with 
the spectrum for the 2,3-PZD precursor for comparison.VI The spectra of car-
boxylic acid precursors give strong carbonyl and hydroxyl group vibrations in 
the region of 1750–1700 cm-1. In Figure 12 the bands at 1754 and 1715 cm-1 for 
2,3-PZD are due to C=O stretching vibrations. Upon the hybrid film formation   

Inorganic 

Precursor 

Organic 

Precursor 

Deposition 

Temp. [oC] 

GPC 

[Å/cycle] 

Crystallinity Publ. 

 

Eu(thd)3 

3,5-PDC 

2,6-PDC 

1,4-BDC 

280-300 2.5 

1.5 

1.8 

amorphous 

amorphous 

partially cryst. 

I, II 

(Y,Yb,Er)(thd)3 2,3-PZD 160–225 

 

3.4 cryst. at 275 °C VI 

Na(thd) 

 

Ba(thd)2 

 

La(thd)3 

 

uracil 

adenine 

uracil 

adenine 

uracil 

adenine 

300 

300 

260-320 

300 

300 

300 

4.8 

10 

2.8 

3.4 

1.6 

1.4 

crystalline 

crystalline 

crystalline 

partially cryst. 

amorphous 

amorphous 

III, IV, V 
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carbonyl oxygen bands at shift to the lower wavenumbers at around 1611 cm-1 
(C=O double bond). Also, the O-H absorption occurring in carboxylic acids from 
2500-3500 cm-1 and the very broad absorption at around 3000 cm-1 (C-H peak) 
are absent in the hybrid thin film. The absence of the polar OH- bonds confirms 
that the reaction has taken place between the organic molecule and the metal 
ion. In addition, the C-N bonding vibrations around 1690 cm-1 are shifted to the 
lower wavenumbers for the hybrid film (to 1448 cm-1) which indicates the coor-
dination of metal through the nitrogen as well. 

 

 

Figure 12. FTIR spectra for a representative hybrid thin film and the 2,3-PZD precursor. 

 
Various binding modes of the carboxylate unit were observed in the present hy-
brid thin films; these could be distinguished by looking at the difference be-
tween vas(COO–) at 1611 cm–1 and vs(COO–) at the 1390–1366 cm–1 vibrations 
of carboxylic acids (Figure 12). As an example, the difference was in the range 
of 165-194 cm-1 for Eu–3,5-PDC and Eu–2,6-PDC indicating bridging-type 
bonding to two different Eu atoms, and 148 cm-1 for Eu-1,4-BDC indicating 
binding between the bridging and bidentate modes. For the 2,3-PZD based hy-
brid thin fims monodentate bonding mode was observed (difference of 245 
cm-1, Figure 12). 

The FTIR features common for nucleobase-based hybrids were found as well, 
see Figure 13. In all three metal-uracil thin films observed are shifts in the 
C2═O, C4═O, N1–H, and N3–H peaks compared to those seen in pure uracil, 
which points towards their involvement in bonding to the metal ion; however 
these shifts could equally well be due to hydrogen bonds as for nucleic acids it 
is usual to form strong hydrogen bonds. The FTIR data of adenine-based sam-
ples showed that for all three metal-adenine films the peak due to the –NH2 
group at 1670 cm–1 for pure adenine moves to lower wavenumbers showing that 
the amino group forms bonds as well. Shifts around 1500 cm-1 due to N7 indicate 
that the metal cation may bind through N7. For all the three metal components, 
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shifts in the N9 peak are seen as well suggesting metal-nitrogen bonds through 
N9. On the other hand, only Na-adenine seems to form bonds through N1 (ad-
ditional FTIR feature at 1475 cm–1 not seen in the Ba- and La-adenine films).IV 

 

 

Figure 13. FTIR spectra for metal-uracil and metal-adenine thin films and the uracil and adenine 
precursors. 

 

4.4 Luminescence properties  

 

4.4.1 UV-excited photoluminescence of Eu-based thin films 
 
The element europium was chosen in this work because it possesses well-known 
luminescence properties as a trivalent ion. It is usually studied as a UV-excited 
photoluminescent phosphor.86 Due to the shielding effect, the emission spec-
trum of Eu3+ consists of sharp emission lines in the red area.139 A good sensiti-
zation of europium is achieved through the antenna effect and various chromo-
phores have been employed for its sensitization. Because Eu3+ ions are rather 
hard cations, possessing chemical bonds of large electrostatic components, the 
anionic organic ligands bearing oxygen and nitrogen donor atoms are preferred. 
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As a consequence, the most studied chromophores capable of effectively sensi-
tizing Eu3+ emission are N-heterocycle ligands including pyridine, terypiridine, 
pyrazole, hydroxyquinoline, etc.140-142 In this work the aromatic pyridine ligands 
were chosen because they have reported to afford the enhancement of europium 
luminescence with a hypothetical increment of cross-section more than 10000-
fold.135 In this work, europium was combined with not only the non-nitrogen-
bearing 1,4-dicarboxylci acid but also the 3,5-pyridine dicarboxylic acid and 2,6-
pyridine dicarboxylic acid organic molecules.I,II  

For all the hybrid thin films investigated the excitation spectrum was obtained 
by monitoring the 5D0 → 7F2 transition at 615 nm for Eu3+. Looking at the exci-
tation spectra it is evident that the absorption area between 240 and 350 nm 
varies with the nature of the ligand; for Eu-1,4-BDC the maximum is seen at 250 
nm, while for Eu-3,5-PDC and Eu-2,6-PDC at 270 nm, see Figure 14. Upon ex-
citation with UV light, all thin films exhibit characteristic Eu3+ emission peaks 
at 580, 594, 615, 649 and 695 nm, corresponding to the 5D0 → 7FJ (J = 0, 1, 2, 3, 
4) transitions respectively with the strongest electric dipole transition 5D0 → 7F2 
at 615 nm.141 The 5D0-7F1 transition is a parity allowed magnetic dipole transition 
and is independent of the host material. Therefore, the relative intensity of 5D0-
7F2 against 5D0-7F1 provides valuable information about the chemical environ-
ment around the Eu3+ ion. Here, the intensity ratio for Eu-3,5-PDC is 8,141 sug-
gesting that the local surrounding of Eu3+ is highly asymmetric without an in-
version center.92 This value is equal to 5 for Eu-1,4-BDC and close to 1 for Eu-
2,6-PDC. 

 

Figure 14. Excitation (upper right corner) and emission (fluorescence) spectra for hybrid Eu-
based materials using various organic molecules. 

In Figure 15 the suggested excitation-emission scheme is shown. The organic 
molecules are excited from the singlet ground state (S0) to excited singlet states 
by absorbing the light energy. They are relaxed to the lowest excited singlet 
states (S1) through non-radiative transitions. The energy of excited singlet state 
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(S1) of the ligand is transferred to its excited triplet state (T1) through intersys-
tem crossing. Then through non-radiative transition, the intramolecular energy 
transfer takes place from the excited triplet state of the ligands to the excited 4f 
states of Eu3+ ions (5D0).141 As a consequence of it europium produces its char-
acteristic red light emission. The efficiency of the intramolecular energy transfer 
(from the ligand-localized triplet to the manifold of the metal ion states) is de-
pendent on the energy difference between the ligand and the metal. It is a small 
energy gap where the metal ion state is in slightly lower energy than the ligand-
localized (π-π*) singlet.93 The lowest energy of the triplet state of the ligands 
should be higher than the energy of the resonance levels of the lanthanides.93 
For pyridine dicarboxylic acids the lowest energy of the triplet state is reported 
to be higher than the resonant energy level Eu3+ 5D0, which makes these ligands 
efficient for the sensitization of luminescence of Eu3+.93 

 
 

 

Figure 15. Absorption, energy transfer and fluorescence emission scheme for the Eu-based hy-
brid inorganic-organic thin films under UV irradiation. 

All organic molecules employed in this study acted as efficient sensitizers of eu-
ropium, but 3, 5-PDC exhibited the highest fluorescence intensities. Based on 
FTIR europium binds through the pyridine nitrogen and carboxylate oxygen in 
Eu-3, 5-PDC. It is believed that such binding to both N and O in e.g. is the reason 
for enhanced fluorescence emission. Carboxylate oxygen is a strong donor for 
sensitization but appear to be even stronger with the help of nitrogen, as was 
shown in this work. 

The lifetimes for the hybrids in this thesis were estimated from the fluores-
cence lifetime decay profile to be around 0.35 ms. The value was calculated from 
the known equation:141 I(t) = I(0) exp(-t/τ), where τ is the luminescence lifetime 
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and I0 is the fitting parameter. This lifetime value is in a similar range to lumi-
nescent Eu-MOF thin films.143 

In this work, depositions were also carried out on various flexible substrates,I 
see Figure 16. Preliminary mechanical tests confirmed that the hybrid films 
were indeed appreciably flexible. 

 

Figure 16. Photoluminescence under UV light for the Eu-based hybrid inorganic-organic thin films 
deposited on various flexible substrates and silicon. 

The difficulty in using conventional solution-based chemistry is that organic 
chromophores must provide enough donor atoms through saturation, otherwise 
solvent molecules deactivate the lanthanides excited states and non-radiatively 
quench the luminescence. The main advantage of using the gas-phase 
ALD/MLD technique is the possibility to eliminate the quenching effects due to 
high-energy vibrations such as those of the OH, CH, and NH groups.I,II  
 

4.4.2 Upconversion of Yb- and Er-based thin films 
 
In the beginning of this part of the work, various organic molecules were studied 
for new lanthanide-based hybrid inorganic-organic thin-film depositions with 
the aim to achieve good upconversion properties, see Figure 17. All upconver-
sion measurements were carried out at the University of Turku. The best upcon-
version characteristics were achieved for the thin films grown using 2,3-PZD as 
the organic precursor. Hybrid inorganic-organic thin films were compared to 
purely inorganic oxide thin films grown from the same thd-precursors, and usu-
ally the hybrid thin films showed better upconversion intensities. This con-
firmed the ability of the organic ligands to act as sensitizers and promote the 
more efficient upconversion processes. 
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Figure 17. Red and  upconversion emission for the following hybrid thin films: (a) 2,3-pyra-
zine carboxylate together with (Y0.92 Er0.04 Yb0.04 )(thd)3; (b) IR-806 and (Yb,Er)(thd)3; (c) 2-hy-
droxyquinoline-4-carboxylic acid with (Y0.92 Er0.04 Yb0.04 )(thd)3; (d) (Y0.92 Er0.04Yb0.04 )2O3 deposited 
on glass substrates. 

 
Because of good upconversion from NIR radiation to visible light, more in depth 
studies were performed on (Y0.92Yb0.04Er0.04)(thd)3 together with 2,3-PZD.VI 
These thin films were studied on various substrates such as silicon, quartz and 
flexible substrates, such as polyamides. Upon laser irradiation for all pyrazine-
based thin films into the Yb(2F7/2-2F5/2) transition at 975 nm the films exhibited 
blue Er(2H9/2-4I15/2), green Er(4S3/2-4I15/2), and red Er(4F9/2-4I15/2) visible emis-
sion (Figure 18).  

 

 

Figure 18. Green, red and blue light upconversion emission for (Y,Er,Yb)-pyrazine thin films.  

green
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The basic upconversion excitation mechanism in these thin films is as follows: 
in two-photon mechanism, as a first step an Yb3+ ion in the 2F7/2 ground state 
absorbs a 975 nm photon and then it reaches  excited state of 2F5/2. The excited 
state 2F5/2 relaxes to the ground state by the excitation transfer to the 4I15/2  to 
give 4I11/2 of Er. Through the excitation of Yb3+, the Er3+ ion is further pumped to 
a higher energy state of 4F7/2 (visible region). After it a second photon is trans-
ferred into NIR region. Further on, the 2H11/2 and 4S3/2 states are populated dur-
ing the decay process (Figure 19). Then Er3+ are transmitted to the ground state 
where the green luminescence emission takes place at 533 and 550 nm wave-
lengths:144  

 
2F5/2 (Yb3+) + 4I15/2 (Er3+) -----2F7/2 (Yb3+) +4I11/2 (Er3+) (energy transfer) 
2F5/2 (Yb3+) + 4I11/2 (Er3+) -----2F7/2 (Yb3+) +4F7/2  (Er3+) (energy transfer) 
4F7/2 (Er3+) -----2H11/2 (Er3+) (non-radiative decay) 
4F7/2 (Er3+) -----4S3/2 (Er3+) (non-radiative decay) 
 

 

Figure 19. The energy levels and the up-conversion scheme for the Yb-Er3+ system. Full, dashed, 
and curved arrows indicate radiative emission, energy-transfer and non-radiative decay pro-
cesses.    

The 4F9/2 excited state is responsible for the 663.5 nm emission. Because of the 
short lifetime of the 4I11/2 state, some ions will not decay to the 4I13/2, but can 
jump to the higher 4F9/2 level through the energy transfer in excited Yb3+ ions. 
When Er3+ to transfers to the ground state the red light is emitted:   

 
2F5/2 (Yb3+) + 4I15/2 (Er3+) -----2F7/2 (Yb3+)+4I11/2 (Er3+) (energy transfer) 
4F11/2 (Er3+) -----4I13/2 (Er3+) (non-radiative decay) 
2F5/2 (Yb3+) + 4I13/2 (Er3+) -----2F7/2 (Yb3+)+4F9/2 (Er3+) (energy transfer) 
In the upconversion process, the blue emission (411 nm) was also observed in 

pyrazine-based thin films, which is usually a three-photon mechanism. There 
are several possible pathways responsible for the 2H9/2 level population, see Fig-
ure 19. Some of the ions in the 4F9/2 state will be excited to the 2H9/2 level and 
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when they jump back to the ground state of 4I15/2 the blue emission can take 
place. In addition, by the third photon the 3H11/2 or 4S3/2 state can be  excited to 
4G11/2 or upper levels and it  can cause the 2H9/2 state to be populated by the non-
radiative decay144 (Figure 19). 

 
Three-photon upconversion: 

2F5/2 (Yb3+) + 4I15/2 (Er3+) -----2F7/2 (Yb3+)+4I11/2 (Er3+) (energy transfer) 
from the equation 2F5/2 (Yb3+) + 4I11/2 (Er3+ ) -----2F7/2 (Yb3+ )+4F7/2 (Er3+) (en-

ergy transfer) follows: 
4F7/2 (Er3+) ---- 2H11/2 (Er3+) / 4S3/2(Er3+) (non-radiative decay) 
2F5/2 (Yb3+)+2H11/2 (Er3+)/ 4S3/2(Er3+) -----2F7/2 (Yb3+)+4G11/2 (Er3+) (energy 

transfer) 
4G11/2 (Er3+) -----2H9/2 (Er3+) (non-radiative decay) 
 

4.4.3 Luminescence of nucleobase-based thin films 
 
In this thesis nucleobases of uracil and adenine together with Na, Ba, and La 
formed fluorescent 3D metal-mediated nucleic acid networks. The lifetimes of 
these new hybrid materials were three orders of magnitude higher than com-
monly seen for nucleic acid molecules.III,V Going from Na to Ba and La, the 
emission color changed from blue (Na) to green (Ba) and greenish blue (La and 
Sr) (Table 3,Figures 20 and 21). The Na-uracil film was found to exhibit shift to 
higher emission wavelengths with respect to different excitation wavelengths, 
which is referred to in literature as red-edge shift.122, 145 Nucleic acids allow both 
the hydrogen bond acceptor and the donor atoms to O and N in these networks, 
which most likely is the cause of the red-edge shift.V 

Table 3. Emission of nucleobase-based hybrid inorganic-organic thin films. 

 
 

 

 
 

 

 
 

  Hybrid 
thin film 

Excitation λ 
(nm) 

Emission λ 
(nm) 

Na-uracil 315 450 
Ba-uracil 280 500 
La-uracil 280 425 

Na-adenine 320 450 
Ba-adenine 360 500 
La-adenine 360 500 
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Figure 20. Excitation-emission of Na-uracil (top) and Ba-uracil (bottom). 

 
 

 

Figure 21. Pictures show emission from hybrid thin films grown together with Na (blue), Ba 
(green), and Sr (green-blue). 
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5. Conclusions 

The ALD/MLD technique allows the synthesis of novel inorganic-organic hybrid 
materials that may not be accessible by any conventional methods. It also allows 
the fabrication of these materials as high-quality thin films with high uniformity 
and thickness precision, and also – if the application requires – on almost any 
kind of surface chemistry/composition and architecture. 

In this thesis, the aim was to synthesize new types of lanthanide-based hybrid 
inorganic-organic materials having the eye on possible future luminescent ap-
plications. Prior to these studies, luminescent hybrid inorganic-organic thin 
films were usually synthesized using sol-gel methods. This work showed that 
ALD/MLD is a successful pathway to combine organic sensitizers with emitting 
Ln ions in such a way that the luminescence quenchers could be eliminated. Eu-
ropium-thd precursor employed together with pyridine carboxylic acids 1,4-
BDC, 3,5-PDC and 2,6-PDC in the ALD/MLD processes of Eu carboxylates sat-
isfied the ALD/MLD growth criteria. It is believed that these novel hybrid inor-
ganic-organic thin-film materials possess potential to be applied as efficient 
nanophosphors.  

In this thesis novel upconversion processes for hybrid inorganic-organic ma-
terials were discovered as well; these thin films were fabricated from 
(Y,Yb,Er)(thd)3 and 2,3-pyrazine carboxylic acid. It was found that these thin 
films made by ALD/MLD could upconvert through not only two- but also three-
photon upconversion mechanism. Similar type of materials have not been syn-
thesized before. They could be developed for e.g. next-generation biomarkers, 
solar cells, waveguides and point-of care diagnostics.  

This work also demonstrated an exciting new possibility to link nucleic acid 
bases (uracil and adenine) with metal (here Na, Ba, La) ions. Interesting new 
fluorescent hybrid materials were obtained in a straightforward deposition of 
metal-nucleobase thin films; some of the materials were crystalline, some amor-
phous. It was shown that the intermolecular interactions in these networks in-
volved hydrogen bonds as well. It is believed that these hydrogen bond networks 
are responsible for the red-edge shift effect observed for these materials.  

For all the hybrid thin films produced in this thesis by ALD/MLD highly re-
producible deposition processes could be developed such that the processes 
yielded homogeneous and accurately composition and thickness controlled thin 
films on a variety of substrate materials, including e.g. flexible polymers and 
textiles. Thus, it could be concluded that the ALD/MLD technique offers a 
unique way to fabricate promising new hybrid material candidates for a variety 
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of frontier applications in photonics. However, it was clearly beyond the scope 
of this work to demonstrate real applications of these newly developed nano-
materials. 
 

 



 

33 

6. References 

1 C. Sanchez, C. Boissiere, S. Cassaignon, C. Chaneac, O. Durupthy, M. Faustini, D. 
Grosso, C. Laberty-Robert, L. Nicole, D. Portehault, F. Ribot, L. Rozes and C. 
Sassoye, Chem. Mater., 2014, 26, 221-238. 

2 Y. Cui, B. Chen and G. Qian, Coord. Chem. Rev., 2014, 273-274, 76-86. 
3 C. D. S. Brites, P. P. Lima, N. J. O. Silva, A. Millan, V. S. Amaral, F. Palacio and L. D. 

Carlos, New J. Chem., 2011, 35, 1177-1183. 
4 Y. Qiu, L. Sun, T. Liu, Z. Liu, L. Shi and W. Yan, Zhongguo Xitu Xuebao, 2012, 30, 

129-145. 
5 J. Feng and H. Zhang, Chem. Soc. Rev., 2013, 42, 387-410. 
6 E. Holder, N. Tessler and A. L. Rogach, J. Mater. Chem., 2008, 18, 1064-1078. 
7 M. Nitta, A. Inada and N. Nagao, Jpn. Tokkyo Koho, 2017, 2017-518363; 2016-

132126, 32. 
8 T. Yoshimura, M. Iida and H. Nawata, Opt. Lett., 2014, 39, 3496-3499. 
9 S. Parola, B. Julian-Lopez, L. D. Carlos and C. Sanchez, Adv. Funct. Mater., 2016, 

26, 6506-6544. 
10 Y. Suffren, B. Golesorkhi, D. Zare, L. Guenee, H. Nozary, S. V. Eliseeva, S. Petoud, 

A. Hauser and C. Piguet, Inorg. Chem., 2016, 55, 9964-9972. 
11 B. Zhou, B. Shi, D. Jin and X. Liu, Nat. Nanotechnol., 2015, 10, 924-936. 
12 B. Yan, Springer Series in Materials Science, 2017, 251, 107-134. 
13 J. Lin, M. Pang, Y. Han, Y. Zhou, M. Yu and H. Zhang, Wuji Huaxue Xuebao, 2001, 

17, 153-160. 
14 A. Franville, B. Dunn and J. I. Zink, Mater. Res. Soc. Symp. Proc., 2002, 726, 199-

204. 
15 B. Yan, Springer Series in Materials Science, 2017, 251, 199-255. 
16 O. Nilsen, K. B. Klepper, H. O. Nielsen and H. Fjellvaag, ECS Trans., 2008, 16, 3-

14. 
17 A. A. Dameron, D. Seghete, B. B. Burton, S. D. Davidson, A. S. Cavanagh, J. A. Ber-

trand and S. M. George, Chem. Mater., 2008, 20, 3315-3326. 
18 P. Sundberg and M. Karppinen, Beilstein J. Nanotechnol., 2014, 5, 1104-1136, 33. 
19 E. Ahvenniemi and M. Karppinen, Chem. Commun., 2016, 52, 1139-1142. 
20 M. Nisula and M. Karppinen, Nano Lett., 2016, 16, 1276-1281. 
21 J. Thomas-Gipson, R. Perez-Aguirre, G. Beobide, O. Castillo, A. Luque, S. Perez-Ya-

nez and P. Roman, Cryst. Growth Des., 2015, 15, 975-983. 
22 O. Berger, L. Adler-Abramovich, M. Levy-Sakin, A. Grunwald, Y. Liebes-Peer, M. 

Bachar, L. Buzhansky, E. Mossou, V. T. Forsyth, T. Schwartz, Y. Ebenstein, F. 
Frolow, L. J. W. Shimon, F. Patolsky and E. Gazit, Nat. Nanotechnol., 2015, 10, 
353-360. 

23 N. C. Seeman and H. F. Sleiman, Nat. Rev. Mater., 2017, 3, 17068. 
24 W. Xu, K. M. Chan and E. T. Kool, Nat. Chem., 2017, Ahead of Print. 



 

34 

25 Y. Takezawa and M. Shionoya, Acc. Chem. Res., 2013, 46, 604. 
26 W. Zhou, R. Saran and J. Liu, Chem. Rev., 2017, 117, 8272-8325. 
27 F. Pu, J. Ren and X. Qu, Adv. Mater., 2014, 26, 5742-5757. 
28 E. F. Gomez, V. Venkatraman, J. G. Grote and A. J. Steckl, Sci. Rep., 2014, 4, 7105. 
29 J. A. Theobald, N. S. Oxtoby, M. A. Phillips, N. R. Champness and P. H. Beton, Na-

ture, 2003, 424, 1029-1031. 
30 N. Pinna, M.  Knez, Atomic layer deposition of nanostructured materials, Wiley-

VCH Verlag GmbH & Co. KGaA, 2012:435. 
31 K. Uusi-Esko and M. Karppinen, Chem. Mater., 2011, 23, 1835-1840. 
32 T. Yoshimura, S. Tatsuura and W. Sotoyama, Appl. Phys. Lett., 1991, 59, 482-484. 
33 T. Yoshimura, S. Tatsuura, W. Sotoyama, A. Matsuura and T. Hayano, Appl. Phys. 

Lett., 1992, 60, 2938. 
34 A. Kubono, N. Yuasa, H. Shao, S. Umemoto and N. Okui, Thin Solid Films, 1996, 

289, 107-111. 
35 H. Shao and N. Okui, ACS Symp. Ser., 1998, 713, 267-280. 
36 B. H. Lee, K. R. Min, S. -. Choi, K. -. Lee, S. Im and M. M. Sung, J. Am. Chem. Soc., 

2007, 129, 16034-16041. 
37 A. Sood, P. Sundberg, J. Malm and M. Karppinen, Appl. Surf. Sci., 2011, 257, 6435-

6439. 
38 R. L. Puurunen, J. Appl. Phys., 2005, 97, 121301/1-121301/52. 
39 M. Leskela and M. Ritala, Thin Solid Films, 2002, 409, 138-146. 
40 Q. Peng, B. Gong, R. M. VanGundy and G. N. Parsons, Chem. Mater., 2009, 21, 

820-830. 
41 A. I. Abdulagatov, R. A. Hall, J. L. Sutherland, B. H. Lee, A. S. Cavanagh and S. M. 

George, Chem. Mater., 2012, 24, 2854-2863. 
42 B. H. Lee, K. K. Im, K. H. Lee, S. Im and M. M. Sung, Thin Solid Films, 2009, 517, 

4056-4060. 
43 B. H. Lee, V. R. Anderson and S. M. George, ACS Appl. Mater. Interfaces, 2014, 6, 

16880-16887. 
44 A. Tanskanen and M. Karppinen, Dalton Trans., 2015, 44, 19194-19199. 
45 E. Ahvenniemi and M. Karppinen, Chem. Mater., 2016, 28, 6260-6265. 
46 E. Ahvenniemi and M. Karppinen, Dalton Trans, 2016, 45, 10730-10735. 
47 K. Van de Kerckhove, F. Mattelaer, J. Dendooven and C. Detavernier, Dalton 

Trans., 2017, 46, 4542-4553. 
48 J. Penttinen, M. Nisula and M. Karppinen, Chem. Eur. J., 2017,23, 18225-18231. 
49 S. M. George, Abstracts of Papers, 243rd ACS National Meeting & Exposition, San 

Diego, CA, United States, March 25-29, 2012, 2012, INOR-945. 
50 D. S. Seghete, S. H. Jen, J. A. Bertrand and S. M. George, IMAPS/ACerS Int. Conf. 

Exhib. Ceram. Interconnect Ceram. Microsystems Technol. , CICMT, 2009, 1-2. 
51 B. Yoon, B. H. Lee and S. M. George, ECS Transactions, 2011, 41, 271-277. 
52 B. Gong, Q. Peng and G. N. Parsons, J Phys Chem B, 2011, 115, 5930-5938. 
53 A. I. Abdulagatov, 2012, 335. 
54 B. H. Lee, B. Yoon, A. I. Abdulagatov, R. A. Hall and S. M. George, Adv. Funct. Ma-

ter., 2013, 23, 532-546. 
55 D. C. Miller, R. R. Foster, Y. Zhang, S. -. Jen, J. A. Bertrand, Z. Lu, D. Seghete, J. L. 

O'Patchen, R. Yang, Y. -. Lee, S. M. George and M. L. Dunn, IMAPS/ACerS Int. 
Conf. Exhib. Ceram. Interconnect Ceram. Microsystems Technol. , CICMT, 
2009, 7-10. 

56 B. H. Lee, B. Yoon, V. R. Anderson and S. M. George, J. Phys. Chem. C, 2012, 116, 
3250-3257. 



References 
 

 

 
35 

 

 

57 C. J. Oldham, B. Gong, J. C. Spagnola, J. S. Jur, K. J. Senecal, T. A. Godfrey and G. 
N. Parsons, J. Electrochem. Soc., 2011, 158, D549-D556. 

58 S. -. Jen, S. M. George, R. S. McLean and P. F. Carcia, ACS Appl. Mater. Interfaces, 
2013, 5, 1165-1173. 

59 S. Ishchuk, D. H. Taffa, O. Hazut, N. Kaynan and R. Yerushalmi, ACS Nano, 2012, 
6, 7263-7269. 

60 S. M. George and B. Yoon, Mater. Matters, 2008, 3, 34-37. 
61 A. I. Abdulagatov, R. A. Hall, J. L. Sutherland, B. H. Lee, A. S. Cavanagh and S. M. 

George, Chem. Mater., 2012, 24, 2854-2863. 
62 J. J. Brown, R. A. Hall, P. E. Kladitis, S. M. George and V. M. Bright, ACS Nano, 

2013, 7, 7812-7823. 
63 A. Sood, P. Sundberg and M. Karppinen, Dalton Trans., 2013, 42, 3869-3875. 
64 T. Tynell, H. Yamauchi and M. Karppinen, J. Vac. Sci. Technol. A Vac. Surf. Films, 

2014, 32, . 
65 P. Sundberg, A. Sood, X. Liu and M. Karppinen, Dalton Trans., 2013, 42, 15043-

15052. 
66 S. M. George, B. Yoon and A. A. Dameron, Acc. Chem. Res., 2009, 42, 498-508. 
67 B. Yoon, D. Seghete, A. S. Cavanagh and S. M. George, Chem. Mater., 2009, 21, 

5365-5374. 
68 B. Yoon, Y. Lee, A. Derk, C. B. Musgrave and S. M. George, ECS Trans., 2011, 33, 

191-195. 
69 W. Zhou, J. Leem, I. Park, Y. Li, Z. Jin and Y. Min, J. Mater. Chem., 2012, 22, 

23935-23943. 
70 P. Sundberg and M. Karppinen, Eur. J. Inorg. Chem., 2014, 2014, 950. 
71 K. B. Klepper, O. Nilsen, P. Hansen and H. Fjellvag, Dalton Trans., 2011, 40, 4636-

4646. 
72 K. B. Klepper, O. Nilsen, T. Levy and H. Fjellvag, Eur. J. Inorg. Chem., 2011, 2011, 

5305-5312. 
73 K. B. Klepper, O. Nilsen and H. Fjellvag, Dalton Trans., 2010, 39, 11628-11635. 
74 L. D. Salmi, M. J. Heikkila, E. Puukilainen, T. Sajavaara, D. Grosso and M. Ritala, 

Microporous Mesoporous Mater., 2013, 182, 147-154. 
75 Y. Cao, L. Zhu, X. Li, Z. Cao, D. Wu and A. Li, Dalton Trans., 2015, 44, 14782-

14792. 
76 L. Momtazi, H. H. Soensteby, D. A. Dartt, J. R. Eidet and O. Nilsen, RSC Adv., 2017, 

7, 20900-20907. 
77 X. Teng, Y. Zhu, W. Wei, S. Wang, J. Huang, R. Naccache, W. Hu, A. I. Y. Tok, Y. 

Han, Q. Zhang, Q. Fan, W. Huang, J. A. Capobianco and L. Huang, J. Am. 
Chem. Soc., 2012, 134, 8340-8343. 

78 J. Tulkki, personal communication, 2017. 
79 B. M. Walsh, NATO Sci. Ser. , II, 2006, 231, 403-433. 
80 G. H. Dieke and H. M. Crosswhite, Appl. Opt., 1963, 2, 675-686. 
81 G. Liu, B. Jacquier, Spectroscopic properties of rare earths in optical materials, 

Springer Ser. Mater. Sci.; 2005, 83. 
82 J. G. Bunzli, Coord. Chem. Rev., 2015, 293-294, 19-47. 
83 F. Wang and X. Liu, Chem. Soc. Rev., 2009, 38, 976-989. 
84 J. M. F. Van Dijk and M. F. H. Schuurmans, J. Chem. Phys., 1983, 78, 5317-5323. 



 

36 

85 C. Albrecht, Anal. Bioanal. Chem., 2008, 390, 1223-1224. 
86 K. Binnemans, Coord. Chem. Rev., 2015, 295, 1-45. 
87 S. I. Weissman, J. Chem. Phys., 1942, 10, 214-217. 
88 M. L. Cable, J. P. Kirby, H. B. Gray and A. Ponce, Acc. Chem. Res., 2013, 46, 2576-

2584. 
89 J. D. Einkauf, T. T. Kelley, B. C. Chan and D. T. de Lill, Inorg. Chem., 2016, 55, 

7920-7927. 
90 J. D. Einkauf, J. M. Clark, A. Paulive, G. P. Tanner and D. T. de Lill, Inorg. Chem., 

2017, 56, 5544-5552. 
91  M. A. El-Sayed, and M. L. Bhaumik, J. Chem. Phys., 1963, 39, 2391—2393. 
92 G. G. Guilbault, Practical Fluorescence, Second Edition, Marcel Dekker, 1990. 
93 J. G. Bunzli and S. V. Eliseeva, Springer Ser. Fluoresc., 2011, 7, 1-46. 
94 P. Haenninen, H. Haermae, Lanthanide luminescence: Photophysical, analytical 

and biological aspects, Springer Ser. Fluoresc., 2011,7. 
95 M. H. V. Werts, Sci. Prog., 2005, 88, 101-131. 
96 Q. Li, D. Yue, W. Lu, X. Zhang, C. Li and Z. Wang, Sci. Rep., 2015, 5, 8385. 
97  S. Kaskel, The chemistry of metal-organic frameworks. Synthesis, characteriza-

tion, and applications, Wiley-VCH Verlag GmbH&Co, 2016. 
98 Z. Bai, J. Xu, T. Okamura, M. Chen, W. Sun and N. Ueyama, Dalton Trans., 2009, 

2528-2539. 
99 C. Serre, F. Millange, C. Thouvenot, N. Gardant, F. Pelle and G. Ferey, J. Mater. 

Chem., 2004, 14, 1540-1543. 
100 K. Liu, H. You, Y. Zheng, G. Jia, Y. Song, Y. Huang, M. Yang, J. Jia, N. Guo and H. 

Zhang, J. Mater. Chem., 2010, 20, 3272-3279. 
101 H. Zhang, R. Fan, W. Chen, X. Zheng, K. Li, P. Wang and Y. Yang, J. Lumin., 2013, 

143, 611-618. 
102 Y. Gai, K. Xiong, L. Chen, Y. Bu, X. Li, F. Jiang and M. Hong, Inorg. Chem., 2012, 

51, 13128-13137. 
103 P. C. R. Soares-Santos, L. Cunha-Silva, F. A. Almeida Paz, R. A. Sa Ferreira, J. Ro-

cha, T. Trindade, L. D. Carlos and H. I. S. Nogueira, Cryst. Growth Des., 2008, 
8, 2505-2516. 

104 K. Mueller-Buschbaum, S. Gomez-Torres, P. Larsen and C. Wickleder, Chem. Ma-
ter., 2007, 19, 655-659. 

105 Q. Tang, S. Liu, Y. Liu, D. He, J. Miao, X. Wang, Y. Ji and Z. Zheng, Inorg. Chem., 
2014, 53, 289-293. 

106 J. Yang, Q. Yue, G. Li, J. Cao, G. Li and J. Chen, Inorg Chem, 2006, 45, 2857-
2865. 

107 J. M. Holland and D. A. Shirley, Science, 1981, 214, 629-631. 
108 N. Bloembergen, Phys. Rev. Lett., 1959, 2, 84-85. 
109 H. Liu, Department of Atomic Physics, Lund University, disseratation, 2014. 
110 F. Auzel, Chem. Rev., 2004, 104, 139-173. 
111 H. Dong, L. Sun and C. Yan, Chem. Soc. Rev., 2015, 44, 1608-1634. 
112 D. L. Dexter, J. Chem. Phys., 1953, 21, 836-850. 
113 C. A. Parker, C. G. Hatchard and T. A. Joyce, Nature, 1965, 205, 1282-1284. 
114 A. Monguzzi, D. Braga, M. Gandini, V. C. Holmberg, D. K. Kim, A. Sahu, D. J. Nor-

ris and F. Meinardi, Nano Lett., 2014, 14, 6644-6650. 
115 X. Wang, J. Zhuang, Q. Peng and Y. Li, Nature, 2005, 437, 121-124. 
116 W. Zou, C. Visser, J. A. Maduro, M. S. Pshenichnikov and J. C. Hummelen, Nat. 

Photonics, 2012, 6, 560-564. 
117 H. J. Liang, Y. D. Zheng, L. Wu, L. X. Liu, Z. G. Zhang and W. W. Cao, J. Lumin., 

2011, 131, 1802-1806. 



References 
 

 

 
37 

 

 

118 M. Tuomisto, Z. Giedraityte, M. Karppinen and M. Lastusaari, Phys. Status Solidi 
RRL, 2017, 11, n/a. 

119 F. Vetrone, J. Boyer, J. A. Capobianco, A. Speghini and M. Bettinelli, J. Appl. 
Phys., 2004, 96, 661-667. 

120 K. W. Kraemer, D. Biner, G. Frei, H. U. Guedel, M. P. Hehlen and S. R. Luethi, 
Chem. Mater., 2004, 16, 1244-1251. 

121 Q. Liu, Y. Sun, T. Yang, W. Feng, C. Li and F. Li, J. Am. Chem. Soc., 2011, 133, 
17122-17125. 

122 B. Valeur and G. Weber, J. Chem. Phys., 1978, 69, 2393-2400. 
123 T. Azumi, K. Itoh and H. Shiraishi, J. Chem. Phys., 1976, 65, 2550-2555. 
124 E. Boschke, Eng. Life Sci., 2004, 4, 101-102. 
125 A. P. Demchenko, Biophys. Chem., 1982, 15, 101-109. 
126 A. P. Demchenko, Luminescence, 2002, 17, 19-42. 
127 A. Raudino, F. Guerrera, A. Asero and V. Rizza, FEBS Lett.,1983,159, 43-46.  
128 T. Ikeyama, T. Azumi, T. Murao and I. Yamazaki, Chem. Phys. Lett., 1983, 96, 

419-421. 
129 H. Raghuraman, D. A. Kelkar and A. Chattopadhyay, Rev. Fluoresc., 2005, 2, 199-

222. 
130 N. V. Shcherbatska, A. v. Hoek, A. J. W. G. Visser and J. Koziol, J. Photochem. 

Photobiol. , A, 1994, 78, 241-246. 
131 G. Weber and M. Shinitzky, Proc. Nat. Acad. Sci. U. S., 1970, 65, 823-830. 
132 J. R. Lakowicz, Principles of fluorescence spectroscopy, Springer, 2010. 
133 K. J. Eisentraut and R. E. Sievers, Inorg. Synth., 1968, 11, 94-98. 
134 S. M. George, B. H. Lee, B. Yoon, A. I. Abdulagatov and R. A. Hall, J Nanosci Nan-

otechnol, 2011, 11, 7948-7955. 
135 C. Truillet, F. Lux, T. Brichart, G. W. Lu, Q. H. Gong, P. Perriat, M. Martini and O. 

Tillement, J. Appl. Phys., 2013, 114, 114308/1-114308/10. 
136 S. Achelle, C. Baudequin and N. Ple, Dyes Pigm., 2013, 98, 575-600. 
137 A. Mohajeri and F. F. Nobandegani, J. Phys. Chem. A, 2008, 112, 281-295. 
138 A. B. Caballero, A. Rodriguez-Dieguez, L. Lezama and J. M. Salas, Cryst. Growth 

Des., 2012, 12, 3583-3593. 
139 G. Vicentini, L. B. Zinner, J. Zukerman-Schpector and K. Zinner, Coord. Chem. 

Rev., 2000, 196, 353-382. 
140 N. Arnaud and J. Georges, Spectrochim. Acta, Part A, 2003, 59A, 1829-1840. 
141 Q. Li, D. Yue, W. Lu,  X. Zhang, C. Li, Z. Wang, Sci. Rep., 2015, 5:8385. 
142 C. M. D. Lau and P. K. Yuen, Abstracts of Papers, 250th ACS National Meeting & 

Exposition, Boston, MA, United States, August 16-20, 2015, 2015, INOR-526. 
143 F. Zhang, Y. Wang, T. Chu, Z. Wang, W. Li and Y. Yang, Analyst, 2016, 141, 4502-

4510. 
144 R. Yan and Y. Li, Adv. Funct. Mater., 2005, 15, 763-770.  
145 T. Azumi, K. Itoh and H. Shiraishi, J. Chem. Phys., 1976, 65, 2550-2555. 
 
 
 
 



 

-o
tl

a
A

D
D

 
4

6
/

 8
10

2

 +i
bdjh

a*GM
FTSH

9  NBSI 8-1397-06-259-879  )detnirp( 
 NBSI 5-2397-06-259-879  )fdp( 

 L-NSSI  4394-9971
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

 
ytisrevinU otlaA  

gnireenignE lacimehC fo loohcS  
Chemistry  

 if.otlaa.www

 + SSENISUB
 YMONOCE

 
 + TRA

 + NGISED
 ERUTCETIHCRA

 
 + ECNEICS

 YGOLONHCET
 

 REVOSSORC
 

 LAROTCOD
 SNOITATRESSID

 e
ty

ti
ar

de
i

G 
eli

vi
Z

 n
oi

ti
so

pe
D 

re
ya

L 
ra

lu
ce

lo
M/

ci
mo

t
A 

yb
 s

la
ir

et
a

M t
ne

cs
en

i
mu

L 
ci

na
gr

O
–c

in
ag

ro
nI

 l
ev

o
N

 y
ti

sr
ev

i
n

U 
otl

a
A

2018 

 yrtsimehC

cinagrO–cinagronI levoN  
yb slairetaM tnecsenimuL  

reyaL raluceloM/cimotA  
 noitisopeD

 etytiardeiG eliviZ

 LAROTCOD
 SNOITATRESSID

De artment of  and aterials ScienceMp

Department of  and Materials Science


	Aalto_DD_2018_064_Gierdaityte_verkkoversio



