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Introduction and theory
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1.1 Introduction

Over the past decades the demand for energy has increased substantially. The rate
of energy consumption is projected to double in 2050 compared to worldwide energy
consumption rates in 2001 [1]. The most commonly used energy sources are fossil fu-
els, but there are two problems with these energy sources. On one hand the resources
of oil, coal and natural gas are depleted rapidly. On the other hand the use of fossil
fuels has a large effect on the environment and climate by the emission of greenhouse
gasses and other pollutants. Sustainable energy sources such as geothermal power,
wind turbines and solar cells are already being used. From the various sustainable en-
ergy sources solar energy seems the most promising: the sun provides the earth with
more energy in one hour (43 EJ) than the present energy consumption on the planet
in one year (41 EJ) [1]. The production of sustainable energy by direct conversion of
energy radiated from the sun into usable forms like heat or electricity is expected to
gain importance because it may be the only renewable source capable of generating
sufficient energy to meet the long-term worldwide energy demand [1, 2]. Utilization
of solar energy requires effective means of capture and conversion of solar radiation,
and storage of the acquired energy [1].

There are several ways to harvest energy from the sun. Solar thermal systems
use heat from sunlight, e.g. for making hot water. Sunlight can also be converted
into electricity, either by Concentrating Solar Power (CSP) or with solar cells (pho-
tovoltaics, PV). CSP systems use lenses or mirrors and tracking systems to focus a
large area of sunlight into a small beam. The concentrated light is used to heat a
fluid, which is then used as a heat source for a conventional power plant. The ca-
pacity of photovoltaic cells to convert sunlight directly into electricity makes them
prime candidates for the effective large-scale capture and conversion of solar energy.
Solar cells are also useful in places where there is no electricity grid available and
can be integrated into existing structures (e.g. on roofs of buildings and houses). At
present the contribution of photovoltaic energy is limited due to its relatively high
cost per kilowatt-hour [3]. A reduction in price may be achieved by either lowering
the production cost or increasing the conversion efficiency.

1.2 Loss mechanisms in solar cells

State-of-the-art commercial single-junction crystalline and polycrystalline Si solar
cells dominate the photovoltaic market [4, 5] and crystalline Si wafer cells typically
have energy efficiencies around 15% [3]. Conventional solar cells consist of one layer
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of n-type and one layer of p-type semiconductor. Upon absorbing a photon above the
energy band-gap (Eg) of the absorbing semiconductor material a single electron-hole
(e−h) pair is generated. The electrons that are excited into the conduction band flow
to the n-type side, and the holes in the valence band flow in the opposite direction,
eventually resulting in an electrical current in the external circuit [6]. Fig. 1.1 is a
schematic diagram showing the loss mechanisms that limit the efficiency of single-
junction solar cells. The most significant loss mechanisms in solar cells are those due
to relaxation of ‘hot’ charge carriers that are created upon absorption of a high energy
photon (process À in Fig. 1.1) and transmission of photons with energies below the
bandgap of the semiconductor material (process Á in Fig. 1.1). The excess energy of
high energy photons is rapidly dissipated as heat by thermalization of the electron and
hole to the edges of the conduction band and valence band. These losses are known as
thermalization losses. Especially in solar cells based on semiconductors with a small
bandgap, these losses are substantial. The transmission losses arise from the fact that
photons with an energy smaller than the band-gap of silicon can not be absorbed, and
are therefore not converted to electricity. Transmission losses contribute especially to
the losses for wider bandgap solar cells, simply because a large part of the solar spec-
trum cannot be absorbed [7]. Process Â shows recombination of e−h pairs, and this
loss process can be minimized through maintaining high minority carrier lifetimes in
the semiconductor material. The theoretical maximum efficiency of a silicon solar cell
with a band-gap of 1.1 eV was calculated to be 30% by Schockley and Queisser [8].
The largest part of the 70% energy loss is related to processes À and Á, and is known
as the spectral mismatch. The detailed balance model used by Shockley and Queisser
assumes that all recombination losses are radiative (i.e., no non-radiative recombi-
nation losses), and includes the voltage drops across the contacts and p-n junction
(depicted by Ã and Ä in Fig. 1.1).

There are two ways to reduce the losses that are caused by the spectral mismatch:
adapt the solar cell to better use the solar spectrum or adapt the solar spectrum to bet-
ter match the solar cell absorption. The first approach has been successfully applied in
so-called multi-junction tandem solar cells for which efficiencies over 40% under con-
centrated solar light have been realized [10]. This is achieved by ‘stacking’ multiple
solar cells made with different semiconductor materials having different band-gaps.
Each of the cells will then absorb a different fraction of the solar spectrum [6, 11].
With an infinite number of junctions the theoretical maximum efficiency becomes
68% [12]. Tandem solar cells are costly and are only now becoming cost-competitive
for terrestrial concentrated solar cell applications [11].

Other more recently proposed options for adapting solar cells to the solar spec-
trum include multiple exciton generation (MEG) and space-separated quantum cut-
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Figure 1.1: Loss processes in a single junction solar cell: À - lattice thermalisation loss, Á -
transmission loss, Â - recombination loss, Ã - junction loss and Ä - contact voltage loss. Eg
indicates the bandgap of the solar cell (adapted from ref [7]).

Figure 1.2: The AM1.5G terrestrial solar spectrum showing the fraction of terrestrial sunlight
that is currently absorbed and effectively used by a thick crystalline silicon device [9].
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ting (SSQC). In both cases multiple e− h pairs are generated after absorption of one
high energy photon by the solar cell. MEG has been reported in recent literature for
various types of semiconductor nanocrystals (‘quantum dots’, e.g. CdSe, PbSe, and
PbS) [13, 14]. MEG uses the excess energy of charge carriers produced by photons
of energy greater than Eg to produce additional charge carriers. It has been estimated
that MEG could enhance the efficiency of single junction solar cells to as much as
44% [15, 16]. However, this high gain in efficiency can only be achieved if the MEG
efficiency is close to creating one extra electron hole pair for every increase by Eg in
the photon energy. Even though e− h pair efficiencies of 700% for photon energies
of 8 Eg have been reported, more recent experiments have revealed that the actual
efficiencies are much lower [17] and are in fact very similar to the well-known effi-
ciencies for e− h generation in scintillator materials and cathode ray phosphors. For
these materials an additional 2.5 Eg in photon energy is required for every extra e−h
pair. Such efficiencies for the MEG process will lead to marginal increases in the
solar cell efficiency and probably already contributes with similar efficiency in (bulk)
semiconductor solar cells for the highest energy (UV) photons [17]. Another concept
is space separated quantum cutting (SSQC). SSQC divides an absorbed higher energy
photon into two or more lower energy photons through the interaction of two spatially
separated neighbouring Si nanocrystals, and has recently been reported to occur in Si
nanocrystals [18]. By creating two or more lower energy photons for an high energy
photon SSQC could decrease the thermalization losses in solar cells, and multiply the
number of charge carriers produced per absorbed (high energy) photon in a solar cell.
Further research on SSQC is required to determine the efficiency of charge carrier
generation.

The second approach to raise the theoretical efficiency beyond the Shockley-
Queisser limit is to adapt the solar spectrum to the solar cell. This can be attained
through upconversion (UC) or downconversion (DC). By combining solar cells with
a downconverting or upconverting layer energy losses due to spectral mismatch are
minimized. A comparative review of both of these methods is given by Strüm-
pel et al. [19]. In the case of upconversion, two low-energy photons are ‘added up’
to give one higher-energy photon [20] and sub-bandgap photons, which are otherwise
lost, can be converted into supra-bandgap photons, which can be absorbed [21–23].
Downconversion, which is also known as ‘quantum cutting’, is the opposite process.
One high-energy photon is ‘cut’ into two lower-energy photons. This process can
reduce energy losses due to thermalization of hot charge carriers after the absorption
of a high-energy photon. If both lower-energy photons can be absorbed by the solar
cell, current doubling is achieved for the region of the solar spectrum that consists
of photons with energies exceeding 2 Eg [24, 25]. The final result is similar to MEG
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and SSQC. However, in the case of MEG and SSQC multiple e− h pairs are created
by one photon after absorption by the solar cell, while for DC they are created by
photon-doubling before absorption in the solar cell. Downshifting may also raise the
efficiency of the solar cell by converting one higher energy photon into one lower en-
ergy photon that is more efficiently absorbed by the cell [26]. Various means can be
used to achieve downshifting, employing quantum dots [27,28], lanthanide ions [29],
and other types of inorganic [30, 31] and organic [32] materials, but this cannot raise
the efficiency beyond the Shockley-Queisser limit.

Fig. 1.2 shows the standard terrestrial solar spectrum (Air Mass coefficient
AM1.5G) and the fraction of the energy that is currently used by single junction
c-Si solar cells. The part that is not used, is available for upconversion and down-
conversion. In this spectrum, 32% (149 W/m2) more of the solar spectrum intensity
is accessible through downconversion, and 35% (164 W/m2) of the solar spectrum
intensity is acessible through upconversion [7].

For upconversion, a large body of research has already been published. However,
this was primarily aimed at the conversion of the output of NIR lasers (800-1000 nm)
into visible light, rather than converting longer wavelength NIR into NIR radiation
that can be absorbed by crystalline-Si solar cells. An important advantage for upcon-
version is that an upconversion layer can be applied to the rear of a solar cell without
affecting the performance of the device for photons with energies equal to or larger
than Eg. Any upconversion of transmitted NIR radiation into the useful wavelength
range, which can then generate an additional photocurrent, serves as real gain. By
placing a suitable reflector behind the upconversion layer it can be ensured that no
usable luminescence escapes out the rear of the solar cell. The major disadvantage
of upconversion is that it is a non-linear process which only becomes efficient at high
incident power. For an upconversion process of two steps (where two low energy
photons are converted to one higher energy photon) the UC light intensity I is related
to the incident light intensity I0 by I ∝ I2

0 . For three step upconversion, the relation
is I ∝ I3

0 . Contrary to upconversion, downconversion is a linear process and there-
fore the efficiency is independent of the incident power. This suggests that it will be
easier to gain efficiency with downconversion when using unconcentrated sunlight as
the illumination source. However, in the case of downconversion the conversion layer
is applied on top of the solar cell and a fraction of the luminescence escapes out of
the front top surface of the downconversion layer. For luminescent species in a host
material with a refractive index of n=1.5, the fraction of the converted photons that
escapes out of the conversion layer is 12.7%. Richards thus argues that with front-
mounted downconversion, an external quantum efficiency (EQE) of 115% is required
for the downconverter just to break even [7]. These losses may be reduced by apply-
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ing an anti-reflective coating which specifically reflects the downconverted emission
back into the solar cell.

1.3 Modeling of upconversion and downconversion in solar
cells

To determine the potential gain in efficiency by applying upconversion or downcon-
version materials, extensive work has been done in the past decade. Detailed balance
models of Trupke et al. for upconversion [23] and downconversion [24] are similar to
that of Shockley and Queisser (see section 1.2), except for the addition of a spectral
conversion layer. In the case of upconversion, the converting layer is mounted be-
neath a bifacial solar cell. The layer is assumed to be electronically isolated from the
solar cell and a perfect reflector is located at the rear surface of the upconverter. The
upconverter consists of a material with a band-gap that ideally equals the band-gap
energy of the solar cell Eg, and has intermediate levels with an energy E1 above the
valence band edge of the upconverter. The absorption of sub-band-gap photons in the
upconverter leads to the generation of e− h pairs via two sequential transitions, first
from the valence band into the intermediate level, and then from the intermediate level
into the conduction band. The e−h pairs then recombine via the emission of photons
with energies at the band gap. The maximum efficiency that can be obtained with this
geometry is calculated to be 47.6% for non-concentrated light, with Eg = 2 eV and
E1 = 0.9393 eV. The highest efficiency for a conventional c-Si solar cell (Eg = 1.1 eV)
is about 37%. It is clear that the largest gains from upconversion can be obtained for
wider bandgap energies Eg, e.g. for Grätzel or amorphous-Si cells, where a larger
fraction of the solar spectrum cannot be absorbed.

In the downconversion model [24], the spectral conversion layer is located on the
front surface of a conventional single junction solar cell. For each high energy photon
absorbed by the spectral converter, two or more lower energy photons are created,
which can be absorbed by the solar cell to each generate an e− h pair. This leads to
more than on e−h pair being generated in the solar cell for each high energy photon
absorbed by the downconverter. The downconverter consists of a material with a
band gap Eg,converter and contains an intermediate level in the center of the band gap.
Radiative transitions take place between the valence band and the conduction band
or between one of the bands and the intermediate level. The maximum efficiency
for a front-mounted conversion layer is calculated to 38.6% for Eg = 1.1 eV, which
is well above the 30.9% Shockley-Queisser limit for a conventional solar cell. The
fact that the maximum efficiency for downconversion occurs around Eg = 1.1 eV
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makes downconversion a promising option to boost the efficiency for silicon solar
cells (Eg = 1.12 eV).

The detailed balance models described provide powerful tools for calculating the
thermodynamic limits of cell performance for assumed circumstances. Further insight
into the performance of practical converters can be achieved through alternative ap-
proaches, such as a recently published Monte Carlo method to model photon conver-
sion for solar cells [33]. The approach employs iterative ray tracing for integrating the
photon transport equation at optical frequencies, coupled with non-linear, first-order
rate equations describing luminescence of the photon converter. The approach also
distinguishes between two sources of light rays: those from the sun, and those from
the absorbing luminescence centres of the photon converter. Scattering and reflection
of rays by the photon converter and its interfaces are also taken into account. An ad-
vantage of the approach is that solar cell enhancement can be estimated as a function
of a variety of parameters, such as the luminescent centre concentration, the range
of wavelengths that is converted, the cross section for photon capture, the incident
photon flux, and the lifetimes of the luminescent emission. This is illustrated through
preliminary use of parameters from literature for Er3+ doped layers as upconverters or
downconverters [33].

The use of semiconductor-like materials with band diagrams having an interme-
diate level at ½ Eg is not very realistic to achieve efficient up- or downconversion.
Lanthanide ions provide the most efficient options for spectral conversion, since they
have a multitude of energy levels in the ultraviolet, visible and infrared parts of the
spectrum. The properties of the lanthanides will be introduced in sections 1.4-1.6.
Recent experimental work on up- and downconversion for solar cells using these ions
will be discussed in sections 1.7 and 1.8.

1.4 The lanthanides

The lanthanides are a group of elements found at the bottom of the periodic table. It
is the series of elements where the 4 f inner shell is filled with electrons. They are
mostly stable in the trivalent form and the Ln3+-ions have the electronic configuration
[Xe]4 f n5s25p6 where n varies from 0 to 14. The partly filled 4 f inner shell is respon-
sible for the characteristic optical (and also magnetic) properties of the lanthanides.
The number of configurations for n electrons divided over the fourteen 4 f orbitals is
large:

(
14
n

)
. All configurations can have different energies, giving rise to energy levels

in the UV, visible and (near) infra-red part of the spectrum.
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Figure 1.3: Dieke diagram of the observed energy levels of trivalent lanthanide ions [34].
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For the free ion the energy levels are labelled by so-called term symbols
(2S+1LJ) [35]. Fig. 1.3 shows the energy level structure of the 4 f n configuration of
the trivalent lanthanide ions. This diagram, often referred to as the ‘Dieke diagram’
(in recognition of Gerard H. Dieke who originally published the diagram) [36, 37],
clearly exhibits the rich energy level structure of these ions. This energy level dia-
gram is also representative of the 4 f energy level structure of these ions when doped
into various kinds of crystalline or glassy materials. This is due to the optically active
4 f orbital being well-shielded from the host environment by the outer filled 5s and 5p
orbitals [35]. Still, the surrounding crystal field induces small Stark splitting of the
energy levels, typically of the order of ∼102 cm-1 [38]. Phonons in the host material
mediate non-radiative relaxation between excited energy levels [39].

The peculiar optical properties of the lanthanides were first studied by Becquerel
in the beginning of the 20th century. He observed sharp absorption lines for lanthanide
salts at low temperature [40]. This observation was explained by Becquerel, Bethe and
Kramers [41–43]: the absorption lines originate from 4 f intraconfigurational transi-
tions. Since the 4 f electrons do not participate in bonding, absorption (and emission)
lines will be very sharp. According to selection rules intraconfigurational transitions,
such as the 4 f − 4 f transitions of the lanthanides, are not allowed as electric dipole
transitions since the initial and final state have the same parity. Mixing of opposite
parity states into the 4 f states partly lifts the selection rule, explaining the observed
intensities of the 4 f −4 f transitions.

1.5 Radiative and non-radiative transitions

Almost 50 years ago Judd and Ofelt independently investigated the effect of the mix-
ing of opposite-parity states on the intraconfigurational transition probabilities and
selection rules for lanthanide ions [44, 45]. Their results are nowadays known as the
Judd-Ofelt theory and with this theory it is possible to calculate the intensities of tran-
sitions between the 4 f n multiplets. The strength S ed of the electric dipole transitions
between initial state a and final state b is defined as:

S ed = e2
∑

λ=2,4,6

Ωλ(U(λ))2 (1.1)

Ωλ are the Judd-Ofelt parameters that are host lattice dependent and are influenced
by e.g. the strength and symmetry of the odd-parity crystal field. The U(λ) terms are
referred to as the reduced matrix elements and are independent of the host lattice.
The values of U(λ) can be calculated for each transition between multiplets. Carnall
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et al. have made these calculations and tabulated the reduced matrix elements for all
trivalent rare-earth ions [46]. The Judd-Ofelt parameters Ωλ can be determined by
measuring the absorption strength of several transitions from the ground state of the
ion in the host lattice. If these absorption strengths have been determined they can
be fit to determine Ω2, Ω4 and Ω6 and used to calculate the electric dipole transitions
strengths between any two levels of the ion in that specific host lattice.

Some general selection rules for electric dipole transitions between rare-earth ion
4 f n states can be obtained from Judd-Ofelt theory [35]. For transitions between two
states with term symbol 2S +1LJ , transitions with

∆J ≤ 6, ∆S = 2 and ∆L ≤ 6

are allowed, and for a rare earth ion with an even number of electrons

J = 0 ↔ J′ = 0 is forbidden
J = 0 ↔ J′ = odd is weak
J = 0 ↔ J′ = 2,4,6 is strong

Transitions between the 4 f levels can also be non-radiative, i.e. transitions with-
out the emission of radiation. Non-radiative and radiative transitions compete, which
can significantly decrease the quantum efficiency (QE). Energy can be dissipated via
the emission of phonons, which are quantized vibrational modes of the lattice sur-
rounding the lanthanide ion. This process is known as multi-phonon emission. When
the energy difference ∆E between two energy levels is smaller than 5 times the phonon
energy, non-radiative relaxation will dominate over radiative decay [47]. The excita-
tion energy can then be lost by simultaneous emission of a number of phonons. The
phonon energies of the highest vibrational frequencies of several different materials
are given in Table 1.1.

The temperature dependence of the non-radiative relaxation rate of transitions
between the 4 f n levels is given by:

W(T ) = W(0)(n + 1)p (1.2)

W(T ) is the non-radiative rate at temperature T , p is the number of phonons.
When ∆E is the energy difference between the levels and h̄ω is the maximum phonon
energy of the lattice, the number of phonons involved is given by ∆E/h̄ω. The phonon
occupation number n is given by:

n =
1

eh̄ω/kT −1
(1.3)
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Table 1.1: Maximum phonon energy for different types of host lattices.

Material Phonon Energy
(cm-1)

Borate 1400
Phosphate 1100
Silicate 1000-1100
Germanate 800-975
Tellurite 600-850
Fluoride 400-600
Oxide 400-600
Chalcogenide 200-300
Chloride 180-250
Bromide 140-190
Iodide 140

The rate W(0) at 0 K is given by [48]:

W(0) = β · e−(∆E−2h̄νmax)α (1.4)

Where α and β are constants and νmax is the highest vibrational frequency (see
also table 1.1) of the surrounding lattice [48].

1.6 Energy transfer

The previous sections have focused on radiative and non-radiative transitions involv-
ing single rare-earth ions. Absorption of excitation energy and emission will then
occur on the same ion. Up- and downconversion processes can take place within a
single type of dopant ion, but also between two or more types of ions co-doped within
the same host material, via energy transfer [20, 35, 49]. This section will discuss en-
ergy transfer between two (or more) rare-earth ions. There are several different types
of energy transfer processes that can occur between two ions, which can be radiative
(Fig. 1.4 (a)) or non-radiative (Fig. 1.4 (b-d)). Non-radiative energy transfer can be
resonant (Fig. 1.4 (b)), or be aided by emission or absorption of a number of phonons
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Figure 1.4: Schematic representation of several different energy transfer mechanisms. (a)
Radiative energy transfer. (b) Non-radiative resonant energy transfer. (c) Phonon-assisted
non-radiative energy transfer. (d) Cross-relaxation.

to compensate for an energy mismatch (Fig. 1.4 (c)), or only part of the energy can be
transferred, which is referred to as cross-relaxation (Fig. 1.4 (d)).

The most efficient energy transfer processes involve resonant overlap between the
emission band of the donor ion and the absorption band of the acceptor ion [35,48,50].
(Donor and acceptor ions are also referred to in literature as sensitizer and activator
ions, respectively. In this thesis, we use the donor/acceptor nomenclature.) The Dieke
diagram (Fig. 1.3) shows that the relative positioning of the lanthanide energy levels
offers excellent opportunities for the design of materials that can take advantage of
resonant energy transfer. Non-resonant energy transfer between co-doped ions is also
possible, via a phonon-assisted mechanism or via cooperative or accretive processes,
when a resonant intermediate level is not present [51]. Fig. 1.5 displays a sketch of
cooperative and accretive forms of upconversion, and Fig. 1.6 shows an analogous
sketch for downconversion. The cooperative mechanism in each case involves the
mediation of a virtual energy level of the central ion (C in Figs. 1.5 and 1.6), whereas
the accretive mechanism involves a virtual energy level for one of the ions with the
lower energy excited state (A or B). The predominance of either of these mechanisms
over the other is dependent upon the relative geometry between the three energy cen-
tres [52, 53]. From a formal theoretical point of view, the downconversion in Fig. 1.6
is the time reversal of the upconversion in Fig. 1.5, which shows energy-pooling be-
tween two identical donors and an acceptor.

Energy transfer can only occur when two conditions are met. First it is necessary
to have spectral overlap between the donor emission and the acceptor absorption. This
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Figure 1.5: Energy level diagrams for three-centre energy pooling: (a) cooperative mecha-
nism, (b) accretive mechanism [51].

C BA C B

(b)(a)

A

Figure 1.6: Energy level diagrams for downconversion: (a) cooperative mechanism, (b) ac-
cretive mechanism [51].

condition is known as the resonance condition. Secondly there should be an interac-
tion between the two ions, this can either be an exchange interaction (wavefunction
overlap) or a multipole-multipole interaction [48]. Exchange interaction depends on
the wavefunction overlap. Because of this, transfer rates decrease exponentially with
the distance. Energy transfer through exchange interaction is therefore a short range
process, only active for small (<5 Å) distances between lanthanide ions. Förster dis-
cussed the transfer probability for dipole-dipole interactions [20]. He assumed that
the interaction is strongest if the electric-dipole transitions for both transitions are
allowed. The transfer probability PDA can then be calculated to obey:

PDA =
1
τD

(R0

R

)6
(1.5)

Here τD is the lifetime of the donor excited state, which includes multi-phonon
relaxation, and R0 is the critical distance where transfer of excitation energy and spon-
taneous deactivation of the donor excited state have the same probability. Since energy
transfer depends strongly on distance it is clear that for energy transfer the distance
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between two ions should not be too large. To obtain a high emission efficiency of the
acceptor it would then seem sensible to make the concentration of acceptors as high
as possible, to make sure that each donor has many acceptor neighbors. However, in
practice the emission intensity of the acceptor will start to decrease when the acceptor
concentration comes above a specific value called the critical concentration. At high
concentrations the probability of energy transfer between acceptor ions increases and
leads to energy transfer from ion to ion (energy hopping) multiple times before the
energy is emitted. During the energy transfer steps a quenching site can be reached,
where the energy is lost non-radiatively. This effect is called concentration quench-
ing. Generally speaking concentration quenching will start at dopant concentrations
higher than a few atomic percent.

1.7 Upconversion mechanisms

As was mentioned in section 1.1, upconversion (UC) is the process where two photons
with a smaller energy are ‘added up’ to obtain one photon with a high energy [20].
Upconversion has been particularly well-studied for lanthanide and transition metal
ions doped into solids, since the discovery of upconversion by Auzel in the 1960s.
A review of some of the more recent developments in upconversion spectroscopy
is given by Suyver et al. [47]. Excellent reviews of upconversion principles have
been published by Auzel [20, 54]. Fig. 1.7 gives an overview of the various upcon-
version mechanisms that are possible. The most efficient process is the mechanism
called APTE (Addition de Photon par Transferts d’Energie) or ETU (Energy Trans-
fer Upconversion): two ions of type I absorb a photon and give the energy to ion II
in two steps via an intermediate level on ion I (Fig. 1.7 (a)). This can also be de-
scribed as ground state absorption (GSA) followed by an energy transfer step, written
as GSA/ETU. Upconversion on a single ion (Fig. 1.7 (b)) can occur when a second
photon is absorbed when the ion is already in the excited state. This mechanism is
know as GSA followed by excited state absorption (ESA), and is the second most ef-
ficient mechanism. For UC with these two mechanisms it is necessary that the second
excitation step of ion I is faster than both the radiative and non-radiative decay from
the intermediate level. Both of these mechanisms involve real intermediate energy
levels. The other four mechanisms shown (Fig. 1.7 (c-f)) involve one or more virtual
energy levels, and therefore have lower efficiencies.

Although the relative typical efficiencies of both processes are very different, 10-3

for ETU and 10-6 for the cooperative process, both processes shows the same de-
pendance on the excitation intensity and donor concentrations [20]. The difference
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Figure 1.7: Energy level schemes for several different 2-photon upconversion mechanisms,
with an indication of quantum efficiencies given in cm2/W. Solid vertical arrows indicate
radiative transitions. Arrows connecting different ions and dashed arrows indicate energy
transfer between ions [54].

between these two processes is that for ETU the presence of an intermediate level on
the donor ion is required, while in the cooperative process there is a virtual level (the
cooperative pair state). The ETU process will be more efficient than cooperative UC,
since ETU involves a real intermediate state and has the closest resemblance to the
full resonant case (Fig. 1.4 (b)).

Depending on the choice of the upconverting material, UC could in principle be
implemented to enhance the efficiency of solar cells with different band gap energies
Eg. For crystalline silicon (c-Si), Eg is 1.12 eV (1110 nm) [19]. Amorphous forms
of silicon have wider band gap energies, typically up to 1.7 eV [4]. Eg for other
semiconductor materials for solar cells also fall in this range, such as Cu2S (1.2 eV;
1033 nm), GaAs (1.4 eV; 886 nm), and CdTe (1.5 eV; 826 nm) [4, 55]. Organic solar
cells may possess a diverse range of values for Eg and typically have an absorption
edge not lower than 1.5 eV. The Grätzel cell is based on the use of TiO2 (Eg = 3.0-
3.2 eV; 413-387 nm) [7]. Depending on the choice of dye sensitizer, the photocurrent
onset can be reduced in energy to be as low as 1.35 eV (920 nm) [56].

Proof-of-principle experiments have been reported for upconversion with exci-
tation of Er3+ at ∼1500 nm in combination with c-Si solar cells, using NaYF4 as a
host material for Er3+ [21, 22]. For the β-NaYF4 host material the most efficient up-
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conversion has been reported to date, in the case of Yb3+ sensitized upconversion of
excitation at 980 nm (into Yb3+) when Er3+ is co-doped with Yb3+ [20, 47]. NaYF4
has a low phonon energy (400 cm-1) and the excitation spectrum near 1500 nm is
quite broad, stretching from 1480 to 1580 nm. As mentioned above, Er3+ upconver-
sion of ∼1500 nm photons into NIR radiation that can be absorbed by c-Si is possible
by energy transfer between two Er3+ neighbors excited to the 4I13/2 level. This results
in Er3+ excited into the higher energy 4I9/2 level. To demonstrate the feasibility of
combining this upconversion material with a c-Si solar cell, a NaYF4:Er3+ (20 mol%)
phosphor was mixed into an acrylic medium and adhered to the rear of a bifacial
buried contact silicon solar cell. Reflective white paint was used as a reflector at the
rear of the solar cell. External quantum efficiencies (EQE) due to upconversion of up
to 2.5% were measured (with laser excitation powers of up to 5 mW at 1523 nm). The
corresponding upconversion efficiency has been estimated to be up to 12.1% at 6 mW,
1523 nm excitation [21, 22]. Excitation with a quartz halogen lamp resulted in EQE
due to upconversion of ∼10-3 [21]. While this efficiency seems low, it is many orders
of magnitude higher than the intrinsic absorption of silicon in this wavelength range.
It is expected that improvement of the EQE can be achieved by optimizing the solar
cell geometry or by more efficient upconversion materials [47]. The use of chloride
host materials could be promising, since these have lower phonon energies. In this
way losses in upconversion efficiency due to non-radiative relaxation can be mini-
mized, while maintaining a spectrally wide excitation spectrum of the Er3+-ion [22].
A strong enhancement of the solar cell efficiency could be attained by sensitizing the
Er3+-ion with a spectrally broad and efficient absorber, to solve the problem of the rel-
atively weak absorption strength and limited spectral range of absorption of the Er3+

4I15/2→
4I13/2 transition. Research on sensitization in this spectral area is very limited

and has not been pursued in relation to spectral upconversion for c-Si solar cells.

Yb3+ is often co-doped with other lanthanide ions as a sensitizer for the upcon-
version process, in order to increase the NIR absorption strength of upconverting lan-
thanide ions. The Er3+–Yb3+ upconversion couple is a particularly famous and well-
studied couple, as can be seen from the list of literature reports describing this couple
in a number of different host materials [19]. More examples can be found in more
recent literature [57–65]. To date, the Er3+–Yb3+ couple doped in microcrystalline
β-NaYF4 is the most efficient upconversion system known [47]. Sensitized upconver-
sion in the Er3+–Yb3+ couple starts with absorption of photons of wavelengths around
980 nm due to the 2F5/2 →

2F7/2 transition of Yb3+. The absorption strength for this
transitions is relatively high, much higher than for the 4I15/2 →

4I11/2 transition of
Er3+. The absorbed energy is subsequently transferred to Er3+ which is raised to the
4I11/2 excited state. A second energy transfer step from Yb3+ raises the Er3+ to the
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4F7/2 level and after relaxation to the 4S3/2 level the characteristic green 4S3/2→
4I15/2

emission around 550 nm is observed. This efficiently generated visible luminescence
is particularly well-suited for enhancing the efficiency of wider band-gap semicon-
ductor and organic solar cells. The first attempt of integrating spectral conversion
for a solar cell was reported by Gibart et al. [66], using the Er3+–Yb3+ couple in
combination with a GaAs solar cell. The upconverting couple was incorporated into
vitroceramic material which was coated with a reflective gold mirror on one side, and
the vitroceramic was mounted at the rear of the substrate-free solar cell. For 1 mW
excitation at 1.39 eV (892 nm), an efficiency of 2.5% was reported, corresponding to
the efficiency of the APTE process.

1.8 Downconversion mechanisms

Downconversion (DC) is the process where one photon with a high energy is ‘cut’ to
obtain two photons with a lower energy (see section 1.1). The idea to obtain quantum
yields above 100% by creating multiple photons through ‘cutting’ a single photon into
two lower energy photons was first proposed by Dexter in 1957 [67]. The mechanism
involved the simultaneous energy transfer from a donor to two acceptors, each ac-
cepting half the energy of the excited donor. It was not until 1974 that experimental
evidence for quantum yields above 100% was given for YF3:Pr3+. The mechanism
was not the one proposed by Dexter, but involved two sequential emission steps from
the high energy 1S0 level of Pr3+ (1S0 →

1I6 followed by relaxation to the 3P0 level
and emission of a second visible photon from 3P0) [68, 69]. Later, quantum cutting
via two sequential energy transfer steps in the Gd3+–Eu3+ couple was discovered and,
based on the analogy with the two-step energy transfer process leading to upconver-
sion, it was called ‘downconversion’ [49]. The aim was to achieve the emission of
two visible photons from a single UV photon in order to boost the efficiency of light
emitting devices (such as fluorescent tubes). The potential of downconversion for
increasing the efficiency of solar cells was realized soon afterwards [24]. The first ex-
perimental demonstration of downconversion for solar cells involved the Tb3+–Yb3+

couple where quantum cutting was achieved through cooperative energy transfer from
Tb3+ to two Yb3+-ions, via the same mechanism that was suggested almost 50 years
earlier by Dexter [70].

Cutting of one high energy photon to obtain two lower energy photons on a sin-
gle lanthanide ion is known is cascade emission (Fig. 1.8 (a)) and has been known
to occur for Pr3+ [69, 71], Tm3+ [72] and Gd3+ [73]. Downconversion with pairs of
lanthanide ions can occur through various pathways, shown in Fig. 1.8 (b-d). For all
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Figure 1.8: Schematic representation of several different downconversion mechanisms. Solid
vertical arrows indicate radiative transitions. Arrows connecting different ions and dashed
arrows indicate energy transfer between ions. (a) Quantum cutting on one ion via cascade
emission. Processes (b-d) occur on two types of ions. As a first step ion I is excited into a
high energy level. From the high energy level energy transfer will excite the high energy level
of the second ion of species II. Subsequently two photons will be emitted by two ions II, after
a second energy transfer step (b), or by both ion I and II (c). Downconversion can also occur
via emission of a photon by ion I, followed by energy transfer to an ion of species II (d) [49].

three mechanisms ion I is first excited into a high energy level. Fig. 1.8 (b) shows
the emission of two photons from ion pairs via cross-relaxation between ions I and II
followed by energy transfer from ion I to ion II and emission from ion II. Fig. 1.8 (c,d)
show mechanisms involving one energy transfer step between ions I and II, and emis-
sion of a photon by both ions. The downconversion process of the type in Fig. 1.8 (b)
has been demonstrated for the phosphor LiGdF4:Eu3+. Upon VUV excitation in the
6GJ levels of the Gd3+-ion, the energy is transferred to two Eu3+-ions in two energy
transfer steps resulting in emission from Eu3+, mainly around 612 nm, with an internal
quantum efficiency of about 190% [49, 74]. Internal quantum efficiency refers to the
efficiency for photons which are absorbed by the Gd3+-ions. The external quantum
efficiency of the system is much lower. Because of the weak absorption of the 6GJ lev-
els of the Gd3+-ion a significant part of the VUV radiation is not absorbed by Gd3+ but
by the LiGdF4 host lattice and lost non-radiatively. The external quantum efficiency
is therefore much lower and depends strongly on the presence of defect states in the
host lattice. Experimental work on LiGdF4:Eu3+ showed external quantum yields of
32% [75]. A second example of quantum cutting through downconversion involves
LiGdF4:Er3+, Tb3+, with an internal quantum efficiency of 110% [74, 76, 77]. This
system involves UV 4 f − 5d absorption in Er3+, followed by cross-relaxation with
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Gd3+. Subsequently Gd3+ transfers its energy to Tb3+, resulting in green emission.
The high absorption strength for the 4 f 11 → 4 f 105d transition on Er3+ may yield a
higher external quantum yield, but this has not been determined experimentally.

UV to VIS quantum cutting is not useful for improving solar cell efficiency, since
the (V)UV excitation wavelengths involved are not (or minimally) present in the ter-
restrial solar spectrum. VIS to near-infrared (NIR) quantum cutting however, is very
promising for c-Si solar cells (Eg = 1.12 eV). From the Dieke diagram (Fig. 1.3) it is
immediately evident that the energy level structure of Yb3+ is ideally suited for use
in the downconversion for c-Si solar cells. The Yb3+-ion has a single excited state
(2F5/2) approximately 10 000 cm-1 above the 2F7/2 ground state, corresponding to an
emission around 1000 nm. The absence of other energy levels allows Yb3+ to exclu-
sively ‘pick up’ energy packages of 10 000 cm-1 from other co-doped lanthanide ions
and emit photons at ∼1000 nm, which can be absorbed by c-Si. Efficient downconver-
sion using Yb3+ via resonant energy transfer requires donor ions with an energy level
at about 20 000 cm-1 and an intermediate energy level at approximately 10 000 cm-1.
Examination of Fig. 1.3 reveals potential ion couples such as Er3+–Yb3+, Nd3+–Yb3+,
Ho3+–Yb3+and Pr3+–Yb3+. In the absence of an intermediate energy level within the
donor ion, cooperative or accretive non-resonant energy transfer is also possible, albeit
with much lower efficiency. Inspection of the Dieke diagram shows that Tm3+–Yb3+

and Tb3+–Yb3+ are potential couples for cooperative or accretive downconversion
mechanisms. These approaches for NIR downconversion to enhance the efficiency of
c-Si solar cells will form the focus of the rest of this thesis. Based on observations
for the probabilities for resonant two-step upconversion of ∼10-3 and cooperative sen-
sitization of ∼10-6 [48, 78, 79], it is evident that downconversion via an intermediate
level will dominate if the donor has a level around 10 000 cm-1 and that efficient
downconversion at relatively low Yb3+ concentrations can be expected only for the
couples Pr3+–Yb3+, Nd3+–Yb3+, Er3+–Yb3+ and Ho3+–Yb3+. In this thesis results
are described on the possibilities for downconversion using these ion couples.

Downconversion ion couples with Yb3+

The first published experimental work on downconversion with Yb3+ was the previ-
ously mentioned Tb3+–Yb3+ couple in (Y,Yb)PO4:Tb3+ [70]. After excitation into the
Tb3+ 5D4 level situated around 20 000 cm-1, efficient energy transfer is observed to
Yb3+. The Dieke diagram clearly shows that resonant one-step energy transfer is not
possible as there is no intermediate level around 10 000 cm-1. To provide evidence that
cooperative energy transfer is the operative mechanism, the results of time-resolved
luminescence experiments were compared with Monte Carlo simulations based on
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theories for phonon-assisted, cooperative, and accretive energy transfer. Analysis of
experimental Tb3+ decay curves for Yb3+ concentrations between 0 and 100% were
shown to be in excellent agreement with decay curves from simulation models for
cooperative energy transfer. This demonstrated that energy transfer from Tb3+ to two
neighboring Yb3+-ions occurs via cooperative dipole-dipole interaction. The over-
all energy transfer efficiency and maximum NIR quantum efficiency were estimated
as a function of Yb3+ concentration via integration of the normalized Tb3+ emission
decay curves. A maximum energy transfer efficiency of 88% (and a corresponding
maximum NIR quantum efficiency of 188%) was measured. However, this was only
achieved through 100% doping of Yb3+. A doping concentration of at least 50% Yb3+

was needed to achieve a transfer effiency over 50%. At such high concentrations, con-
centration quenching of Yb3+ becomes very significant, so that the actual measured
NIR quantum efficiency is much lower than the maximum limit.

Other reports followed of NIR quantum cutting with the Tb3+–Yb3+ couple in sev-
eral host lattices: in GdAl3(BO3)4 [80, 81], GdBO3 [82], Y2O3 [83], CaF2 nanocrys-
tals [84], and lanthanum borogermanate glass [85]. Reports of efficient quantum cut-
ting in other ion couples simultaneously appeared, for Tm3+–Yb3+ [81, 86–88] and
Pr3+–Yb3+ [81, 87, 89]. Estimates for the energy transfer efficiency to Yb3+, and the
corresponding NIR quantum efficiency from Yb3+ were in nearly every case based
on the integration of decay curves, as described by Vergeer et al. [70]. This method
of estimating the quantum efficiency does not account for concentration quenching of
the Yb3+ emission. The actual NIR quantum efficiency will always be lower, but it is
not trivial to determine absolute or relative quantum yields for infrared emission.

Broad-band sensitization and proof-of-principle experiments

The promising results on downconversion with lanthanides mentioned above do not
mean that one can expect implementation of downconversion materials in solar cells
in the near future. On the contrary, serious issues need to be addressed before down-
conversion materials will be applied and it is by no means clear if these problems
will be solved. A major limitation in the use of transitions between 4 f levels of triva-
lent lanthanide ions is that they are forbidden transitions. The oscillator strengths of
4 f −4 f transitions are typically on the order of 10-6, while dipole-allowed transitions
by comparison may have an oscillator strength of up to unity [90]. Therefore the ab-
sorption strength of lanthanide 4 f −4 f transitions is very weak and the absorption is
limited to narrow lines, preventing absorption of the larger part of the solar spectrum.
For efficient downconversion it is crucial that the major part of the high energy region
(hν > 2Eg) of the solar spectrum is converted into two NIR photons. To solve the ab-
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sorption problem a third ion is required: a sensitizer which efficiently absorbs all light
in the UV and visible part of the spectrum up to ∼500 nm and transfers the energy
to the downconversion couple, e.g. the 3P0 level of Pr3+. The idea of sensitized lan-
thanide luminescence is well established and is for example used in fluorescent tubes
where the green Tb3+ emission is sensitized through the 4 f −5d absorption of Ce3+.
Potential sensitizers for downconversion couples with Yb3+ are Eu2+ and Ce3+ which
have strongly absorbing f −d transitions in the desired spectral region.

A second problem that needs to be solved is the issue of concentration quenching.
High Yb3+ concentrations are needed to achieve complete energy transfer to the Yb3+

acceptor ions. At these high concentrations quenching of the emission through en-
ergy migration over the Yb3+ sublattice (concentration quenching) is a serious issue.
A clever choice of host lattice (e.g. inducing clustering by requiring charge compen-
sation) and optimized synthesis conditions (to reduce quenching centers which are
reached through energy migration over the Yb3+ sublattice) may reduce concentra-
tion quenching to acceptable levels.

Finally, if an efficient downconversion couple is developed, the material needs to
be incorporated in a transparant layer on top of the solar cell and losses of the emitted
downconverted emission need to be reduced by matching of refractive indices of the
downconversion layer and/or an anti-reflective coating for the 980 nm Yb3+ emission
on top of the downconversion layer. Clearly, the road towards implementation is long
even when efficient downconversion couples have been found.

1.9 Summary and outline

A large part (60%) of the losses that limit the maximum theoretical efficiency of so-
lar cells to 30% (Shockley-Queisser limit) is caused by the spectral mismatch. The
introduction (Chapter 1) describes the potential that lanthanide ions hold to convert
photons that are radiated by the sun to more useful wavelengths. The focus is on
the use of these ions in upconversion and downconversion schemes, and how these
schemes can be utilized to increase solar cell efficiency. Theoretical models show that
the Shockley-Queisser limit for the efficiency of a single junction solar cell can be
raised from 30% to 40% (using downconversion) or even 50% (using upconversion).
Practical realization of these higher efficiencies is however still far away and requires
basic research.

In this thesis some lanthanide ion couples are investigated that may be capable
of enhancing the efficiency of solar cells through downconversion. Yb3+ serves as an
ideal acceptor in lanthanide ion couples for downconversion of one visible to two NIR
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photons: it has a single excited state, just above the bandgap of c-Si. Examination of
the Dieke diagram shows that Er3+–Yb3+, Nd3+–Yb3+, Ho3+–Yb3+ and Pr3+–Yb3+

are potential couples for efficient downconversion via resonant two-step energy trans-
fer. Tm3+–Yb3+ and Tb3+–Yb3+ are potential couples for downconversion via coop-
erative or accretive mechanisms. The choice of host material has a large influence on
the efficiency of downconversion, by the way the lanthanide ions are dispersed in a
given lattice, as well as by the maximum phonon energy of the lattice.

Chapters 2 and 3 will discuss experiments with the Pr3+–Yb3+ downconversion
couple in the YF3 and SrF2 host lattice. Both in SrF2 and YF3 downconversion takes
place with this couple. The intrinsic downconversion efficiency is high: for Yb3+

concentrations of 10% or higher, the downconversion efficiency is close to 200%. The
actual conversion efficiency is however lower, mainly due to concentration quenching
and depends on the host lattice. In SrF2 (where the lanthanide ions form clusters) a
visible to NIR conversion efficiency including losses of up to 140% can be obtained,
while in YF3 (where the lanthanide ions are randomly ditributed) the efficiency is well
below 100%.

High maximum phonon energies lead to more non-radiative decay. This can be
a problem for lanthanide ions that have energy levels just below the starting level
for downconversion, such as Er3+ and Nd3+. Fast non-radiative decay can prevent
downconversion. One example of this is the Er3+–Yb3+ couple. Both in fluoride
(chapter 4) and chloride (chapter 5) host materials non-radiative relaxation from the
starting level for downconversion (4F7/2) to the 4S3/2 level via the intermediate 2H11/2
level competes with downconversion. For the host with the lowest phonon energy
(CsCdBr3, chapter 5), energy transfer from the Er3+ 4F7/2 level to Yb3+ does occur
and this shows that low phonon hosts are the most promising candidates for efficient
downconversion.

The subsequent chapter shows another example of the influence of the phonon
energy of the host lattice on downconversion for the Nd3+–Yb3+ couple in YF3 and
CsCdBr3 (chapter 6). In YF3 (h̄ω ∼500 cm-1) downconversion is not possible due to
fast multi-phonon relaxation from the 4G9/2 level to the 2G9/2 and 4F3/2 levels, while
in CsCdBr3 (h̄ω 180 cm-1) efficient downconversion takes place.

The last chapter describes preliminary experiments for the Ho3+ and Yb3+ couple
doped into a LiYF4 host lattice. Yb3+ emission is observed at the highest (30 %) Yb3+

concentration. At this concentration the energy transfer efficiency from Ho3+ to Yb3+

is 94%, but the visible to NIR conversion efficiency is low.
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photovoltaics through downconversion

with the Pr3+–Yb3+ couple in SrF2
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Abstract

Spectral conversion of the solar spectrum is a promising avenue to boost the energy
efficiency of photovoltaic cells. Energy losses due to thermalization of hot electrons
and holes can be minimized through near-infrared (NIR) quantum cutting, whereby
one higher energy photon is converted into two NIR photons. Subsequent absorption
of both NIR photons by the solar cell results in current doubling for the high energy
part of the solar spectrum. Lanthanide ions are the prime candidates to realize efficient
quantum cutting. In this chapter evidence is presented for a close to 200% quantum
cutting efficiency of visible photons into NIR photons in SrF2:Pr3+, Yb3+ through
resonant two step energy transfer. An actual conversion efficiency of visible photons
into NIR photons up to 140% is found in SrF2:Pr3+(0.1%) co-doped with 5% Yb3+,
while higher efficiencies may be realized by reducing loss mechanisms for the NIR
emission.

2.1 Introduction

Sustainable energy production based on direct conversion of the energy radiated by
the sun into useable forms of energy is expected to gain importance since it may
be the only source capable of generating sufficient energy to meet the long-term en-
ergy demand world-wide [1]. The capacity to convert sunlight into electricity makes
photovoltaic cells prime candidates for this task but at present the contribution of pho-
tovoltaic energy is limited due to the relatively high cost per kWh [2]. A reduction
in cost price can be reached by either lowering the production cost or by increas-
ing the conversion efficiency. State-of-the-art commercial crystalline Si (c-Si) solar
cells dominate the market and have energy efficiencies around 15% [2]. The main
energy losses (over 70%) are related to the spectral mismatch of incident solar pho-
ton energies to the energy gap (Eg) of a solar cell [3]. Solar cells generate a single
electron-hole pair upon absorbing a photon above the bandgap energy [4]. Photons
with energies lower than the bandgap are not absorbed while for photons with energies
exceeding the bandgap, the excess energy is lost as heat during fast thermalization of
the ‘hot’ charge carriers. Taking these energy losses into account, the maximum en-
ergy efficiency that can be reached is known as the Shockley-Queisser limit [5]. For
the solar spectrum, the limit is 30% for a solar cell with a 1.1 eV bandgap (close to
that for c-Si).

To increase the efficiency beyond the Shockley-Queisser limit, two general ap-
proaches can be distinguished: adapt the solar cell or adapt the solar spectrum. A suc-
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cessful (but costly) demonstration of the first approach is the tandem solar cell, where
efficiencies up to 40% can be achieved by combining multiple semiconductor materi-
als [4,6]. Other options may be efficient multiple-exciton generation (MEG), recently
reported for various semiconductor nanocrystals (e.g. CdSe, PbSe and PbS) [7, 8],
or space-separated quantum cutting (SSQC), recently reported for silicon nanocrys-
tals [9].

The second approach has received less attention. Two methods are capable of
reducing spectral mismatch losses by adapting the solar spectrum: upconversion and
downconversion. In the case of upconversion, two low energy (infrared) photons are
‘added up’ to give one higher energy photon [10], thus converting sub-band-gap pho-
tons, that are otherwise lost, into supra-bandgap photons that can be absorbed [11,12].
The opposite process, downconversion, is defined as the ‘cutting’ of one high energy
photon into two lower energy photons. This process can reduce energy losses related
to thermalization of hot charge carriers after absorption of a high energy photon. By
cutting one high energy photon into two low energy photons that can both be absorbed
by the solar cell, current doubling is obtained for the higher energy part of the solar
spectrum (consisting of photons with energies exceeding 2 Eg) [13, 14]. The result
is similar to MEG and SSQC. However, rather than creating multiple excitons in the
solar cell, multiple excitons are created through photon-doubling prior to absorption
in the solar cell.

2.2 Concept

In this chapter the possibilities for efficient downconversion of a single visible or ultra-
violet photon into two near infrared (NIR) photons using lanthanide ions are explored.
The unique and rich energy level structures of these ions allow for efficient spectral
conversion, including up- and downconversion processes mediated by resonant en-
ergy transfer between neighboring lanthanide ions [10, 15]. Considering the energy
levels of all lanthanides, depicted in the so-called Dieke energy level diagram [16,17],
it is immediately evident that the energy level structure of Yb3+ is ideally suited to be
used in downconversion for c-Si solar cells. The Yb3+-ion has a single excited state
(denoted by the term symbol 2F5/2) 10 000 cm-1 above the 2F7/2 ground state, cor-
responding to emission around 1000 nm. The absence of other energy levels allow
Yb3+ to exclusively ‘pick up’ energy packages of 10 000 cm-1 from other lanthanide
ions and emitting ∼1000 nm photons that can be absorbed by c-Si. Efficient down-
conversion using Yb3+ as acceptor requires donor ions with an energy level around
20 000 cm-1 and an intermediate level around 10 000 cm-1. Evaluation of the Dieke di-
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Figure 2.1: Energy levels and quantum cutting mechanism for the Pr3+–Yb3+ couple. Two-
step energy transfer occurs upon excitation into the 3PJ (J = 0, 1, 2) and 1I6 levels of Pr3+.
A single visible photon absorbed by these levels is thereby converted into two ∼1000 nm
photons. Solid arrows are optical transitions, dotted arrows represent non-radiative energy
transfer processes, while curved arrows symbolize non-radiative relaxation.

agram [16,17] reveals that potential couples are Er3+–Yb3+, Nd3+–Yb3+, Ho3+–Yb3+

and Pr3+–Yb3+. Here we will focus on the latter couple. In Fig. 2.1 the energy level
schemes of Pr3+ and Yb3+ are schematically shown. Upon excitation of Pr3+ in the
3PJ (J = 0, 1, 2) levels, depopulation of the 3P0 excited state can occur through two
sequential resonant energy transfer steps between Pr3+ and Yb3+ with 1G4 as an inter-
mediate level: Pr3+ (3P0→

1G4), Yb3+ (2F7/2→
2F5/2) followed by Pr3+ (1G4→

3H4),
Yb3+ (2F7/2→

2F5/2), resulting in two excited Yb3+-ions and the emission of two NIR
photons.

To investigate if this downconversion scheme leads to efficient quantum cutting,
SrF2 was chosen as a host lattice. The choice is motivated by the low phonon en-
ergy [18] (suppressing undesired multi-phonon relaxation processes) and the knowl-
edge that lanthanide ions form clusters in SrF2 as a result of the need for charge
compensation when divalent Sr2+ is substituted by trivalent Pr3+ or Yb3+ [19–22].
The clustering enhances the probability that a Pr3+-ion is in close proximity to two
or more Yb3+ neighbors (required for downconversion) over the probability based
on a statistical distribution and this allows for efficient downconversion at low Yb3+

concentrations where long range energy transfer (leading to concentration quenching)
between Yb3+-ions is not yet prevalent. The tendency of lanthanide ions to clus-
ter in alkaline earth fluorides is well known from experimental [21] and theoretical
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work [22] showing that the formation of lanthanide ion clusters (from dimers to hex-
amers), locally charge compensated by interstitial F--ions, is energetically favorable
and already dominates at low lanthanide concentrations.

2.3 Methods

2.3.1 Synthesis

SrF2:Pr3+ (0.05%, 0.1%, 0.3%), Yb3+ (0, 0.2, 1, 2, 3, 5, 9, 17%) crystalline powder
samples were prepared by solid state techniques, either via dry mixture of the fluorides
(SrF2, PrF3, YbF3) or by co-precipitation of the mixed fluorides from solution using
a NH4F solution. Firing was done in a pure nitrogen atmosphere at temperatures
between 750 and 1050 ◦C in the presence of excess NH4F. All samples were checked
by x-ray powder diffraction and found to be single phase.

2.3.2 Optical spectroscopy

Diffuse reflection spectra were recorded either on a commercial spectrophotometer
(Perkin Elmer Lambda 950) with an integrating sphere for diffuse reflection spec-
troscopy or on a SPEX DM3000F Fluorolog spectrofluorometer using a halogen lamp
and by synchronously scanning the excitation and emission monochromator. With
both methods similar results were obtained for the relative absorption strengths of
the 3H4 →

3PJ , 1I6 and 3H4 →
1D2 transitions. Due to the low Pr3+ concentration

(0.3% or less) and the forbidden nature of the f − f transitions on Pr3+, the absorp-
tion is weak (always less than 10%) and saturation effects do not play a role and
allow for a quantitative comparison of the integrated absorption strengths for dif-
ferent peaks. Emission spectra were recorded for excitation with a 450 W Xenon
lamp and 0.22 m excitation monochromator of the same SPEX Fluorolog while the
emission was detected using a Princeton Instruments 300i CCD detector coupled to a
0.3 m Acton Research monochromator. A radiometrically calibrated DH-2000 halo-
gen lamp from Ocean Optics was used to correct the emission spectra for variation
in the instrumental response to allow for an absolute comparison of photon fluxes in
different spectral regions. Excitation spectra were recorded with an Edinburgh In-
struments FLS920 spectrofluorometer where the infrared emission was detected with
a liquid-nitrogen cooled Hamamatsu R5509-72 photomultiplier tube (PMT). Lumi-
nescence decay curves were recorded under pulsed excitation with a LPD3000 dye
laser (Coumarin 120 dye, tunable between 423-462 nm) pumped by a Lambda Physik
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LPX100 excimer laser (XeCl, 308 nm). The Multi Channel Scaling (MCS) option
integrated in the FLS920 was used to record the luminescence decay curves, using a
R928 PMT, or the IR-sensitive R5509-72 PMT.

2.4 Results

2.4.1 Emission spectra

Emission spectra were recorded upon excitation in the 3P2 level of Pr3+ for the var-
ious samples. As an example, in Fig. 2.2 emission spectra are shown for three sam-
ples doped with 0.1% of Pr3+ and different Yb3+ concentrations. The samples are
prepared and measured under identical conditions. The spectra are corrected for the
instrumental response so that the areas of integrated emission peaks represent the total
photon flux and can be compared quantitatively. The emission spectrum of SrF2:Pr3+

(0.1%) shows the characteristic 3P0 emission lines of Pr3+ and is in agreement with
emission spectra in the literature. In the samples with 5 or 17% of Yb3+ the 3P0 emis-
sion from Pr3+ is almost completely quenched, indicating efficient energy transfer to
Yb3+. Indeed, a strong emission around 980 nm is observed that is assigned to the
2F5/2→

2F7/2 transition on Yb3+. A good estimate of the conversion efficiency of vis-
ible to NIR is obtained by determining the ratio of the integrated emission intensity
of the Pr3+ luminescence (between 470 and 800 nm) for a sample without Yb3+ by
the integrated NIR luminescence (between 800 and 1100 nm) for a sample co-doped
with Yb3+. Care was taken to conduct the luminescence measurements under iden-
tical conditions. The highest conversion efficiency is obtained for samples co-doped
with 5 mol% Yb3+ and amounts to 140%. For samples with lower Yb3+ concentra-
tions, the energy transfer was observed to be incomplete (as evidenced by a significant
fraction of 3P0 emission from Pr3+). For the sample with higher Yb3+ concentrations
the conversion efficiency is lower (<130% for 17% Yb3+) while the Pr3+ emission in-
tensity is even lower. This indicates that the Pr3+→ Yb3+ energy transfer is complete
at these high concentrations, but the Yb3+ emission intensity is reduced as a result of
concentration quenching.

2.4.2 Excitation and absorption spectra

Comparison of the total emission intensities for samples doped with only Pr3+ and
samples co-doped with Pr3+ and Yb3+ is insightful in order to observe an actual in-
crease in the photon output due to downconversion. On the other hand, the lumines-
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Figure 2.2: Emission spectra for SrF2:Pr3+ (0.1%), Yb3+ (x%, x = 0, 5, 17). Emission spectra
are recorded under identical conditions for excitation at 441 nm and at 300 K. The spectra are
corrected for wavelength-dependent response of the detector system. Φ gives the photon flux
per constant wavelength interval.

cence intensities are observed to be strongly dependent on the synthesis conditions;
futher, an onset of concentration quenching, even at an Yb3+ concentration of 5%,
reduces the NIR emission intensity and prevents a more quantitative assessment of
the downconversion efficiency. To further confirm the occurrence of, and to esti-
mate the efficiency of downconversion, excitation spectra of the Yb3+ emission were
recorded and compared with diffuse reflection (absorption) spectra in the region of the
3H4→

3PJ , 1I6 (440-500 nm) and 3H4→
1D2 (580-620 nm) transitions. This provides

an estimate of the relative number of Yb3+-ions that is excited upon excitation in ei-
ther the 3P0 level or the 1D2 level and is a measure for the downconversion efficiency.
Note that the actual conversion efficiency is lower due to (concentration) quenching
processes reducing the Yb3+ emission.

Energy transfer to Yb3+ is efficient from both the 3P0 and the 1D2 levels, and for
samples co-doped with 5% or more Yb3+, almost no Pr3+ emission remains. From
the 3P0 level a two step energy transfer as depicted in Fig. 2.1 is expected, while from
the 1D2 level resonant energy transfer to Yb3+ is possible through a one-step Pr3+

(1D2 →
3F3,4), Yb3+(2F7/2 →

2F5/2) process. Note that in the proposed mechanisms
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Figure 2.3: Diffuse reflectance and excitation spectra demonstrating quantum cutting. The
diffuse reflectance spectrum for SrF2:Pr3+(0.3%), Yb3+(5%) (solid black line) and excitation
spectrum for the same sample monitoring the Yb3+ emission at 980 nm (dashed red line) are
each normalized to the 1D2 peak. The excitation spectrum has been corrected for wavelength-
dependent instrumental response.

absorption of a photon in the 3PJ or 1I6 level is followed by the emission of two pho-
tons around 980 nm, while absorption in 1D2 results in emission of only one 980 nm
photon. By comparing the relative absorption strengths of the 3H4 →

3PJ , 1I6 and
3H4 →

1D2 transitions with the corresponding relative photon fluxes in the excitation
spectrum, it is immediately clear if downconversion occurs: in case of efficient down-
conversion the total area of the 3H4 →

3PJ , 1I6 peaks relative to 3H4 →
1D2 peak

should be twice as large in the excitation spectrum as in the corresponding diffuse
reflectance spectrum.

In Fig. 2.3 the normalized excitation (in red) and absorption (in black) spectra are
shown for SrF2:Pr3+(0.3%), Yb3+(5%). From the diffuse reflection spectra of various
samples doped with 5% or 17% Yb3+, the average ratio of integrated absorption in
the spectral area for the 3PJ , 1I6 transitions relative to the 1D2 peak is determined to
be 5.5 ± 0.8. The ratio determined for the same transitions in the excitation spectra of
the Yb3+ emission (which have been corrected for wavelength-dependent instrumental
response), again averaged for various samples with Yb3+ concentrations of 5 or 17%,
yields a value of 9.2 ± 1.5. This ratio is, within the experimental uncertainty, twice the
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value of the ratio of the absorption strengths (from diffuse reflectance) and confirms
that for every photon absorbed in the 3PJ , 1I6 levels, two photons in the NIR are
generated, i.e. the downconversion from the 3P0 level occurs with an efficiency close
to 200%.

2.4.3 Luminescence decay curves

Luminescence decay curves recorded for emission from the 3P0 level provide further
insight in the efficiency of the energy transfer process at different Yb3+ concentrations.
In Fig. 2.4 the decay curves are depicted for SrF2:Pr3+(0.1%) co-doped with 0, 0.2, 1,
5, and 17% Yb3+. For the SrF2:Pr3+(0.1%) sample a close to single exponential decay
is observed with a decay time of 148 µs. The decay time of 148 µs is due to radiative
decay from the 3P0 level and is consistent with literature values for the decay time of
the 3P0 emission for locally F- charge compensated Pr3+-ions [19,20,23]. Addition of
Yb3+ results in a faster and non-exponential decay which is ascribed to energy transfer
from Pr3+ to nearby Yb3+-ions. The non-exponential character arises from a variation
in the distribution of Yb3+ acceptor ions around the Pr3+-ion. This leads to a variety
of energy transfer rates for different Pr3+-ions. An estimate of the overall energy
transfer efficiency (the fraction of 3P0 excited states that relax through energy transfer
rather than radiative decay) can be obtained from the integrals under the normalized
decay curves as outlined in reference [24]. From the decay curves in Fig. 2.4 it can be
determined that the transfer efficiencies from the 3P0 level are 9% (0.2% Yb3+), 28%
(1% Yb3+), 77% (5% Yb3+) and 99% (17% Yb3+).

Decay curves for 1G4 →
3H5 emission at 1330 nm upon excitation at 441 nm

(not shown) were also recorded for various Yb3+ concentrations, and demonstrate
that at room temperature there is also energy transfer from the 1G4 level of Pr3+ to
the 2F5/2 level of Yb3+. This is consistent with the observation that the 1G4 emission
is weak and with previous work in the literature showing that the energy transfer
between the 1G4 state of Pr3+ and the 2F5/2 state of Yb3+ is fast [25, 26]. The Pr3+

(1G4) → Yb3+(2F5/2) transfer efficiency is however temperature dependent since the
1G4 level is at slightly lower energy (∼200 cm-1).

2.5 Discussion

Efficient downconversion is observed by the Pr3+–Yb3+ couple in SrF2 at relatively
low Yb3+ concentrations. Previously we demonstrated downconversion in the Tb3+–
Yb3+ couple in (Y,Yb)PO4:Tb3+ but this is only efficient at high (> 50%) Yb3+ con-
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Figure 2.4: Luminescence decay curves of the 3P0 emission in SrF2:Pr3+(0.1%), Yb3+(x%,
x = 0, 0.2, 1, 5, 17). The decay of the Pr3+ 3P0 emission at 486 nm (3P0 →

3H4) as a function
of time is shown for different Yb3+ concentration under pulsed laser excitation at 441 nm.

centrations. The difference is explained by the fact that the Tb3+ donor does not have
an intermediate energy level at 10 000 cm-1. As a result, energy transfer from the
5D4 level of Tb3+ (at 20 000 cm-1) to Yb3+ can only proceed through a second-order
cooperative energy transfer process (instantaneous energy transfer from Tb3+ to two
Yb3+ acceptors) which was confirmed by analysis of the decay curves [24]. Zhang
et al. later also reported downconversion by second-order cooperative energy transfer
for couples of lanthanide ions in borate host materials [27, 28]. Due to the second-
order nature of the process the energy transfer probability from the donor (Tb3+) is
relatively low and high efficiencies are only reached at high acceptor (Yb3+) concen-
trations where the emission intensity is strongly reduced by concentration quenching.
This limits the potential for application in solar cells.

The present results show efficient quantum cutting by first order energy transfer
for the Pr3+–Yb3+ couple. Investigation of the energy level diagrams of Pr3+ and
Yb3+ in Fig. 2.1 reveals that this is not unexpected. The only first order resonant
energy transfer process from the 3P0 level of Pr3+ to Yb3+ is the one depicted in
Fig. 2.1. In view of the much higher (typically a factor 103) probability of first order
energy transfer processes in comparison to second order energy transfer the down-
conversion process depicted in Fig. 2.1 will dominate [10]. This explains that for the
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Pr3+–Yb3+ couple, downconversion of visible photons to NIR photons occurs with an
efficiency close to 200% for Yb3+ concentrations as low as 5%. Significant concentra-
tion quenching is still observed to occur at this level of Yb3+ concentration, however.
A further complication may arise from the 1G4 level of Pr3+ being located at slightly
lower energy (∼200 cm-1) than the 2F5/2 level of Yb3+ so that it can effectively trap
energy from Yb3+ at temperatures below 200 K. Only at elevated temperatures and
for multiple Yb3+ neighbors can the Yb3+ emission dominate over 1G4 emission (for
which almost all fluorescence is at longer wavelengths outside the absorption range
of c-Si) due to thermally activated energy transfer from 1G4 of Pr3+ to surrounding
Yb3+-ions.

2.6 Conclusions

In this chapter we have demonstrated efficient quantum cutting of one visible photon
into two NIR photons in SrF2:Pr3+, Yb3+. Comparison of absorption and excitation
spectra provides direct evidence that the downconversion efficiency is close to 200%,
in agreement with a two-step energy transfer process that can be expected based on
the energy level diagrams of Pr3+ and Yb3+. This first order energy transfer process is
effective at relatively low Yb3+ concentrations (5%), where concentration quenching
of the Yb3+ emission is limited. Comparison of emission spectra, corrected for the
instrumental response, for SrF2:Pr3+ (0.1%) and SrF2:Pr3+(0.1%), Yb3+(5%), reveal
an actual conversion efficiency of 140%. Optimization of the synthesis conditions
is expected to improve this efficiency by reducing losses due to energy transfer to
quenching sites. The next step towards the conversion of the short wavelength part of
the solar spectrum will involve the inclusion of a sensitizer for the 3P0 level of Pr3+

which is able to absorb efficiently over a broad wavelength range (300-500 nm) and
transfer energy to the 3P0 level of Pr3+. In principle, such sensitization can be real-
ized in an efficient and cost-effective manner by the inclusion of a sensitizer ion. The
4 f −5d luminescence of Ce3+, for example, is often used to sensitize the Tb3+ lumi-
nescence in phosphors for fluorescent tubes [29]. It has been calculated that (ideal)
spectral downconversion can increase the Shockley-Queisser limit for p-n semicon-
ductor solar cells up to 40% for an (optimum) bandgap of 1.05 eV, very close to the
bandgap of c-Si [13, 14]. The present results demonstrate the potential of spectral
downconversion by lanthanide ions for reducing energy losses in photovoltaic devices
and increasing the efficiency of c-Si solar cells to make them more cost-effective.
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Abstract

Energy losses in solar cells caused by the spectral mismatch can be reduced by adapt-
ing the solar spectrum using a downconversion material where one higher energy
visible photon is ‘cut’ into two lower energy near-infrared photons that both can be
absorbed by the solar cell. Downconversion with the Pr3+–Yb3+ couple in YF3 is
investigated. Based on analysis of luminescence and diffuse reflectance spectra it is
evident that two-step energy transfer takes place from the 3P0 level of Pr3+ (around
490 nm) exciting two Yb3+-ions to the 2F5/2 level giving emission around 980 nm.
The transfer efficiency increases with Yb3+ concentration and is 86% for YF3 doped
with 0.5% Pr3+ and 30% Yb3+. Due to concentration quenching the intensity of emis-
sion from Yb3+ is strongly reduced and the 2F5/2 emission intensity reaches a maxi-
mum for the sample with 0.5% Pr3+ and 2-5% Yb3+ at 300 K. Temperature dependent
measurements reveal the role of the Pr3+ 1G4 level in the energy transfer between
Pr3+ and Yb3+. Back-transfer of excitation energy from the Yb3+ 2F5/2 level to the
1G4 level of Pr3+ occurs and quenches the Yb3+ emission. The quenching is shown
to become more efficient between 4 and 50 K due to faster phonon-assisted energy
transfer between the Yb3+ donors. Upon raising the temperature from 50 to 300 K,
the luminescence lifetime of the Yb3+ emission increases again because the small
energy difference between the Pr3+ 1G4 level and the Yb3+ 2F5/2 level (∼300 cm-1)
makes the 1G4 less efficient as a trap for the excitation energy. The present results
give insight into factors involved in the concentration quenching in downconversion
materials based on the Pr3+–Yb3+ couple.

3.1 Introduction

The theoretical maximum energy conversion efficiency of solar cells is 30%; this is
known as the Shockley-Queisser limit [1]. The major part of the losses is related to
the spectral mismatch: photons with an energy smaller than the bandgap (Eg) cannot
be absorbed (sub-bandgap transmission) and a large part of the energy of photons with
an energy larger than the bandgap is lost as heat (thermalization losses). The energy
losses related to the spectral mismatch can be reduced in two ways. Either the solar
cell can be adapted to use the solar spectrum more efficiently, or the solar spectrum
can be adapted before it is absorbed by the solar cell. Solar cells can be adapted
to make better use of the spectrum by combining multiple semiconductor materials
with different bandgaps, each converting a different part of the solar spectrum with
high efficiency. This approach has been successfully applied in tandem solar cells and
energy efficiencies over 40% have been reported [2].
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Alternatively, the solar spectrum can be adapted before it is absorbed by the solar
cell. A first option is to add two lower-energy photons (that are otherwise transmitted)
to obtain one photon with an energy large enough so that it can be absorbed by the
solar cell. This process is known as upconversion (UC) and is well suited for solar
cells with a large band-gap where transmission losses dominate. A second option is
to split one higher energy photon to obtain two photons with a smaller energy. Each
of these photons can subsequently be absorbed by the solar cell and can generate an
electron-hole pair. This is known as downconversion (DC) and is most beneficial for
solar cells with a smaller band-gap where thermalization losses are the major loss
factor. This process is also known as quantum cutting because one photon is ‘cut’
into two smaller energy photons. Lanthanide ions are very well suited to use for
DC or UC because they have a rich energy level structure that allows for efficient
spectral conversion. There are many examples of efficient up- and downconversion
using lanthanides, either with one type of lanthanide ion or with pairs of lanthanide
ions [3, 4].

Initial work on downconversion materials was aimed at the conversion of one vac-
uum UV photon in two visible photons to increase the light yield of VUV phosphors
used in plasma display panels and mercury free fluorescent tubes [4–6]. The Gd3+–
Eu3+ couple in a LiGdF4 host lattice shows efficient VUV to VIS downconversion
(internal quantum efficiency of approximately 190%) and Er3+, Gd3+ and Tb3+ in the
same host lattice have an efficiency of 130% [4–6].

The realization that the downconversion concept can also be used to boost the
efficiency in solar cells, triggered research on downconversion in lanthanide doped
materials. Downconversion of visible photons into NIR photons has been first demon-
strated in (Y, Yb)PO4:Tb3+ [7]. After excitation into the 5D4 state of the Tb3+-ion two
neighboring Yb3+-ions are excited through a cooperative energy transfer process. The
5D4 level of Tb3+-ions is found at about twice the energy of the Yb3+ 2F5/2 level and
after energy transfer Yb3+ emission is observed around 1000 nm. This is just above
the band gap of crystalline silicon which makes Yb3+ an attractive candidate for DC
materials to be used in combination with c-Si solar cells. More recently, coopera-
tive downconversion has also been reported for Tb3+–Yb3+ [8,9] and other lanthanide
couples, viz. Pr3+–Yb3+ [10] and Tm3+–Yb3+ [11]. However, it is not clear that the
second-order cooperative energy transfer process is the operative mechanism in the
Pr3+–Yb3+ system as also first-order energy transfer processes are possible and are
expected to dominate [12]. Second-order cooperative energy transfer processes have
a lower efficiency, making them only efficient at very high Yb3+ concentrations where
the Yb3+ emission is largely quenched through concentration quenching. For more ef-
ficient energy transfer, an intermediate level on the donor ion should be used in order
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Figure 3.1: Schematic representation of the downconversion mechanism for the Pr3+–Yb3+

couple. Pr3+ is excited into the 3PJ state. Part of the energy is donated to Yb3+ via cross
relaxation: Pr3+ (3P0→

1G4), Yb3+ (2F7/2→
2F5/2), populating the 2F5/2 level of Yb3+. In the

second step the remaining energy can be transferred to a second Yb3+-ion from the 1G4 level
of Pr3+. Both Yb3+-ions can then emit a photon of approximately 1000 nm.

to obtain downconversion through two resonant energy transfer steps.

In chapter 2 evidence for efficient downconversion with the Pr3+–Yb3+ couple in
SrF2 was presented (see also Ref. [12]). Fig. 3.1 shows the downconversion scheme
via sequential two-step energy transfer. When Pr3+ is excited into the 3P0 state part
of the energy is donated to Yb3+ via cross relaxation: Pr3+ (3P0 →

1G4), Yb3+

(2F7/2 →
2F5/2), populating the 2F5/2 level of Yb3+. In a second step the remaining

energy can be transferred to a second Yb3+-ion which can then emit a photon. In SrF2
the lanthanide ions form clusters [13, 14] due to the need for charge compensation
(Pr3+ or Yb3+ replaces Sr2+). The clustering will influence the energy transfer be-
tween Pr3+ and Yb3+. In the YF3 host lattice the lanthanides replace the chemically
similar Y3+ ions and will therefore be randomly distributed through the lattice. In this
chapter we investigate if efficient downconversion is also possible with the Pr3+–Yb3+

couple in the YF3 host lattice and detailed studies on the temperature dependence of
the energy transfer processes are reported to gain further insight in the mechanism and
kinetics of the energy transfer processes influencing the downconversion efficiency.
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3.2 Methods

3.2.1 Synthesis

Crystalline powder samples of YF3 doped with Pr3+ and Yb3+ were synthesized via
co-precipitation. The samples were prepared by mixing stoichiometric amounts of
Y2O3, Pr2O3 and Yb2O3 (purity at least 4N). The powder mixture was dissolved in
dilute hydrochloric acid. After adding a solution with an excess of NH4F (98+%) a
fluoride precipitate was formed, which was centrifuge-washed and then dried. The
blend was put into an alumina crucible and fired in an oven together with an excess
of NH4F under a nitrogen flow. The samples were first heated to 300◦C for two hours
(to remove adsorbed water molecules) and then to the reaction temperature of 1000◦C
for three hours. After the samples had cooled sufficiently they were crushed with a
pestle and mortar and x-ray diffraction measurements were performed to check for
phase purity.

3.2.2 Measurements

Diffuse reflectance spectra were measured with a Perkin-Elmer Lambda 950
UV/VIS/IR absorption spectrometer. Emission and excitation measurements were
performed using an Edinburgh Instruments FLS920 fluorescence spectrometer with a
450 W Xe lamp as excitation source, a 0.3 m excitation double monochromator and
two emission monochromators to record emission spectra in the wavelength range
250-800 nm (with a Hamamatsu R928 photomultiplier tube) or in the wavelength
range 800-1700 nm (with a liquid nitrogen-cooled Hamamatsu R5509-72 PMT). The
Edinburgh fluorescence spectrometer is equipped with an Oxford helium flow cryostat
for low temperature measurements. The spectra were not corrected for the instrumen-
tal response, unless otherwise indicated.

Luminescence decay curves were recorded using a Lambda Physik LPD3000 tun-
able dye laser using a Coumarin 120 dye solution (tunable between 423-462 nm) or
a Stryryl 14 dye solution (tunable between 904-992 nm). The laser is pumped by a
Lambda Physik LPX100 excimer (XeCl) laser. The typical pulse width for the setup is
∼20 ns and the repetition rate is 10 Hz. The laser excitation is steered into the sample
chamber of the Edinburgh fluorescence spectrometer using a pair of prisms and decay
curves are recorded with a multi-channel scaling card.
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Figure 3.2: Diffuse reflection spectra of YF3 doped with 0.5% Pr3+ and up to 30% Yb3+

recorded at 300 K.

3.3 Results and discussion

3.3.1 Characterization

Samples of YF3 doped with 0.5% Pr3+ and 0, 2, 3, 4, 5, 10 and 30% Yb3+ and one
sample doped with 5% Yb3+ and no Pr3+ were synthesized. X-ray diffraction mea-
surements for all samples are consistent with the orthorhombic structure of YF3.

Diffuse reflectance spectra were recorded to confirm if Pr3+ and Yb3+ were in-
corporated into the host-lattice. From the diffuse reflectance spectra (Fig. 3.2) it can
be concluded that both Pr3+ and Yb3+ are present in the samples. The absorption
strengths for the peaks corresponding to Pr3+ absorptions (e.g. the 3H4 →

3PJ tran-
sitions between 440 and 490 nm) differ from sample to sample, even though in the
starting mixture the same amount of Pr3+ (0.5 mol%) was present. This shows that
the incorporation of Pr3+ varied between samples, probably related to the larger ionic
radius of Pr3+ in comparison to Yb3+. The peak for the Yb3+ absorption (2F7/2→

2F5/2
transition) around 1000 nm does vary in good agreement with the Yb3+ concentration.



D     YF3:P3+, Y3+ 49

Figure 3.3: Room temperature emission spectra for the visible (a) and infrared (b) part of the
spectrum for YF3:Pr3+(0.5%), Yb3+(0, 2, 3, 4, 5, 10 and 30%). The intensity for the visible
and IR part of the spectrum cannot be compared since these were measured with different
detectors. The excitation wavelength is 446 nm (3P2 level).

3.3.2 Room temperature luminescence

In Fig. 3.3 emission spectra are shown for YF3 doped with 0.5% Pr3+ and between 0
and 30 mol% Yb3+ after excitation into the Pr3+ 3P2 state (446 nm). When no Yb3+

is present only emission from the 3P0 level (e.g. 3P0 →
3H4 emission at 482 nm and

3P0 →
3H6 emission at 604 nm) is observed. The spectrum is similar to previously

reported emission spectra for Pr3+ in YF3. Upon excitation in the 3P2 level, fast re-
laxation to the 3P0 level takes place followed by emission to the various lower energy
levels of Pr3+. There is no evidence for 1D2 emission, consistent with the relatively
large energy gap between 3P0 and 1D2 (3500 cm-1) and the low maximum phonon
energy in YF3 (500 cm-1) [15] which makes multi-phonon relaxation from 3P0 to 1D2
a very slow process (7 or more phonon emission).

In the infrared region several Pr3+ emission bands are observed. The emission
band around 900 nm is assigned to the 3P0 →

1G4 transition. This populates the 1G4
level and emission from the 1G4 level is observed around 1030 nm (very weak) due to
the 1G4 →

3H4 transition and around 1320 nm due to the 1G4 →
3H5 transition. Note

that the reverse transition 3H4→
1G4 can be observed as weak absorption lines around

1020 nm in Fig. 3.2. To understand the intensity distribution for the emission from
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Table 3.1: Reduced matrix elements U(λ) for transition starting from the Pr3+ 1G4 level. The
percentages in the bottom row give the U(λ) strength for the 1G4 →

3H4 transitions relative to
the sum of all U(λ) values for a given value of λ.

Transition U(2) U(6) U(6)

1G4 →
3H4 0.0014057 0.0063472 0.0220573

1G4 →
3H5 0.0373948 0.0961461 0.4131407

1G4 →
3H6 0.2522574 0.2533723 0.2368336

1G4 →
3F2 0.0000444 0.0158022 0.0058714

1G4 →
3F3 0.0038088 0.0053068 0.0517313

1G4 →
3F4 0.0781891 0.1427101 0.3441897

Sum 0.3731002 0.5196847 1.0738240
Percentage (1G4 →

3H4) 0.38 1.2 2.1

the 1G4 level, Table 3.1 gives the squared reduced matrix elements for the various
transitions originating from the 1G4 level. Transition probabilities from the 1G4 level
can be determined using the Judd-Ofelt theory [16, 17]. The transition strength S is
given by

S =
∑

λ=2,4,6

Ωλ|〈aJ|U(λ)|bJ′〉|2 (3.1)

where Ωλ are the Judd-Ofelt intensity parameters that depend on the host-lattice
and the doubly reduced matrix elements of the unit tensor operator U(λ) can be calcu-
lated for transitions between different multiplets (indicated by aJ and bJ′ in Eq. 3.1).
In Table 3.1 the squared reduced matrix elements |〈aJ|U(λ)|bJ′〉| (abbreviated as U(λ))
are given for transitions from the 1G4 level of Pr3+. The table shows that, compared to
the total 1G4 emission intensity, the contribution of the 1G4→

3H4 transition is 0.38%
for U(2), 1.2% for U(4) and 2.1% for U(6). The emission from the 1G4 level will be
dominated by transitions to the 3H5, 3H6 and 3F4 levels and the 1G4 →

3H4 emission
will be weak, for any set of Judd-Ofelt parameters. Note that the two-step emission
from the 3P0 level via the 1G4 level is in fact a viable route for quantum cutting of one
blue/green photon into two infrared photons, but the efficiency for generating 1000 nm
photons is very low. Especially for the second step, the percentage of useful (for c-Si
solar cells) IR photons around 1000 nm is low, around 1%, while 99% of the photons
will be emitted at wavelengths that are too long to be absorbed by c-Si.
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When Yb3+ is added as a co-dopant, the intensity of the Pr3+ 3P0 emission de-
creases. Already for 2% of Yb3+ a significant drop is observed. Around 1000 nm new
emission peaks appear which are assigned to 2F5/2→

2F7/2 transitions on Yb3+. In ad-
dition, emission around 1320 nm is present which is assigned to the Pr3+ 1G4 →

3H5
transition. This shows that there is efficient energy transfer from Pr3+ to Yb3+, consis-
tent with the first energy transfer step depicted in Fig. 3.1 resulting in population of the
2F5/2 level of Yb3+ and the 1G4 level of Pr3+. As the Yb3+ concentration is increased
the Pr3+ 3P0 emission continues to decrease, and it has almost completely disappeared
for the sample co-doped with 0.5% Pr3+ and 30% Yb3+. Based on the emission spec-
tra shown in Fig. 3.3(b) and diffuse reflectance spectra in Fig. 3.2, it is not surprising
that energy transfer is efficient: there is good spectral overlap between the 3P0→

1G4
emission, which extends beyond 950 nm, and the Yb3+ absorption band (Fig. 3.2).
The intensity of the Yb3+ emission reaches a maximum for the sample co-doped with
0.5% Pr3+ and 2-5% Yb3+ and then starts to decrease. The strong decrease of the
Yb3+ emission intensity in the samples co-doped with 10 and 30% Yb3+ is ascribed
to concentration quenching. This commonly observed for concentrated lanthanide
compounds. Energy transfer between neighboring Yb3+-ions leads to energy migra-
tion to traps and quenching centers and explains the lower Yb3+ emission intensity in
the compounds with high Yb3+ concentrations.

To gain further insight in the energy transfer process between Pr3+ and Yb3+, lu-
minescence decay curves were recorded for the 3P0 emission from Pr3+ and the 2F5/2
emission from Yb3+ upon excitation into the Pr3+ 3PJ levels. Fig. 3.4 and 3.5 show
room temperature luminescence decay curves of these emissions for YF3 doped with
0.5% Pr3+ and co-doped with 0 to 30% Yb3+ for Pr3+ 3P0 emission at 604 nm and
Yb3+ 2F5/2 emission at 986 nm. Apart from a small deviation in the beginning of the
curve, probably due to energy transfer to defects, a single exponential decay is ob-
served for Pr3+ 3P0 emission in YF3:Pr3+(0.5%) with a decay time of 25 µs (Fig. 3.4).
This value is consistent with radiative life times reported for the 3P0 emission in this
and similar (fluoride) host lattices [18, 19]. Addition of Yb3+ results in a decrease of
the lifetime and the decay becomes non-exponential, due to energy transfer from Pr3+

to Yb3+. The decay curves recorded for the Pr3+ emission for the different concentra-
tions show a clear decrease in the luminescence decay time upon raising the Yb3+ con-
centration. Especially for the highest concentrations (10 and 30% Yb3+) a fast decay
is observed, consistent with the large intensity drop observed for these concentrations.
The non-exponential character of the decay curves reflects the different distributions
of Yb3+ acceptor ions around a Pr3+-ion, leading to a variety of energy transfer rates
for different Pr3+-ions. Even though the luminescence decay curves of the co-doped
samples are not two-exponential, they can be fitted with a two-exponential function
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Figure 3.4: Room temperature luminescence decay measurements of the Pr3+ 3P0 emission
(604 nm) in YF3:Pr3+(0.5%), Yb3+(0, 2, 3, 5, 10 and 30%) after pulsed excitation into the
Pr3+ 3P2 level (442 nm).

Figure 3.5: Room temperature luminescence decay measurements of Yb3+ 2F5/2 emission
(986 nm) in YF3:Pr3+(0.5%), Yb3+(2, 3, 5, 10 and 30%) after excitation into the Pr3+ 3P2
level (442 nm). The inset shows the build-up in the first 15 µs of the decay curve.
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to obtain an estimate of the lifetime of Pr3+ 3P0 emission and the efficiency of the
energy transfer processes as a function of the Yb3+ concentration. The lifetime τ de-
termined for the slower component decreases from 25 µs for the sample without Yb3+

to 11 µs for the sample with the highest Yb3+ concentration. The decay times deter-
mined for the faster component decrease from 6.0 µs for the sample co-doped with
2% Yb3+ to 2.6 µs when 30% Yb3+ is present in the sample, indicating that energy
transfer becomes more efficient at higher Yb3+ concentrations. The overall energy
transfer efficiency, i.e. the fraction of Pr3+-ions that relax through energy transfer
instead of radiative decay, can be obtained from the integrals under the normalized
decay curves [7]. From the decay curves in Fig. 3.4 the energy transfer efficiency
from the 3P0 level was estimated to be 25, 44, 59, 85 and 86% for co-doping with
2, 3, 5, 10 and 30% Yb3+, respectively. This shows that downconversion is efficient
already at relatively low Yb3+ concentrations. In comparison with SrF2:Pr3+, Yb3+

the efficiency is however lower: at 5% Yb3+ the transfer efficiency was already 77%
and at 17% Yb3+ a 99% transfer efficiency was observed [12]. The higher transfer
efficiency in SrF2:Pr3+, Yb3+ is explained by clustering of the lanthanides

The luminescence decay curves for Yb3+ 2F5/2 emission in Fig. 3.5 were fitted to a
two-exponential function with a feeding term (with characteristic time τ1) and a decay
term (with a decay time τ2). In this case τ1 represents the build-up that is visible in the
first 15 µs of the decay, and τ2 is the lifetime of the Yb3+ 2F5/2 emission. The build-up
is caused by feeding of the Yb3+ 2F5/2 emission by energy transfer from Pr3+. The
build-up becomes faster as more Yb3+ is added to the sample, decreasing from 5.4 µs
for 2% Yb3+ to 1.0 µs for 30% Yb3+. These numbers are consistent with the fast life-
time component of the 3P0 emission and confirm that the build-up is due to feeding of
Yb3+ 2F5/2 level by energy transfer from the 3P0 level with transfer rates up to 106 s-1

for the highest Yb3+ concentrations. The lifetime of the Yb3+ 2F5/2 emission is given
by the decay term and decreases from 147 µs to 36 µs when the Yb3+ concentration
is increased from 2 to 30%. At higher Yb3+ concentrations concentration quenching
leads to a shorter emission lifetime. The effect of concentration quenching is also
observed in emission spectra (Fig. 3.3).

Convincing evidence for the occurrence of downconversion can be obtained from
excitation and reflectance spectra. By comparing diffuse reflectance and excitation
spectra which are corrected for the instrumental response (Fig. 3.6) the downconver-
sion efficiency can be estimated as outlined in Ref. [12]. The method relies on the fact
that downconversion from the 3P0 level leads to excitation of two Yb3+-ions while
one-step energy transfer from the 1D2 feeds only one Yb3+-ion. As a result, the ratio
of the 3PJ/1D2 lines is expected to be two times higher in the excitation spectrum in
comparison to the diffuse reflection spectrum. Since the energy transfer is complete at
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Figure 3.6: Diffuse reflectance (solid black line) and excitation (dotted red line) spectra for
YF3:Pr3+(0.5%), Yb3+(30%), demonstrating that quantum cutting takes place. Both spec-
tra are normalized at the peak of the 1D2 emission (17 000 cm-1). The excitation spectrum
monitored Yb3+ emission at 980 nm, and was corrected for wavelength-dependent instrument
response.

an Yb3+ concentration of 30%, this sample was selected for a comparison of the dif-
fuse reflectance and excitation spectra. From the diffuse reflectance spectrum the ratio
of the total absorption (integrated spectral area) of the 3H4→

3PJ and 3H4→
1I6 tran-

sitions relative to that of the 3H4 →
1D2 transition was determined to be 5.5. After

correcting the excitation spectrum for wavelength-dependent instrumental response
the ratio for the same transitions in the excitation spectrum of the Yb3+emission was
8.9. This ratio is close to twice the value of that of the ratio found from diffuse re-
flectance, confirming that absorption of a photon into the 3PJ and 1I6 levels results in
excitation of two Yb3+-ions.

3.3.3 Temperature dependent measurements

To obtain a better insight in the energy transfer processes involved in downconversion
and concentration quenching in the Pr3+–Yb3+ system, temperature dependent lumi-
nescence measurements and lifetime measurements were performed between 4 and
300 K. Energy losses related to concentration quenching reduce the overall downcon-
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version efficiency and insight in the energy transfer processes can aid in optimizing
the luminescence efficiency. An important aspect in the case of the Pr3+–Yb3+ down-
conversion couple is that the Pr3+-ions not only acts as donor (energy transfer from
the 3P0 level of Pr3+) but can also trap the excitation energy from Yb3+-ions in the
excited 2F5/2 state as the lowest energy 1G4 crystal field (CF) component is some
300 cm-1 lower in energy than the lowest energy CF component of the 2F5/2 state. As
discussed above, the reduced matrix elements for the various transitions (Table 3.1)
show that the strongest emissions from the 1G4 state are not to the 3H4 ground state,
but to the 3H5, 3H6 and 3F3 levels giving emission around 1320, 1840 and 2900 nm,
respectively. Clearly, these emissions are not useful for c-Si solar cells. To study the
influence of concentration quenching, emission spectra were recorded as a function
of temperature under direct excitation into the 2F5/2 excited state of Yb3+ (986 nm).
The emission spectra for some representative temperatures are shown in Fig. 3.7. At
4 K relatively strong and narrow emission lines are observed. Between 4 and 20 K
the intensity drops rapidly. Above 50 K the intensity recovers and at room temper-
ature the intensity is similar to that at 4 K. At all temperatures (weak) emission due
to the Pr3+ 1G4 →

3H5 transition can be observed around 1350 nm in addition to the
Yb3+ emission around 1000 nm, showing that energy back-transfer from Yb3+ 2F5/2
to the Pr3+ 1G4 level takes place. In addition, line broadening is observed due fast
phonon-induced dephasing processes at elevated temperatures.

The peculiar temperature dependence can be explained by considering the two
temperature regimes (4-50 K and 50-300 K). Upon raising the temperature from 4
to 50 K the energy transfer between neighboring Yb3+-ions increases. Due to small
energy differences between the local environment of lanthanide ions, the energy lev-
els are at slightly different energies and resonant energy transfer is not possible. This
hampers energy migration and as a result concentration quenching is reduced at 4 K
and the 2F5/2 emission is relatively strong. Upon raising the temperature, phonon-
assisted energy transfer becomes possible and rapid energy migration to traps (in-
cluding the 1G4 level of Pr3+) occurs, efficiently quenching the 2F5/2 emission. When
the temperature is raised further, thermally activated back-transfer from the 1G4 level
of Pr3+ becomes possible and as the temperature is raised, the back-transfer proba-
bility increases. The temperature regime where the increase in the Yb3+ emission is
observed, is consistent with the energy difference between 1G4 and 2F5/2 (∼300 cm-1).

Support for the explanation for the temperature dependence of the emission in-
tensities comes from temperature dependent luminescence decay curves. Energy mi-
gration and transfer of excitation energy from Yb3+ to the Pr3+ 1G4 level also has an
effect on the lifetimes of the Yb3+ 2F5/2 emission. In Fig. 3.8 luminescence decay
curves are shown at various temperatures between 4 and 300 K. The tail of the decay
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Figure 3.7: Temperature dependent emission spectra for YF3:Pr3+(0.5%), Yb3+(2%) for ex-
citation into the Yb3+ 2F5/2 level (950 nm).

Figure 3.8: Temperature dependent luminescence decay measurements for the Yb3+ 2F5/2
emission (986 nm) in YF3:Pr3+(0.5%), Yb3+(2%) after pulsed excitation into the Yb3+ 2F5/2
level (950 nm).
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Figure 3.9: Temperature dependence of the luminescence lifetimes deduced from single expo-
nential fitting of the decay measurements of Yb3+ 2F5/2 emission (986 nm) in YF3:Pr3+(0.5%),
Yb3+(2%) after excitation into the Yb3+ 2F5/2 level (shown in Fig. 3.8).

curves was fitted with a single exponential function and an average lifetime τ was
determined for the Yb3+ 2F5/2 emission and plotted as a function of temperature in
Fig. 3.9. The luminescence lifetime at 4 K is approximately 410 µs and decreases to
100 µs as the temperature is increased to 50 K. When the temperature is increased
further the lifetime starts to increase again, and at room temperature the lifetime is
405 µs, only slightly shorter than the lifetime at 4 K. The same trend was also observed
for the sample doped with 0.5% Pr3+ and 5% Yb3+. These results are consistent with
the temperature dependence of the luminescence intensities and are explained by the
temperature dependent energy transfer between the Yb3+ 2F5/2 level and the Pr3+ 1G4
level. As the temperature is raised from 4 to 50 K energy migration from Yb3+ to the
Pr3+ 1G4 level becomes more efficient, leading to a shortening of the lifetime for the
Yb3+ 2F5/2 emission. The Pr3+ 1G4 level is some 300 cm-1 lower in energy than the
Yb3+ 2F5/2 level and is an efficient trap. The thermal energy at temperatures below
50 K is not sufficient to allow energy transfer from the Pr3+ 1G4 level back to the Yb3+

2F5/2 level. At temperatures above 50 K thermally activated back-transfer starts to
play a role and thermally activated transfer from Pr3+ 1G4 to Yb3+ 2F5/2 occurs. This
process becomes more efficient at higher temperatures, leading to increasing lifetimes
and higher intensity for the Yb3+ 2F5/2 emission as the temperature is increased from
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50 K to room temperature. The results on the temperature dependent luminescence
and decay of the 2F5/2 emission show that trapping of the excitation energy in the 1G4
level of Pr3+ contributes to concentration quenching and can be reduced by raising the
temperature and the Yb3+ concentration, promoting back-transfer to the 2F5/2 level of
Yb3+. On the other hand, raising the Yb3+ concentration also induces faster energy
migration to (other) traps which lowers the Yb3+ emission intensity. Optimization for
the highest 1000 nm emission intensity will require optimizing the Pr3+ and Yb3+ con-
centration, as well as reducing the concentration of quenching centers by optimized
synthesis procedures.

3.4 Conclusions

Downconversion of one blue-green photon to two NIR photons has been demonstrated
in YF3:Pr3+,Yb3+ and takes place through two-step energy transfer from Pr3+ to Yb3+.
Room temperature emission and luminescence decay measurements show that the
energy transfer efficiency increases with Yb3+ concentration, up to 86% for YF3
doped with 0.5% Pr3+ and 30% Yb3+. Comparison of the relative intensities for the
3H4→

3PJ and 3H4→
1D2 absorption/excitation lines in diffuse reflectance/excitation

spectra confirms that downconversion is efficient for this lanthanide couple. Concen-
tration quenching of the Yb3+ 2F5/2 emission reduces the NIR output for Yb3+ con-
centrations which are needed to achieve efficient downconversion. Low temperature
emission and luminescence decay measurements show that the Pr3+ 1G4 level plays
an important role in the energy transfer between Pr3+ and Yb3+ and the concentration
quenching. Not only does energy transfer from Pr3+ to Yb3+ take place, but transfer
of excitation energy from the Yb3+ 2F5/2 level to the 1G4 level of Pr3+ is also pos-
sible. This back-transfer quenches the Yb3+ emission around 1000 nm especially at
low temperatures. Concentration quenching can be reduced by optimized synthesis
conditions (to reduce the concentration of quenching centers related to defects or im-
purities), varying the concentration of Yb3+ and Pr3+ and choosing a system where
the energy difference between the lowest 1G4 crystal field component of Pr3+ and the
2F5/2 level of Yb3+ is as small as possible to reduce the trapping efficiency of the Pr3+

1G4 level.
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Downconversion in NaYF4 doped with
Er3+ and Yb3+
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Abstract

Downconversion is a promising avenue to boost the efficiency of solar cells by ab-
sorbing one higher energy visible photon and emitting two lower energy near-infrared
photons. Here the efficiency of downconversion for the Er3+–Yb3+ couple is investi-
gated in NaYF4, a well-known host lattice for efficient upconversion with Er3+–Yb3+.
Analysis of the excitation and emission spectra for NaYF4 doped with 1% Er3+ and
co-doped with 0, 5, 10 or 30% Yb3+ shows that visible to NIR downconversion is
inefficient. Downconversion by the scheme based on the reverse of the upconversion
process is hampered by fast multi-phonon relaxation from the 4F7/2 level (the starting
level for downconversion) to the 4S3/2 level. Energy transfer from the 4S3/2 level of
Er3+ to Yb3+ is shown to be inefficient. Efficient downconversion from the 4G11/2 of
Er3+ level is observed, resulting in emission of two photons (one around 980 nm and
one around 650 nm) after absorption of a single 380 nm photon.

4.1 Introduction

A large part of the energy losses that limit the conversion efficiency of solar cells to
30% is related to the spectral mismatch [1]. Photons with an energy smaller than the
band-gap (Eg) will not be absorbed (sub-band-gap transmission) and a large part of
the energy of photons with an energy larger than the band-gap is lost as heat (ther-
malization losses). The energy losses related to the spectral mismatch can be reduced
by adapting the solar cell by combining multiple semiconductor materials with dif-
ferent bandgaps, each converting a different part of the solar spectrum with high effi-
ciency. This approach has been successfully applied and energy efficiencies over 40%
have been reported [2]. An alternative way to reduce the spectral mismatch losses is
through adapting the solar spectrum so that the solar cell can use it more efficiently.

There are two options to adapt the solar spectrum. The first option is to add two
lower-energy photons (that are transmitted) to obtain one higher energy photon that
can be absorbed by the solar cell. This process is known as upconversion (UC) and
is especially useful for solar cells with a large band-gap where transmission losses
dominate. The second way to adapt the solar spectrum is to split one higher energy
photon to obtain two photons with a smaller energy. Each of these photons can sub-
sequently be absorbed by the solar cell and generate an electron-hole pair. This is
known as downconversion (DC) and is most beneficial for solar cells with a smaller
band-gap where thermalization losses are the major loss factor. Because one photon is
‘cut’ into two smaller energy photons this process is also known as quantum cutting.
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Lanthanide ions are very well suited to use for DC or UC because they have a rich
energy level structure that allows for efficient spectral conversion. There are many
examples of efficient up- and downconversion using lanthanides, either with one type
of lanthanide ion or a pair of lanthanide ions [3, 4].

Trupke et al. have performed extensive calculations to determine the effect of
using either up- or downconversion materials in combination with solar cells [5–7].
With an ideal downconverter material (splitting every photon above 2 Eg into two
photons that both can be absorbed) a limit of efficiency of 40% is possible for a solar
cell with a band gap of 1.1 eV [5]. Combining a ∼2 eV solar cell with an ideal
upconverter can raise the upper limit of the conversion efficiency to 50% [6, 7]. An
important issue in the case of UC materials is that UC is a nonlinear process: for
the two step UC process (where two photons are added to obtain one photon with a
larger energy) the UC light intensity IUC is proportional to square of the incident light
intensity Ii. Therefore high conversion efficiencies are only obtained at sufficiently
high excitation density which can be easily realized using lasers, but will require
strong concentration of sunlight. The most efficient UC is realized using lanthanide
ions [3]. An example of a particularly efficient upconverting couple is Er3+–Yb3+.
Under high power laser excitation an efficiency of around 50% has been reported for
the conversion of NIR (∼1000 nm) to visible light in NaYF4:Er3+, Yb3+ [8]. Another
example is NIR upconversion by NaYF4 doped with Er3+, which was applied to the
rear of a silicon solar cell and shown to convert 1400-1500 nm NIR to photons that
can be absorbed by the c-Si solar cell [7, 9].

Contrary to UC, DC is a linear process. This makes it possible to obtain high
conversion efficiencies, independent of the incident power and allows for the use of
non-concentrated sunlight. Compared to UC materials, demonstrations of efficient
DC materials are limited. The Gd3+–Eu3+ couple in a LiGdF4 host lattice shows
efficient DC (internal quantum efficiency of approximately 190%) and Er3+, Gd3+

and Tb3+ in the same host lattice have an efficiency of 130% [4,10,11]. Both of these
are examples of systems where downconversion of VUV photons into two visible
photons take place.

Downconversion of UV or visible photons into NIR photons was first demon-
strated in (Y, Yb)PO4:Tb3+ [12]. After excitation into the 5D4 state of the Tb3+-ion
two neighboring Yb3+-ions are excited through a cooperative energy transfer process.
The 5D4 level of Tb3+ is situated at about twice the energy of the Yb3+ 2F7/2 level, and
after energy transfer Yb3+ emission is observed around 1000 nm. This is just above
the band gap of crystalline silicon which makes Yb3+ an attractive candidate for DC
materials to be used in combination with c-Si solar cells. More recently, cooperative
downconversion has also been reported for Tb3+–Yb3+ [13, 14] and other lanthanide
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Figure 4.1: Energy level scheme of the Er3+ (4f11) and Yb3+ (4f13) couple showing two
possible mechanisms for downconversion. First energy is transferred from Er3+ to one Yb3+

neighbor (À - Er3+ (4F7/2→
4I11/2), Yb3+ (2F7/2→

2F5/2)) followed by emission of an infrared
photon by Yb3+ (2F5/2 →

2F7/2). The remaining energy can either be transferred to a second
Yb3+ neighbor (Á - Er3+ (4I11/2 →

4I15/2), Yb3+ (2F7/2 →
2F5/2)), or emitted by Er3+ (Â -

4I11/2 →
4I15/2).

couples, viz. Pr3+–Yb3+ [15] and Tm3+–Yb3+ [16]. However, it is not clear that
the second-order cooperative energy transfer process is the operative mechanism in
the Pr3+–Yb3+ system, as first-order energy transfer processes are also possible, and
are expected to dominate [17]. The lower efficiency of second-order cooperative en-
ergy transfer process makes it only efficient at very high Yb3+ concentrations where
the Yb3+ emission is largely quenched through concentration quenching. To achieve
more efficient energy transfer, an intermediate level on the donor ion should be used
in order to obtain downconversion through two resonant energy transfer steps.

In this chapter we investigate if efficient downconversion is possible with the
Er3+–Yb3+ couple. In the past it has been shown that Er3+ and Yb3+ is a particu-
larly efficient upconverting couple [8]. We have chosen NaYF4 as a host lattice to
study downconversion since this host is well known for efficient upconversion by
Yb3+–Er3+ and the host lattice has a small phonon energy (maximum phonon energy
400 cm-1). A low phonon energy is crucial: in Fig. 4.1 the downconversion scheme
for the Er3+–Yb3+ couple is shown. It is the reverse of the well-known upconversion
scheme. In the first step energy transfer from the 4F7/2 level of Er3+ occurs: Er3+
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(4F7/2 →
4I11/2), Yb3+ (2F7/2 →

2F5/2) thus populating the 2F5/2 level of Yb3+. In
the second step energy transfer to a second Yb3+-ion can occur from the 4I11/2 level
of Er3+ while it is also possible that Er3+ emits a photon around 1000 nm from the
4I11/2 level. In order to have efficient downconversion it is crucial to prevent (fast)
non-radiative decay from the 4F7/2 level to the 4S3/2 level since downconversion from
the 4S3/2 level is not possible. Since non-radiative relaxation from the 4F7/2 level is
determined by multi-phonon relaxation, a low phonon energy is required to reduce
the multi-phonon relaxation rate. In this chapter we will show that downconversion
from the 4F7/2 level cannot compete with multi-phonon relaxation from this level and
that host lattices with a lower phonon energy are required. However, from the higher
energy 4G11/2 level, downconversion is observed.

4.2 Methods

Powder samples of NaYF4 doped with Er3+ and Yb3+ were prepared by a dry mixture
method. NaF (Merck, p.a., 5% excess) was mixed with YF3 (Chempur, 5N), ErF3
(Highways, 3N) and YbF3 (Chempur, 4N). The blend was then put into an alumina
crucible and fired in an oven together with an excess of NH4F (Sigma-Aldrich, 98+%)
under a nitrogen flow. The samples were first heated to 300◦C for two hours and then
to 550◦C for three hours. After the samples had cooled sufficiently they were crushed
with a pestle and mortar and x-ray diffraction measurements were performed to check
for phase purity.

Diffuse reflectance spectra were measured with a Perkin-Elmer Lambda 950
UV/VIS/IR absorption spectrometer. Emission and excitation spectra were measured
with a SPEX DM3000F spectrofluorometer with a 450 W Xe lamp as the excitation
source. Excitation and emission wavelengths were selected with a double-grating
0.220 m SPEX 1680 monochromator (1200 l/mm) blazed at 300 nm. Emission spec-
tra were recorded by focusing the emitted light on a fiber guiding the light to a 0.3 m
monochromator (Scientific Spectra Pro, Princeton Instruments) where the emission
light is dispersed by a 150 l/mm grating or a 1200 l/mm grating, both blazed at 500 nm.
The dispersed light was detected with a Princeton Instruments 300i charge coupled de-
vice (CCD). The SPEX spectrofluorometer is equipped with an Oxford helium flow
cryostat for low temperature measurements. The spectra were not corrected for the
instrumental response.

Lifetime measurements with an excitation wavelength of 380 nm were performed
with a Lambda Physik LPD3000 tunable dye laser using a BIBUQ dye solution (tun-
able between 367-405 nm). The dye laser is pumped by a Lambda Physik LPX100
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excimer (XeCl) laser. The typical pulse width for the setup is ∼20 ns and the repetition
rate is 10 Hz.

4.3 Results and discussion

4.3.1 Characterization

Samples of NaYF4 doped with 1 mol% Er3+ and 0, 5, 10, and 30 mol% Yb3+ and
one sample doped with 5mol% Yb3+ and no Er3+ were synthesized. X-ray diffraction
measurements gave similar results for all five samples. They consist mostly of the
hexagonal β crystal phase, although trace amounts of the cubic α phase of NaYF4 are
also present. The hexagonal β crystal phase has been shown to be the more efficient
of the two crystal phases for upconversion [18].

In the diffuse reflectance spectra (Fig. 4.2) it can be seen that the absorption
strengths for the peaks corresponding to Er3+ transitions (e.g. the 4I15/2 →

4F7/2 tran-
sition around 500 nm and the 4I15/2 →

4I13/2 transition around 1550 nm) are the same
for all samples that were doped with Er3+. This means that the Er3+ concentration
incorporated in the various samples is similar, as expected on the same amounts of
Er3+ (1 mol%) present in the starting mixture. The absorption strength of the peak
for the Yb3+ absorption around 1000 nm varies according to the Yb3+ concentration
present in the starting mixtures. In the UV range an absorption band between 200 and
400 nm is observed which is probably related to defects, possibly involving oxygen
impurities. The band is strongest for the sample co-doped with 1% Er3+ and 5% Yb3+.

4.3.2 Emission spectra

In Fig. 4.3 the emission spectra of NaYF4:Er3+(1%), Yb3+(0, 5, 10, 30%) are shown.
The spectra were measured under identical conditions so that the intensities of the
emissions may be compared. In the sample doped with Er3+ only, excitation in the
Er3+ 4F5/2 (451 nm) level yields emission from the 4S3/2, 4F9/2 and 4I11/2 levels, but
no emission from the 4F7/2 level is observed. This shows that non-radiative relaxation
from the 4F7/2 to the next lower level (2H11/2) is fast and radiative decay from the 4F7/2
level cannot compete with non-radiative relaxation. The intensity of the Er3+ emis-
sion decreases upon increasing Yb3+ concentration but this does not lead to a strong
increase of the Yb3+ emission. In all samples the Yb3+ emission around 980 nm
is weak which shows that after energy transfer from Er3+ to Yb3+, the Yb3+ lumi-
nescence is quenched, probably due to concentration quenching. The present results
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Figure 4.2: Diffuse reflectance spectra for NaYF4:Er3+(1%), Yb3+(0, 5, 10, 30%) and
NaYF4:Yb3+(5%).

show that non-radiative relaxation from the 4F7/2 level is too fast in NaYF4 and down-
conversion of one visible into two NIR photons as shown schematically in Fig. 4.1
is not possible with the Er3+–Yb3+ couple in this host lattice. The energy difference
between the 4F7/2 level and the 2H11/2 level is typically around 1300 cm-1 [19–21].
The maximum phonon energy in the NaYF4 lattice is some 400 cm-1 which means
that the energy gap can be bridged by ∼3 phonons. Based on the energy gap law and
experimental results a rule of thumb predicts that radiative decay and multi-phonon re-
laxation can compete when the gap is five times the phonon energy [8]. For a smaller
gap multi-phonon relaxation dominates in agreement with the present observations.
After fast multi-phonon relaxation to the 2H11/2 level, further relaxation to the 4S3/2
level occurs. Emission from the 4S3/2 level is observed to be partly quenched by Yb3+.
The quenching is however not very efficient. Even for Yb3+ concentrations as high as
30% the remaining Er3+ (4S3/2) emission intensity is more than 1/3 of the intensity for
the sample without Yb3+ even though almost every Er3+-ion has one or more nearest
Yb3+ neighbors. If we consider the energy level diagrams of Er3+ and Yb3+ we can
understand the relatively low efficiency of the cross-relaxation process from the 4S3/2
level of Er3+. There are two possibilities for cross-relaxation: Er3+ (4S3/2 →

4I11/2),
Yb3+ (2F7/2 →

2F5/2) or Er3+ (4S3/2 →
4I13/2), Yb3+ (2F7/2 →

2F5/2). The energy
for the transition on Yb3+ is around 10 200 cm-1. There is a large energy mismatch
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Figure 4.3: Room temperature emission spectra of NaYF4:Er3+(1%), Yb3+(0, 5, 10, 30%).
The excitation wavelength is 451 nm (4F5/2 level).

for both cross-relaxation processes. The 4S3/2 →
4I11/2 energy difference is around

8500 cm-1 and the cross-relaxation process would involve a 1700 cm-1 thermal activa-
tion energy (four phonon absorption). This will have a very low probability at 300 K.
The energy mismatch for the second cross-relaxation process is similar but now the
energy difference can be made up by emission of four phonons which is possible,
albeit with low probability, also at low temperatures. The observed energy transfer
from the 4S3/2 state of Er3+ to Yb3+ is therefore assigned to a four-phonon assisted
cross-relaxation process Er3+ (4S3/2 →

4I13/2), Yb3+ (2F7/2 →
2F5/2).

Fig. 4.4 shows the room temperature emission spectra for excitation in the Er3+

4G11/2 level (380 nm) for samples doped with 1% Er3+ and 0, 5, 10 and 30% Yb3+.
The emission spectra show the same Er3+ emissions as for excitation in the 4F7/2
level, but with different relative intensities. For the samples co-doped with Yb3+ the
2F5/2 →

2F7/2 emission is observed, indicating that there is energy transfer from Er3+

to Yb3+. Emission from the Er3+ 4I11/2 →
4I15/2 transition is observed at slightly

shorter wavelength than the 2F5/2 →
2F7/2 transition of Yb3+. Upon raising the Yb3+

concentration, the 4S3/2 emission intensity decreases. However, the intensity of emis-
sion from the 4F9/2 →

4I15/2 transition increases, contrary to the situation for exci-
tation in the 4F5/2 level where all Er3+ emission are observed to decrease upon rais-
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Figure 4.4: Room temperature emission spectra of NaYF4:Er3+(1%), Yb3+(0, 5, 10, 30%) for
excitation at 380 nm (4G11/2 level).

ing the Yb3+ concentration (vide supra). The increase of the 4F9/2 emission is ex-
plained by efficient cross-relaxation between Er3+ and Yb3+: Er3+ (4G11/2 →

4F9/2),
Yb3+ (2F7/2 →

2F5/2). The energy mismatch for this cross-relaxation process is small
(∼800 cm-1) and can be accommodated by a two-phonon emission process. This pro-
cess populates the 4F9/2 level which yields the characteristic red emission of Er3+

around 660 nm (see Fig. 4.5). At the same time, Yb3+ is raised to the 2F5/2 excited
state. However, the 2F5/2 emission from Yb3+ is weak. Both concentration quenching
of the Yb3+ emission and the weak response of the instrument in this spectral region
contribute to the low emission intensity of Yb3+ observed in the spectrum. The effi-
ciency of the cross-relaxation process can be estimated from the relative intensities of
the 4S3/2 emission and the 4F9/2 emission. For the sample co-doped with 30% Yb3+,
the 4F9/2 emission dominates, indicating that more than half of the Er3+ show cross-
relaxation. Efficient cross-relaxation from the 4G11/2 level can be expected: the energy
gap to the next lower 4G9/2 level is typically 1800 cm-1 and requires five phonons to
be bridged. As a result multi-phonon relaxation will be slow and cross-relaxation can
compete with non-radiative multi-phonon relaxation. The efficient cross-relaxation
from the 4G11/2 level results in quantum cutting: absorption of a 380 nm photon gives
the emission of a red 660 nm photon (from the 4F9/2 level of Er3+) and an infrared
980 nm photon (from the 2F5/2 level of Yb3+). For solar cell applications this quan-
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Figure 4.5: Energy level scheme of the Er3+ and Yb3+ couple showing the downconversion
mechanism starting from the 4G11/2 level.

tum cutting process is not very useful as only a small part of the solar spectrum has
wavelengths shorter than 380 nm.

To study the Yb3+ emission spectra in more detail, higher resolution emission
spectra were recorded in the spectral region around 1000 nm. In the spectra of the
Yb3+ emission (Fig. 4.6) four peaks can be observed which can be explained by emis-
sion from the 2F5/2 state to the four crystal field components of the 2F7/2 ground state.
The emission spectra for the three samples are very similar. A small shift in the po-
sitions of the peaks is observed upon raising the Yb3+ concentration, probably due to
a small variation in the crystal field splitting resulting from the difference in ionic ra-
dius between Y3+ and Yb3+. An extra peak around 982 nm is observed for the sample
doped with 1% Er3+ and 30% Yb3+. This is assigned to emission from an Yb3+ trap
level, possibly Yb3+ next to an O2--ion on a F- site. In the sample with 30% Yb3+ ef-
ficient energy migration over the Yb3+ sublattice will occur and the excitation energy
can be trapped. In the samples doped with 5 or 10% Yb3+ energy migration is not
yet efficient (the concentrations are below the percolation point) and energy transfer
to the Yb3+ traps is much less probable.



D  NYF4   E3+  Y3+ 71

Figure 4.6: Emission spectra of the Yb3+ emission for NaYF4:Yb3+(5%) (λx = 954 nm), and
NaYF4:Er3+(1%), Yb3+(5, 30%) (λx = 380 nm) measured at 4 K.

4.3.3 Luminescence decay curves

To gain further insight in the energy transfer processes between Er3+ and Yb3+, lumi-
nescence decay curves were recorded. Luminescence decay curves of Er3+ emission
upon excitation in the 4G11/2 level of Er3+ are shown in Figs. 4.7 and 4.8. In Fig. 4.7
luminescence decay curves are shown for the 4F9/2 emission in samples doped with
1% Er3+ and between 0 and 30% Yb3+. In the sample without Yb3+, there is a clear
build-up in the first part of the decay of the 4F9/2 emission due to slow multi-phonon
relaxation from the 4G11/2 to the 4F9/2 level. The very fast initial decay observed
before the build-up may be due to scattered laser light reaching the detector or fast
emission from Er3+ pairs where the 4F9/2 level is populated by fast cross-relaxation
between neighboring Er3+-ions. The build-up disappears in the samples with Yb3+,
because the 4F9/2 level is now efficiently populated by cross-relaxation with neigh-
boring Yb3+-ions (Er3+ (4G11/2 →

4F9/2), Yb3+ (2F7/2 →
2F5/2)). This observation

provides additional evidence for the quantum cutting mechanism initiated by excita-
tion in the 4G11/2 level, as discussed in the previous section and shown in Fig. 4.5.
The decay time of the 4F9/2 emission depends only weakly on the Yb3+ concentration
(560 µs for 5% Yb3+ to 440 µs for 30% Yb3+) showing that energy transfer from the
4F9/2 level of Er3+ to Yb3+ is inefficient. This is consistent with energy level scheme
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Figure 4.7: Luminescence decay curves for the 4F9/2 emission in NaYF4:Er3+(1%), co-doped
with 0, 5, 10 or 30% Yb3+ measured at room temperature. The excitation wavelength is
380 nm (into the 4G11/2 level) and the emission wavelength is 654 nm (4F9/2 →

4I15/2).

of Er3+: there is no energy level 10 000 cm-1 below the 4F9/2 level.

In Fig. 4.8 the decay curves of the 4S3/2→
4I15/2 emission are shown upon excita-

tion in the 4G11/2 level. There is again a build-up in the signal, now due to relaxation
from the 4G11/2 level to the 4S3/2 level. For the sample without Yb3+, the 4S3/2 emis-
sion decay is exponential with a decay time of 450 µs. As the Yb3+ concentration is
increased, the decay of the 4S3/2 emission becomes faster and non-exponential. This
is due to energy transfer to neighboring Yb3+-ions. The non-exponential character of
the decay is explained by the fact that each Er3+ donor has a different distribution of
Yb3+ acceptors around it. In the long time regime the exponential (∼450 µs) decay
of Er3+ is observed for those Er3+-ions that do not have a nearest neighbor acceptor.
Note that the shortening of the decay time is limited. This confirms that the energy
transfer to Yb3+ is not efficient. The efficiency of energy transfer (the fraction of Er3+

that relaxes through energy transfer to Yb3+, instead of through radiative decay) can
be estimated from the integrals under the normalized decay curves [12]. From lu-
minescence decay measurements energy transfer efficiencies for energy transfer from
the Er3+ 4S3/2 level to Yb3+ of 10, 11 and 28% can be estimated for the samples doped
with 1% Er3+ and 5, 10 and 30% Yb3+, respectively. Compared to the efficient en-
ergy transfer observed previously for the Pr3+– Yb3+ [15, 17], Tm3+–Yb3+ [16] and
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Figure 4.8: Luminescence decay curves for the 4S3/2 emission in NaYF4:Er3+(1%), co-doped
with 0, 5, 10 or 30% Yb3+ measured at room temperature. The excitation wavelength is
380 nm (into the 4G11/2 level) and the emission wavelength is 543 nm (4S3/2 →

4I15/2).

Tb3+–Yb3+ [14, 22, 23] couples, this efficiency is low and shows that the Er3+–Yb3+

couple is unattractive as a downconversion couple in host lattices where the relaxation
from the 4F7/2 level to the 4S3/2 level is fast. Only in host lattices with lower phonon
energies (i.e. chloride and bromide host materials) downconversion from the 4F7/2
level may compete with multi-phonon relaxation and efficient quantum cutting may
be achieved.

4.4 Conclusions

Luminescence spectra (excitation and emission) and luminescence decays curves have
been recorded for NaYF4:Er3+ 1% co-doped with 0, 5, 10, or 30% Yb3+ to investigate
the potential of the Er3+–Yb3+ couple for downconversion. The results show that
the desired downconversion process from the 4F7/2 level (the inverse of the efficient
upconversion process) has a very low efficiency due to fast multi-phonon relaxation
from the 4F7/2 to the 4S3/2 via the intermediate 2H11/2 level. Based on the energy gap
between the 4F7/2 and the 2H11/2 level (typically 1300 cm-1) this is not unexpected in
hosts with phonon energies over 250 cm-1. In a host with a smaller phonon energies,
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viz. chloride or bromide host materials, emission from the 4F7/2 level, and therefore
downconversion, may be possible.

Upon excitation in the 4G11/2 level (around 380 nm) efficient downconversion is
observed. The increase in emission from the Er3+ 4F9/2 level upon raising the Yb3+

concentration, is due to a cross relaxation process involving the 4G11/2→
4F9/2 transi-

tion of Er3+ and the 2F7/2 →
2F5/2 transition of Yb3+. Cross-relaxation is followed by

emission of a 650 nm photon from the Er3+ 4F9/2 level and emission of a second pho-
ton (around 980 nm) by Yb3+. This shows that quantum cutting of a 380 nm photon
into a 650 nm photon and a 1000 nm photon is possible with the Er3+–Yb3+couple.
Spectral conversion for solar cells using this downconversion scheme is not promis-
ing as the efficiency gain is limited due to the small fraction of the solar spectrum
available in the wavelength region below 380 nm.
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Downconversion for the Er3+–Yb3+

couple in low-phonon frequency host
materials
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Abstract

Downconversion of a single blue/green photon into two near-infrared photons offers
a promising route to increase the efficiency of photovoltaic cells. Here we report on
downconversion for the well-known upconversion couple Er3+–Yb3+doped into hosts
with a low maximum phonon energy. An important energy level in both the upcon-
version and downconversion process is the 4F7/2 level of Er3+ around 490 nm. While
fast multi-phonon relaxation to the lower energy 2H11/2/4S3/2 levels is beneficial for
upconversion, it prevents efficient downconversion. To reduce multi-phonon relax-
ation, low phonon energy hosts were doped with Er3+ and a varying amount of Yb3+

co-dopant. The results show that downconversion from the 4F7/2 level occurs, exciting
two neighboring Yb3+-ions to the 2F5/2 level. However, in KPb2Cl5 the efficiency is
low due to multi-phonon relaxation from the 4F7/2 to the 4S3/2 level via the intermedi-
ate 2H11/2 level. Preliminary results for the Er3+–Yb3+ couple in a host with an even
lower phonon energy (CsCdBr3) show that energy transfer from the Er3+ 4F7/2 level
to Yb3+ is more efficient in CsCdBr3. A Cl--Yb3+ charge transfer absorption band is
observed between 300 and 400 nm for KPb2Cl5:Er3+, Yb3+. Excitation in this band
results in two broad emission bands centered around 430 and 700 nm at temperatures
below 30 K which are assigned to Cl--Yb3+ charge transfer emission.

5.1 Introduction

The relatively low maximum efficiency (30%) for the conversion of solar energy into
electricity for single junction solar cells is related to the spectral mismatch [1]. Low
energy infrared (IR) photons cannot be absorbed and for high energy photons a large
part of the energy is lost by thermalization of highly excited charge carriers. To in-
crease the solar efficiency one can ‘add’ two IR photons to obtain one photon with a
higher energy (upconversion, UC) or ‘cut’ a single high energy photon into two lower
energies photons (downconversion, DC) that can both be absorbed by the solar cell.
Lanthanide ions are promising candidates for efficient spectral conversion and there
are various examples of efficient up- and downconversion using lanthanides, either
with one type of lanthanide ion or a pair of lanthanide ions [2, 3].

Downconversion of one UV or visible photon into two NIR photons was first
demonstrated in (Y,Yb)PO4:Tb3+ [4] and later for other couples of lanthanides, viz.
Pr3+–Yb3+ [5] and Tm3+–Yb3+ [6]. The choice for Yb3+ as the emitting acceptor
ion was inspired by the favorable energy of the 2F5/2 excited state (emitting around
1000 nm, just above the band gap of crystalline silicon) and the fact that the Yb3+-
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Figure 5.1: Energy level schemes of the Er3+ (4 f 11) and Yb3+ (4 f 13) couple showing two
possible mechanisms for downconversion. First energy is transferred from Er3+ to one Yb3+

neighbor (À - Er3+ (4F7/2→
4I11/2), Yb3+ (2F7/2→

2F5/2)) followed by emission of an infrared
photon by Yb3+ (2F5/2 →

2F7/2)). The remaining energy can either be transferred to a second
Yb3+ neighbor (Á - Er3+ (4I11/2 →

4I15/2), Yb3+ (2F7/2 →
2F5/2)), or emitted by Er3+ (Â -

4I11/2 →
4I15/2).

ion has no other 4 f excited states that can interfere with the downconversion process.
This makes Yb3+ an attractive candidate for DC materials to be used in combination
with c-Si solar cells. An obvious choice for a downconversion couple is the well-
known upconversion couple Er3+–Yb3+. Efficient upconversion has been reported for
this couple in many host lattices and it is used for the efficient detection of ∼1000 nm
IR radiation. The mechanism for upconversion has been well studied since the dis-
covery of this couple by Auzel [7–9]. After excitation into the 2F5/2 level of Yb3+

two sequential energy transfer steps excite the Er3+-ion from the 4I15/2 ground state
to the 4I11/2 excited state and from the 4I11/2 excited state to the higher energy 4F7/2
excited state (see Fig. 5.1 for the positions of the energy levels for Er3+ and Yb3+).
Visible emission may be observed from the 4F7/2 state or, after relaxation, from the
lower energy 2H11/2 and 4S3/2 states.

In a recent study [10] we investigated downconversion with the Er3+–Yb3+couple
in NaYF4, which is a well-known host for efficient upconversion with this couple [11–
13]. In Fig. 5.1 the downconversion scheme for the Er3+–Yb3+ couple is shown. In
the first step energy transfer from the 4F7/2 level of Er3+ occurs: Er3+ (4F7/2→

4I11/2),
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Yb3+ (2F7/2 →
2F5/2), thus populating the 2F5/2 level of Yb3+. In the second step

energy transfer to a second Yb3+-ion can occur from the 4I11/2 level of Er3+ while it is
also possible that Er3+ emits a photon around 1000 nm from the 4I11/2 level. In order
to realize efficient downconversion it is crucial to prevent (fast) non-radiative decay
from the 4F7/2 level to the 4S3/2 level since downconversion from the 4S3/2 level is
not possible. Non-radiative relaxation from the 4F7/2 level is reduced in a low phonon
energy host lattice. The study on downconversion for the Er3+–Yb3+ couple in NaYF4
showed that the phonon energy in this fluoride (∼400 cm-1) is too high and fast multi-
phonon relaxation prevents downconversion. Therefore we have chosen KPb2Cl5 and
CsCdBr3 as host lattices to study downconversion in Er3+, Yb3+. KPb2Cl5 has a small
phonon energy (maximum phonon energy ∼200 cm-1 [14,15]). In addition, it is one of
the few chlorides that is not hygroscopic which is an important advantage for potential
applications. In a comprehensive study by Tkachuk et al. [14] the energy levels and
relaxation rates have been studied in detail for Er3+ in KPb2Cl5. CsCdBr3 has an
even lower phonon energy (h̄ω ∼180 cm-1). A further advantage of this host lattice is
that three doubly charged Cd will be replaced by two triply charged lanthanide ions.
Therefore the lanthanide ions will form pairs in this host lattice, which facilitates
efficient energy transfer between the ions.

The energy difference between the Er3+ 4F7/2 level and the next lower level
(2H11/2) is typically around 1300 cm-1 [14, 16, 17]. Based on the energy gap law
and experimental results a rule of thumb predicts that radiative decay and multi-
phonon relaxation can compete when the gap is five times the phonon energy [12]. For
KPb2Cl5 and CsCdBr3 6 to 7 phonons are needed to bridge the energy gap, making
non-radiative relaxation unlikely. Therefore DC with the Er3+–Yb3+ couple should
be possible in these host lattices. Here we focus on the 4F7/2 level and energy transfer
from this level to neighboring Yb3+-ions in co-doped Er3+ in KPb2Cl5:Er3+, Yb3+and
CsCdBr3:Er3+, Yb3+. The results show that downconversion occurs, but multi-phonon
relaxation is faster and causes the downconversion efficiency to be low in KPB2Cl5.
For Er3+ in CsCdBr3

4F7/2 emission is observed. Even though high downconversion
efficiencies were not obtained in the preliminary studies on CsCdBr3:Er3+, Yb3+, it is
clear that bromides are a promising class of materials to achieve high downconversion
efficiencies for the Er3+–Yb3+ couple.
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5.2 Methods

5.2.1 Synthesis

KPb2Cl5

Crystalline samples of KPb2Cl5 doped with Er3+ and Yb3+ were prepared in a high
frequency furnace. KCl, PbCl2, ErCl3 and YbCl3 were mixed in stoichiometric
amounts. The blend was put into a quartz ampoule which was then evacuated and
sealed to keep out air and moisture during synthesis. The ampoules were put into a
high frequency furnace and first heated to 200◦C for 2 hours, and then kept at 900◦C
for 1 hour to melt the starting materials. Subsequently the sample was cooled to
380◦C over 96 hours and then kept at that temperature for 10 hours. The samples
were left to slowly cool to room temperature over a period of 36 hours. During the
slow cooling steps the samples are annealed to reduce the amount of lattice defects
and increase long range order. The samples were crushed with a pestle and mortar
and x-ray diffraction measurements were performed to check for phase purity.

CsCdBr3

CsCdBr3 doped with Er3+ and Yb3+was synthesized via a dry-mixture method. The
samples were prepared by mixing stoichiometric amounts of dried CsBr, CdBr2,
YbCl3 and ErCl3. The powder mixture was put into a quartz ampoule, which was then
evacuated and sealed. The ampoule was put into a high frequency furnace and heated
to 650◦C in 4 hours and kept at that temperature for 4 hours. The sample was then
cooled down slowly to 400◦C in 10 hours to anneal the sample. The samples that were
used for the luminescence measurements were left in the ampoules since CsCdBr3 is
slightly hygroscopic. One additional sample was synthesized and removed from the
ampoule for x-ray diffraction measurements. The results showed that the samples
were single phase. Even though the crystallinity was good, the synthesis method used
is not able to exclude all oxygen from the sample and probably some oxygen contam-
ination (O2- on a Br- site) is present and may locally charge compensate Er3+ or Yb3+

on a Cd2+ site.

5.2.2 Measurements

Diffuse reflectance spectra were measured with a Perkin-Elmer Lambda 950
UV/VIS/IR spectrometer. Emission and excitation spectra were measured with a
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SPEX DM3000F spectrofluorometer with a 450 W Xe lamp as the excitation source.
Excitation and emission wavelengths were selected with double-grating 0.220 m
SPEX 1680 monochromators (1200 l/mm) blazed at 300 and 500 nm, respectively.
Emission spectra were also recorded by focusing the emitted light on a fiber guiding
the light to a 0.3 m monochromator (Acton Research, Spectra Pro) where the emission
light is dispersed by a 150 l/mm grating blazed at 500 nm. The dispersed light was de-
tected with a Princeton Instruments 300i charge coupled device (CCD). Emission and
excitation measurements, particularly for the infrared region, were performed using
an Edinburgh Instruments FLS920 fluorescence spectrometer. In this spectrofluorom-
eter, the NIR emission (800-1700 nm) is detected with a liquid nitrogen-cooled Hama-
matsu R5509-72 PMT. Both the SPEX and Edinburgh fluorescence spectrometers are
equipped with an Oxford helium flow cryostat for low temperature measurements.
The spectra were not corrected for the instrumental response, unless otherwise indi-
cated. In those cases a radiometrically calibrated DH-2000 halogen lamp from Ocean
Optics was used to correct emission spectra for variation in the instrumental response
to allow for an absolute comparison of photon fluxes in different spectral regions. Lu-
minescence lifetime measurements with excitation wavelengths between 487-490 nm
were performed with the use of a Lambda Physik LPX100 excimer (XeCl) / LPD3000
tunable dye laser system filled with Coumarin 102 dye solution (tunable between 460-
510 nm) and a Tektronix 2430 digital oscilloscope. The typical pulse width for the
setup is ∼20 ns and the repetition rate is 10 Hz. The laser excitation is steered into the
sample chamber of the Edinburgh fluorescence spectrometer using a pair of prisms.

5.3 Results and discussion KPb2Cl5

5.3.1 Characterization

Samples of KPb2Cl5 doped with 1 mol% Er3+ and 0, 2, 4, 5, 6 and 10 mol% Yb3+ were
synthesized. X-ray diffraction measurements gave similar results for all five samples
and are consistent with the monoclinic crystal structure of KPb2Cl5 [18]. Diffuse
reflectance spectra were recorded to confirm if Er3+ and Yb3+ were incorporated into
the host-lattice. From the diffuse reflectance spectra (Fig. 5.2) it can be concluded
that both Er3+ and Yb3+ are present in the samples. However, the absorption strengths
for the peaks corresponding to Er3+ absorptions (e.g. the 4I15/2 →

4F9/2 transition
around 600 nm and the 4I15/2 →

4I13/2 transition around 1550 nm) differ from sample
to sample, even though in the starting mixture the same amount of Er3+ (1 mol%)
was present. This shows that the Er3+ was not built into the lattice equally well for
all samples. Furthermore the absorption strength of Er3+ varied in diffuse reflectance
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Figure 5.2: Diffuse reflectance spectra for KPb2Cl5:Er3+(1%), Yb3+(0, 2, 4, 6 and 10%).
Undoped KPb2Cl5 was used as a reference.

spectra that were obtained for the same sample, but for different positions in the quartz
ampoule.

The strength for the Yb3+ absorption around 1000 nm (2F7/2 →
2F5/2 transition)

varies according to the Yb3+ concentration present in the starting mixtures, except for
the sample co-doped with 10% Yb3+. The intensity of the Yb3+ absorption around
1000 nm does not seem to increase when the Yb3+ concentration is raised from 6 to
10%. This is consistent with the observation by Tkachuk et al. that the maximum
doping of lanthanide ions into KPb2Cl5 is 6% [14].

In the UV range a strong absorption band between 300 and 400 nm is observed
which is assigned to a charge transfer (CT) transition from chlorine to Yb3+. The
maximum around 350 nm is at somewhat longer wavelength than previously reported
for the Cl--to-Yb3+ ligand to metal charge transfer band [19, 20]. As expected for an
Yb3+ related CT transition the band is strongest for the sample with the highest Yb3+

concentration. For the sample without Yb3+ as a co-dopant, below 300 nm the onset
of the strong host lattice (HL) absorption is observed. The onset of the host lattice
absorption is expected around 300 nm [14, 15].
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Figure 5.3: (a) High resolution excitation spectrum for KPb2Cl5 doped with 1% Er3+ and 5%
Yb3+ for an emission wavelength of 1535 nm (4I13/2→

4I15/2 transition) measured at 5 K. The
inset shows the region of interest (480-550 nm) in more detail (b) Room temperature emission
spectrum of KPb2Cl5 doped with 1% Er3+. The excitation wavelength is 452 nm (4F5/2 level).

5.3.2 Luminescence spectra

In Fig. 5.3 excitation and emission spectra are shown for KPb2Cl5:Er3+, Yb3+. In the
low temperature excitation spectrum recorded for the Er3+ emission around 1535 nm,
sharp excitation lines corresponding to transitions from the 4I15/2 ground state to the
various excited states of Er3+ can be observed. The transitions are assigned in the
figure. Below 300 nm the host lattice absorption is observed, indicating that HL
excitation is followed by energy transfer to Er3+. The excitation spectrum is consistent
with the absorption spectrum reported by Tkachuk et al. [14]. For the present work,
the spectral region 480-550 nm is particularly relevant. In the inset in Fig. 5.3(a) this
region is shown in more detail. Transitions to various crystal field (CF) components
of the 4F7/2, 2H11/2 and 4S3/2 levels are observed. The energy difference between the
lowest energy 4F7/2 CF component and the highest energy 2H11/2 CF component is the
energy gap that is important for multi-phonon relaxation from the 4F7/2 level. Based
on the excitation spectrum, the gap is determined to be ∼1200 cm-1, which can be
bridged by 6 phonons. For a six phonon process, the radiative decay from the 4F7/2
level is expected to dominate.

Fig. 5.3(b) shows the emission spectrum for KPb2Cl5:Er3+ upon excitation in the
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Figure 5.4: Room temperature emission spectra for the (a) visible and (b) infrared part of the
spectrum for KPb2Cl5:Er3+(1%), Yb3+(0, 2, 4, 6 and 10%) after excitation into the starting
level for downconversion (4F7/2 level, 489 nm).

4F5/2 level, just above the 4F7/2 level. In the emission spectrum, emission from the
4F7/2 level is observed around 490 nm, showing that emission from this level can be
observed in this host lattice and that downconversion may be possible. The strongest
emission lines originate from the 2H11/2/4S3/2 levels which indicates that, in spite of
the gap of ∼1200 cm-1, multi-phonon relaxation from 4F7/2 to 2H11/2 occurs and is
faster than radiative decay from the 4F7/2 level. Based on the energy gap law and
experimental results, a rule of thumb predicts that radiative decay and multi-phonon
relaxation can compete when the gap is five times the phonon energy, and that for a
larger gap radiative decay dominates [12]. The present results indicate that for Er3+

in KPb2Cl5 the relaxation from the 4F7/2 level over a six-phonon gap is faster than
radiative decay and may limit the downconversion efficiency. The observation of fast
multi-phonon relaxation is in agreement with the findings of Tkachuk et al., who
reported a radiative (calculated) life time of 153 µs for the 4F7/2 level, but found the
actual life time to be much shorter, ∼10 µs, due to fast non-radiative relaxation.

To analyze if downconversion occurs and to gain insight in the downconversion
efficiency, emission spectra were recorded under excitation in the 4F7/2 level (489 nm).
In Fig. 5.4 the emission spectra for the visible (a) and infrared (b) part of the spectrum
for KPb2Cl5 with 1 mol% Er3+ and 0, 2, 4, 6 and 10 mol% Yb3+ after excitation into
the 4F7/2 level are shown. The spectra were measured under identical conditions so
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Figure 5.5: Room temperature excitation spectra for emission at 980 nm in
KPb2Cl5:Er3+(1%), Yb3+(0, 2, 4, 6 and 10%) in the (a) 480-680 nm range and (b) 200-550 nm
range.

that the intensities of the emissions may be compared. In the sample doped with Er3+

only, excitation in the Er3+ 4F7/2 level yields emission from the 2H11/2, 4S3/2 and 4F9/2
levels to the 4I15/2 level in the visible and emission from the 4S3/2, 4F7/2 and 4I13/2
levels to higher energy 4IJ (J = 9/2, 11/2, 13/2) levels in the infrared. The intensity of
the Er3+ emission decreases slightly and the Yb3+ emission intensity increases upon
increasing Yb3+ concentration. However, like for the Er3+–Yb3+couple in a fluoride
host lattice, energy transfer from the 4S3/2 level of Er3+ to Yb3+ is inefficient [10],
and even at high Yb3+ concentrations the (visible) Er3+ emission dominates while in
all samples the Yb3+ emission around 980 nm is weak, even though it does increase
with Yb3+ concentration. The inefficient quenching of the 4S3/2 emission from Er3+

by Yb3+ is evident from the energy level diagram (Fig. 5.1): there is no energy level
for Er3+ at ∼10 000 cm-1 below the 4S3/2 level.

Convincing evidence for the occurrence of downconversion from the 4F7/2 level is
presented in Fig. 5.5. Excitation spectra are shown for the Yb3+ emission around
1000 nm. At this emission wavelength also Er3+ emission originating from the
4I11/2 →

4I15/2 transition is monitored. The spectra are scaled to the 4I15/2 →
4F9/2

excitation line around 650 nm. Upon raising the Yb3+ concentration a slight increase
in the relative intensity of the 4I15/2 →

4S3/2, 2H11/2 lines is observed. For both the
4S3/2/2H11/2 and the 4F9/2 level there is no path for resonant energy transfer to Yb3+
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and thus the excitation lines remain weak upon raising the Yb3+ concentration. How-
ever, for the transition to the 4F7/2 level the relative intensity rapidly increases upon
raising the Yb3+ concentration, indicating that the 2F5/2 level of Yb3+ is efficiently
populated by energy transfer from this Er3+ level. In the sample co-doped with 10%
Yb3+ the excitation line corresponding to the 4I15/2 →

4F7/2 transition becomes even
stronger than the transition to the 2H11/2 level, even though the absorption strength for
the 4I15/2 →

2H11/2 transition is more than six times stronger (Fig. 2 of Ref. [14]).
This clearly shows that energy transfer through the downconversion scheme depicted
in Fig. 5.1 occurs. The low overall efficiency of Yb3+ emission and the strong 4S3/2
emission from Er3+ even for the highest Yb3+ concentration (10%) reflect that the
transfer efficiency from the 4F7/2 level is low in comparison with multi-phonon re-
laxation. A quantitative analysis of the efficiency based on the emission intensities is
difficult (due to the different set-ups used for detection of the visible and the infrared
emission and the fact that the Yb3+ emission will be partly quenched by concentra-
tion quenching). Based on the present results an upper limit of 10% can be estimated,
which shows that even though downconversion occurs, the efficiency is too low for
practical application.

In Fig. 5.5(b) the higher energy part of the excitation spectrum of the Yb3+ emis-
sion is plotted along with the lines observed in Fig. 5.5(a). In the UV part of the
spectrum a very strong excitation band is observed around 360 nm. This band is as-
signed to the Cl--Yb3+ CT transition. Excitation in this level results in feeding of the
2F5/2 excited state of Yb3+ and emission from this level. Clearly, direct excitation in
the strongly absorbing CT state is the most efficient way to feed the Yb3+ emission
in the IR but is not able to generate two NIR photons per absorbed UV photon. In
Fig. 5.6(a) emission spectra for KPb2Cl5:Er3+(1%), Yb3+(4%) are plotted for differ-
ent excitation wavelengths. This overview shows which emissions are most efficiently
excited at these wavelengths. In Fig. 5.6(b) the dependence of the relative intensity
of the 1000 nm emission (Yb3+ and Er3+ emission) is given for these six excitation
wavelengths as a function of Yb3+ concentration. For 522 nm excitation, the increase
of the 1000 nm emission intensity with increasing Yb3+ concentration is the weakest,
consistent with the inefficient energy transfer from the 4S3/2 level of Er3+ to the 4F5/2
level of Yb3+. For 489 and 452 nm excitation there is a stronger and continuous in-
crease which is explained by an increased efficiency of energy transfer to Yb3+ upon
excitation in the 4F7/2 or 4F5/2 level of Er3+ through downconversion. The most spec-
tacular increase is observed for excitation in the CT band of Yb3+ at 407 and 379 nm.
At the highest Yb3+ concentrations, there is a small decrease in the 1000 nm emission
intensity, probably because the absorption is close to saturation and the emission is
partly quenched by concentration quenching. Excitation in the host lattice, 305 nm,
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Figure 5.6: (a) Infrared emission spectra for different excitation wavelengths for
KPb2Cl5:Er3+(1%), Yb3+(4%) measured at room temperature. The stars indicate measure-
ments where the emission slit was half of that for the other measurements. (b) Bar diagram
of the integrated peak area around 980 nm (Yb3+ 2F7/2 →

2F5/2 emission), for different Yb3+

concentrations at six different excitation wavelengths. The peak area for the 980 nm emission
was divided by the integrated area of the emission peak for the Er3+ 4I13/2 →

4I15/2 emission
(∼1550 nm). For each excitation wavelength the largest peak area was then set to 1, to cre-
ate an overview of the effect of the Yb3+ concentration and the excitation wavelength on the
relative Yb3+ emission intensity.
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Figure 5.7: Emission spectra of KPb2Cl5:Er3+(1%), Yb3+(2%) for the visible part of the
spectrum measured at different temperatures. The excitation wavelength is 379 nm and the
spectra are strongly magnified to observe weak emission bands around 430 and 700 nm.

always gives rise to 1000 nm emission and the rapid increase suggests that both the
4I11/2 level of Er3+ and the 2F5/2 level of Yb3+ are fed by direct transfer from the host
lattice to these low lying energy levels.

Finally, in Fig. 5.7 emission spectra for excitation into the CT band of Yb3+ are
shown. At 5 K two weak emission bands are observed: a structured band around
430 nm and a band around 700 nm. Upon raising the temperature from 10 to 30 K
both emission bands are quenched. The energy separation between the emission bands
is ∼9000 cm-1. This emission is assigned to charge transfer emission from the excited
CT state of Yb3+-Cl-. The energy separation between the two bands is consistent with
the expected splitting of ∼10 000 cm-1 for transitions from the CT state to both the
2F5/2 and 2F7/2 multiplets of Yb3+ and also the Stokes shift (∼5000 cm-1) and low
quenching temperature are commonly observed for Yb3+ charge transfer lumines-
cence [20]. The structure in the emission band around 430 nm arises from transitions
to different crystal field components of the 2F7/2 ground state of Yb3+. As far as we are
aware, this example represents the first observation of charge transfer luminescence
for Yb3+ in a chloride.
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Figure 5.8: Luminescence decay curves of (a) Er3+ 4F7/2 →
4I15/2 emission (491 nm) and

(b) Yb3+ 2F7/2 →
2F5/2 emission (998 nm) in KPb2Cl5:Er3+(1%), Yb3+(0, 2, 4, 6 and 10%)

measured at room temperature, for excitation in the Er3+ 4F7/2 level (487 nm).

5.3.3 Luminescence decay

To gain further insight in the energy transfer processes between Er3+ and Yb3+, lumi-
nescence decay curves were recorded. Lifetime measurements for Er3+ 4F7/2→

4I15/2
emission (λm = 491 nm) for KPb2Cl5 with 1% Er3+ and between 0-10% Yb3+ mea-
sured at room temperature upon excitation in the Er3+ 4F7/2 level (487 nm) are shown
in Fig. 5.8(a). Similar measurements for Yb3+ 2F7/2 →

2F5/2 emission (λm = 998 nm)
are depicted in Fig. 5.8(b). The luminescence decay curves in Fig. 5.8(a) show a close
to bi-exponential decay behavior. For the sample without Yb3+ co-dopant, the initial
part of the decay curve yields a fast decay time of ∼5.3 µs and a long time component
of ∼20 µs. The fast component is assigned to fast quenching of the 4F7/2 emission
in pairs of Er3+ through cross-relaxation. Due to the need for charge compensation
(Er3+ on a Pb2+ site) pair formation may be favored. The long time component of
20 µs is close to the 10 µs reported by Tkachuk et al. for the life time of the 4F7/2
level of Er3+ [14]. The calculated (radiative) decay time is much longer (153 µs). The
difference is explained by fast multi-phonon relaxation. Based on a radiative decay
time of 153 µs and an experimental decay time of 20 µs, the multi-phonon relaxation
rate is 4.3·104 s-1.

The average lifetime of the fast component of the 4F7/2 emission decreases slightly
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(from 5.2 to 3.7 µs) as the Yb3+ concentration is raised from 0 to 10%. As the con-
centration of Yb3+ is increased energy transfer becomes more likely because more
Er3+-ions will have Yb3+-ions close enough for energy transfer, leading to a shorter
lifetime. However, the weak dependence of the decay time on the Yb3+ concentration
shows that energy transfer from the Er3+ 4F7/2 level to Yb3+ is not very efficient. The
average lifetime of the Er3+ 4F7/2 emission for Er3+-ions that have no Yb3+ neighbors
close enough for energy transfer is approximately 20 µs for all samples.

The decay curves for the emission at 998 nm in Fig. 5.8(b) contain a fast compo-
nent, especially clear for the sample without Yb3+, and a slow component. For the
sample without Yb3+ the fast component is ascribed to ∼1000 nm emission from a
higher energy level of Er3+ while the slow component reflects the decay time for the
4I11/2 →

4I15/2 emission. The lifetime of ∼3 ms is in agreement with the results of
Tkachuk et al. for the 4I11/2 →

4I15/2 emission. Upon raising the Yb3+ concentration,
the decay curves become non-exponential and faster. Fitting to a two exponential
decay curve yields a fast component around 500 µs that increases in relative contri-
bution and a slow component that decreases from 3 ms to 1 ms. The fast component
is assigned to 2F5/2 emission from Yb3+. For the sample co-doped with 2% Yb3+

the lifetime of the Yb3+ 2F5/2 emission is around 590 µs. This lifetime decreases as
the Yb3+ concentration is raised: for the sample with 10% Yb3+ it is around 465 µs.
The decrease can be explained by concentration quenching at higher Yb3+ concentra-
tions. The observation that the slow component (which is again assigned to the Er3+

4I11/2 →
4I15/2 emission, as for the sample without Yb3+) decreases from 3 to 1 ms

indicates that there is energy transfer from the 4I11/2 level of Er3+ to the 2F5/2 level of
Yb3+.

The present results show that compared to the efficient energy transfer observed
previously for the Pr3+–Yb3+ [5, 21], Tm3+–Yb3+ [6] and Tb3+–Yb3+ [22–24] cou-
ples the energy transfer efficiency from Er3+ to Yb3+ is low. This is confirmed by
luminescence decay measurements. For the efficient downconversion systems a rapid
decrease of the luminescence decay times is observed upon raising the Yb3+ concen-
tration. For the Er3+–Yb3+couple the life times do not decrease drastically in line with
the low downconversion efficiency observed in the luminescence spectra.

5.4 Results and discussion CsCdBr3

In chapter 4 the potential of the Er3+–Yb3+ couple for downconversion was investi-
gated in a fluoride host material and in the previous section results have been shown
for the Er3+–Yb3+ couple in KPb2Cl5. In both types of host lattices efficient DC
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was not possible due to fast multi-phonon relaxation from the 4F7/2 level, indicating
that a host with an even smaller phonon energy is needed. CsCdBr3 has a maximum
phonon energy of 180 cm-1 and the energy difference between the Er3+ 4F7/2 level
and the next lower level (2H11/2) is typically around 1300 cm-1 [14,16,17]. Therefore,
in the CsCdBr3 host lattice at least 7 phonons are needed to bridge the energy gap.
This makes non-radiative relaxation unlikely, so that DC with the Er3+–Yb3+ couple
should be possible in this host lattice. In this section preliminary results are presented
for downconversion in CsCdBr3:Er3+, Yb3+.

Samples of CsCdBr3 doped with 1% Er3+ and 0, 2 and 5 mol% Yb3+ were synthe-
sized. X-ray diffraction measurements gave similar results for all three samples. The
crystal structure was consistent with the hexagonal structure of CsCdBr3 [25, 26].
Emission spectra for CsCdBr3:Er3+(1%) after excitation into the Er3+ 4F7/2 level
(Fig. 5.9, black line) show peaks for emission from the Er3+ 4F7/2 (∼495 nm), 2H11/2
(∼525 nm) and 4S3/2 (∼550 nm) levels in the visible and emissions from transitions
from the 4I11/2 and 4I13/2 levels to the 4I15/2 ground state (∼985 and ∼1540 nm re-
spectively) in the IR. The same peaks are also observed for the co-doped samples. In
addition to the peaks for Er3+ emission there is also a peak around 1000 nm for emis-
sion from Yb3+ (2F7/2 →

2F5/2 transition) for the co-doped samples. This indicates
that there is energy transfer from Er3+ to Yb3+, since excitation took place in the Er3+

4F7/2 level. As the Yb3+ concentration is increased the intensity of the Er3+ emission
decreases: at higher Yb3+ concentrations more Er3+-ions have Yb3+ neighbors, so
energy transfer should be more efficient. The energy transfer efficiency is still limited
by multi-phonon relaxation from the Er3+ 4F7/2 to the 4S3/2 level, since emission from
the 2H11/2 and 4S3/2 levels is observed for the samples co-doped with 5% Yb3+. The
Yb3+ emission intensity is highest for the sample co-doped with only 2% Yb3+.

Fig. 5.10 shows decay curves of Er3+ 4F7/2 emission (494 nm) for CsCdBr3 doped
with 1% Er3+ and 0, 2 and 5 mol% Yb3+ after excitation into the Er3+ 4F7/2 level
(490 nm). As the Yb3+ concentration is increased the lifetime of the decay decreases
due to energy transfer. For the samples co-doped with Yb3+ a non-exponential decay
curve is expected: the non-exponential character of the decay curves then reflects the
different distributions of Yb3+-ions around different Er3+ ions, giving rise to a large
variation in the energy transfer rates between Er3+ and Yb3+-ions. For the sample
doped with only Er3+ the decay curve already shows a non-exponential character,
which could be due to energy transfer between neigboring Er3+-ions, which are incor-
porated as pairs in CsCdBr3. Also oxygen contamination may cause the faster initial
decay for Er3+-ions locally charge compensated by O2- on a Br- site. This makes
further analysis of the decay curves problematic.

Fig. 5.11 shows the emission spectra for the three samples upon excitation into
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Figure 5.9: Room temperature emission spectra of CsCdBr3:Er3+(1%), Yb3+(0, 2, 5%) in the
(a) visible and (b) infrared. The excitation wavelength is 490 nm (4F7/2 level).

Figure 5.10: Luminescence decay curves for the 4F7/2 emission in CsCdBr3:Er3+(1%), co-
doped with 0, 2, or 10% Yb3+ measured at room temperature. The excitation wavelength is
490 nm (into the 4F7/2 level) and the emission wavelength is 494 nm (4F7/2 →

4I15/2).
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Figure 5.11: Room temperature emission spectra of CsCdBr3:Er3+(1%), Yb3+(0, 2, 5%).
The excitation wavelength is 490 nm (4F7/2 level). The spectra are recorded under identical
conditions and corrected for instrumental response. Φ gives the photon flux per constant
wavelength interval.

the Er3+ 4F7/2 level (490 nm). The spectra are corrected for instrumental response
so that the areas of integrated emission peaks represent the total photon flux and can
be compared quantitatively. An estimate of the conversion efficiency of visible to
NIR can be obtained from the ratio of the integrated emission intensity of Er3+ lu-
minescence (between 500 and 800 nm) for a sample without Yb3+ to the integrated
NIR emission intensity (between 800 and 1100 nm) for a sample co-doped with Er3+

and Yb3+. Care was taken to conduct the luminescence measurements under iden-
tical conditions as much as possible. However, consistent alignment of the quartz
ampoules containing the samples was not easy and (small) differences in alignment
lead to an uncertainty in the obtained integrated emission intensities. In this way a
visible to NIR conversion efficiency of 34% was obtained for the sample co-doped
with 2 mol% Yb3+.

In this section some preliminary results have been given for DC with the Er3+–
Yb3+ couple in CsCdBr3. Further measurements are necessary to gain a better un-
derstanding of the energy transfer from Er3+ to Yb3+ in these samples. A better un-
derstanding of the decay curves could be beneficial. To achieve this Y3+ could be
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added to the samples, so that less Er3+–Er3+ pairs can form. This would lead to less
cross relaxation between Er3+-ions which simplifies the analysis of the decay curves.
Also higher quality samples (single crystals grown from purified starting materials)
are required to exclude the role of oxygen impurities.

5.5 Conclusions

Luminescence spectra (excitation and emission) and luminescence decays curves have
been recorded for KPb2Cl5:Er3+(1%) co-doped with 0, 2, 4, 6, and 10% Yb3+ to inves-
tigate the potential of the Er3+–Yb3+couple in a chloride host material for downcon-
version. The results show that the desired downconversion process from the 4F7/2 level
(the inverse of the efficient upconversion process) has a very low efficiency due to fast
multi-phonon relaxation from the 4F7/2 to the 4S3/2 level via the intermediate 2H11/2
level. Based on the energy gap between the 4F7/2 and the 2H11/2 level (∼1200 cm-1)
this is unexpected, since this host has a phonon energy of 200 cm-1. Analysis of
luminescence decay curves confirms that energy transfer from Er3+ to Yb3+ is inef-
ficient. In a host with an even lower phonon energy (CsCdBr3) 4F7/2 emission and
energy transfer from the Er3+ 4F7/2 level to Yb3+ does occur, but the visible to NIR
conversion efficiency is still low. Further experiments are in progress to realize higher
downconversion efficiencies for the Er3+–Yb3+ couple in bromides.

In the diffuse reflectance spectra a broad band for excitation into the Yb3+-Cl-

charge transfer band was observed between 300 and 400 nm. Excitation in this LMCT
band results in two broad emission bands centered around 430 and 700 nm at tempera-
tures below 30 K. The emission is assigned to luminescence from the Cl--Yb3+ charge
transfer state which can also feed the Yb3+ 2F5/2 level, followed by Yb3+ 2F5/2→

2F7/2
emission around 980 nm.
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Downconversion with Nd3+, Yb3+ in YF3
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Abstract

Energy losses inherent to the conversion of sunlight to electricity in solar cells are
mainly due to the so-called spectral mismatch: low energy photons are not absorbed
while the energy of high energy photons is only partly used by the solar cell. The
losses can be significantly reduced by adapting the solar spectrum. A promising av-
enue is the use of a downconversion material where one higher energy visible (blue-
green) photon is ‘cut’ into two lower energy near-infrared photons that both can be
used by the solar cell. Here the efficiency of downconversion for the Nd3+–Yb3+ cou-
ple in YF3 and CsCdBr3 is studied to investigate if efficient two-step energy transfer
occurs from the 4G9/2 level of Nd3+ (situated around 21 000 cm-1 or 470 nm), exciting
two neighboring Yb3+ to the 2F5/2 level (around 10 000 cm-1 or 1000 nm). Optical
measurements of samples co-doped with Nd3+ and Yb3+ show that there is efficient
energy transfer from Nd3+ to Yb3+. In YF3:Nd3+, Yb3+ downconversion from the
4G9/2 level does not occur due to fast multi-phonon relaxation. Relaxation from this
level to lower energy levels populates the 4F3/2 level of Nd3+ from which efficient
one-step energy transfer to Yb3+ occurs. Analysis of the luminescence decay curves
of YF3:Nd3+co-doped with different Yb3+ concentrations using Monte Carlo simula-
tions reveals a high nearest neighbor transfer rate (3.3·105 s-1) through a dipole-dipole
interaction mechanism. Downconversion is observed starting from the 4D3/2 level (sit-
uated in the UV, around 28 000 cm-1 or 360 nm) with an estimated quantum efficiency
up to 140%. For application in solar cells this UV to 2 NIR photon downconversion
will only result in a marginal reduction of spectral mismatch losses. Efficient visible
to NIR conversion from the 4G9/2 level is observed in CsCdBr3 co-doped with Nd3+

and Yb3+. The lower phonon energies in CsCdBr3 suppress multi-phonon relaxation
from the 4G9/2 level and energy transfer from this level to neighboring Yb3+-ions is
efficient. Based on these results it is concluded that bromide materials are promising
for efficient downconversion with Nd3+–Yb3+.

6.1 Introduction

The theoretical maximum conversion efficiency of solar cells is 30% [1]. A large
part of the energy losses that limit the efficiency is related to the spectral mismatch:
photons with energy smaller than the band-gap (Eg) will not be absorbed (sub-band-
gap transmission) and a large part of the energy of photons with energy larger than
the band-gap is lost as heat (thermalization losses). There are two ways to reduce the
energy losses related to the spectral mismatch: either the solar cell can be adapted to
use the solar spectrum more efficiently, or the solar spectrum can be adapted before
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it is absorbed by the solar cell. Solar cells can be adapted to make better use of
the spectrum by combining multiple semiconductor materials with different band-
gaps, each converting a different part of the solar spectrum with high efficiency. This
approach has been successfully applied in tandem solar cells, and energy efficiencies
over 40% have been reported [2].

There are two ways to adapt the solar spectrum before it is absorbed by the solar
cell. The first option is to add two lower-energy photons (that are otherwise transmit-
ted) to obtain one higher energy photon that can be absorbed by the solar cell. This
process is known as upconversion (UC) and is especially useful for solar cells with
a large band-gap where transmission losses dominate. The second option is to split
one higher energy photon to obtain two photons with a smaller energy. Each of these
photons can subsequently be absorbed by the solar cell and generate an electron-hole
pair. This is known as downconversion (DC) and is most beneficial for solar cells with
a smaller band-gap where thermalization losses are the major loss factor. This process
is also known as quantum cutting because one photon is ‘cut’ into two smaller energy
photons. Lanthanide ions are very well suited to use for both DC and UC because they
have a rich energy level structure that allows for efficient spectral conversion. There
are many examples of efficient up- and downconversion using lanthanides, either with
one type of lanthanide ion or a pair of lanthanide ions [3, 4].

The effect of using either up- or downconversion materials in combination with
solar cells has been modeled by Trupke et al. [5–7]. When a solar cell with a band
gap of 1.1 eV is combined with an ideal downconverter material in front of the cell
(splitting every photon above 2 Eg into two photons that can be absorbed and both
generate an electron-hole pair), an efficiency of up to 40% is possible [5]. An upper
limit of approximately 50% can be reached when a solar cell with a band-gap of
∼2 eV is combined with an ideal upconverter at the rear of the cell [6, 7]. UC is
a nonlinear process: for the two-step UC process (where two photons are added to
obtain one photon with a larger energy) the UC light intensity IUC is proportional to
square of the incident light intensity Ii. As a result, high conversion efficiencies are
only obtained at sufficiently high excitation density which can be easily realized using
lasers, but will require strong concentration of sunlight.

The most efficient UC is realized using lanthanide ions [3]. An example of a
particularly efficient upconverting couple is Er3+–Yb3+. Under high power laser ex-
citation an efficiency of around 50% has been reported for the conversion of NIR
(∼1000 nm) to visible light in NaYF4:Er3+, Yb3+ [8]. The feasibility of upconver-
sion for solar cells was demonstrated using NIR upconversion in NaYF4 doped with
Er3+, which was applied to the rear of a silicon solar cell and shown to convert 1400-
1500 nm NIR to photons that can be absorbed by the c-Si solar cell, albeit with low
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Figure 6.1: Schematic representation of the desired mechanism for downconversion with the
Nd3+–Yb3+ couple. Nd3+ is excited into the 4G9/2 state. Part of the energy is transferred to
Yb3+ via cross relaxation: Nd3+ (4G9/2 →

4F3/2), Yb3+ (2F7/2 →
2F5/2), populating the 2F5/2

level of Yb3+. In the second step the remaining energy can be transferred to a second Yb3+-
ion from the 4F3/2 level of Nd3+. Both Yb3+-ions can then emit a photon of approximately
1000 nm.

efficiency [7, 9].

Contrary to UC, DC is a linear process. This makes it possible to obtain high
conversion efficiencies independent of the incident power and allows for the use of
non-concentrated sunlight. Demonstrations of efficient DC materials are still limited
(contrary to UC materials). Initially DC work focused on the conversion of a single
VUV photon into two visible photons. The Gd3+–Eu3+ couple in a LiGdF4 host lattice
shows efficient VUV to VIS DC (internal quantum efficiency of approximately 190%)
and Er3+, Gd3+ and Tb3+ in the same host lattice have an efficiency of 130% [4,10,11].

Downconversion of UV or visible photons into NIR photons was first demon-
strated in (Y, Yb)PO4:Tb3+ [12]. After excitation into the 5D4 state of the Tb3+-ion
two neighboring Yb3+-ions are excited through a cooperative energy transfer process.
The 5D4 level of Tb3+ is found at about twice the energy of the Yb3+ 2F5/2 level, and
after energy transfer Yb3+ emission is observed around 1000 nm. This is just above
the band gap of crystalline silicon which makes Yb3+ an attractive candidate for DC
materials to be used in combination with c-Si solar cells. More recently, cooperative
downconversion has also been reported for Tb3+–Yb3+ in other host materials [13,14]
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and other lanthanide couples, viz. Pr3+–Yb3+ [15] and Tm3+–Yb3+ [16]. It is not
clear, however, that the second-order cooperative energy transfer process is the opera-
tive mechanism in the Pr3+–Yb3+ system, as also first-order energy transfer processes
are possible and are expected to dominate [17]. Second-order cooperative energy
transfer processes have a lower efficiency, making them only efficient at very high
Yb3+ concentrations where the Yb3+ emission is largely quenched through concentra-
tion quenching. For more efficient energy transfer, an intermediate level on the donor
ion should be used in order to obtain downconversion through two resonant energy
transfer steps.

In this chapter we investigate if efficient downconversion is possible with the
Nd3+–Yb3+ couple in YF3 and CsCdBr3. We have chosen YF3 and CsCdBr3 as a
host because these lattices have a low phonon energy (maximum phonon energy YF3
∼500 cm-1 [18], CsCdBr3 180 cm-1); a lower phonon energy minimizes multi-phonon
relaxation processes between the closely spaced energy levels of Nd3+, which can re-
duce the radiative downconversion efficiency. In Fig. 6.1 the downconversion scheme
for the Nd3+–Yb3+ couple via sequential two-step energy transfer is shown. When
Nd3+ is excited into the 4G9/2 state, part of the energy is transferred to Yb3+ via cross
relaxation: Nd3+ (4G9/2 →

4F3/2), Yb3+ (2F7/2 →
2F5/2), populating the 2F5/2 level of

Yb3+. In a second step the remaining energy can be transferred to a second Yb3+-ion
which can then emit a photon, or otherwise IR emission can occur from the 4F3/2 level
of Nd3+.

An advantage of the CsCdBr3 host lattice is that three doubly charged Cd will
be replaced by two triply charged lanthanide ions, while in the YF3 host lattice the
lanthanides replace the chemically similar Y3+ ions (and will therefore be randomly
distributed through the lattice). As a result pair formation is favored for lanthanide
ions in CsCdBr3, which facilitates efficient energy transfer between the ions.

6.2 Methods

6.2.1 Synthesis

YF3

Crystalline powder samples of YF3 doped with Nd3+ and Yb3+ were synthesized via
co-precipitation. The Nd3+ concentration was kept constant at 0.5% while the Yb3+

concentration was varied (0, 2, 3, 5 or 10%). Also two samples without Nd3+ were
synthesized containing 2 and 10% Yb3+. In all cases the percentages given for the
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dopants Yb3+ or Nd3+ are mol% with respect to Y3+. The samples were prepared
by mixing stoichiometric amounts of Y2O3, Nd2O3 and Yb2O3 (purity at least 4N).
The powder mixture was dissolved in dilute hydrochloric or nitric acid. After adding
a solution with an excess of NH4F (98+%) a precipitate was formed, which was
centrifuge-washed and then dried. The precipitate was placed in an alumina crucible
and fired in an oven together with an excess of NH4F under a nitrogen flow. The sam-
ples were first heated to 300◦C for two hours (to remove adsorbed water molecules)
and then to 1000◦C for three hours. After the samples had cooled sufficiently they
were crushed with a pestle and mortar and x-ray diffraction measurements were per-
formed to check for phase purity.

CsCdBr3

Multi-crystalline samples of CsCdBr3 doped with Nd3+ and Yb3+ were synthesized
via a dry-mixture method. The samples were prepared by mixing stoichiometric
amounts of dried CsBr, CdBr2, YbCl3 and NdCl3. The powder mixture was put into
a quartz ampoule, which was then evacuated and sealed. The ampoule was put into a
high frequency furnace and heated to 650◦C in 4 hours and kept at that temperature
for 4 hours. The sample was cooled down slowly to 400◦C in 10 hours to anneal
the sample. The samples that were used for the luminescence measurements were
left in the ampoules since CsCdBr3 is slightly hygroscopic. One additional sample
was synthesized so that it could be removed from the ampoule and x-ray diffraction
measurements could be performed to check for phase purity.

6.2.2 Measurements

Diffuse reflectance spectra were measured with a Perkin-Elmer Lambda 950
UV/VIS/IR absorption spectrometer. Emission and excitation spectra were measured
with a SPEX DM3000F spectrofluorometer with a 450 W Xe lamp as the excitation
source. Excitation and emission wavelengths were selected with a double-grating
0.220 m SPEX 1680 monochromator (1200 l/mm) blazed at 300 nm. Emission spec-
tra were recorded by focusing the emitted light on a fiber guiding the light to a 0.3 m
monochromator (Scientific Spectra Pro, Princeton Instruments) where the emission
light is dispersed by a 150 l/mm grating or a 1200 l/mm grating, both blazed at 500 nm.
The dispersed light was detected with a Princeton Instruments 300i charge coupled
device (CCD). Emission and excitation measurements, particularly for the infra-red
region, were performed using an Edinburgh Instruments FLS920 fluorescence spec-
trometer. The 0.3 m excitation double monochromator disperses light from a 450 W
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Xe lamp with gratings blazed at 300, 500 or 1200 nm. UV and visible sample emission
is detected with an emission monochromator with a grating blazed at 300 or 500 nm
and a Hamamatsu R928 photomultiplier tube (PMT). The NIR emission is detected
with another emission monochromator with a grating blazed at 1200 nm and a liquid
nitrogen-cooled Hamamatsu R5509-72 PMT. The Edinburgh fluorescence spectrom-
eter is equipped with an Oxford helium flow cryostat for low temperature measure-
ments. The spectra were not corrected for the instrumental response, unless otherwise
indicated. In those cases a radiometrically calibrated DH-2000 halogen lamp from
Ocean Optics was used to correct emission spectra for variation in the instrumental
response to allow for an absolute comparison of photon fluxes in different spectral
regions.

Lifetime measurements upon pulsed excitation at a wavelength of 452 nm were
performed with the use of a Lambda Physik LPD3000 tunable dye laser with a
Coumarin 120 dye solution (tunable between 423-462 nm). Lifetime measurements
with an excitation wavelength of 480 nm were performed on the same setup with a
Coumarin 102 dye solution (tunable between 460-510 nm) and for an excitation wave-
length of 950 nm a Styryl 14 dye solution (tunable between 904-992 nm) was used.
The dye laser is pumped by a Lambda Physik LPX100 excimer (XeCl) laser. The
typical pulse width for the setup is ∼20 ns and the repetition rate is 10 Hz. The laser
excitation is steered into the sample chamber of the Edinburgh fluorescence spectrom-
eter using a pair of prisms.

6.3 Results and discussion YF3

6.3.1 Characterization

For all samples of YF3 (doped with 0.5% Nd3+ and 0, 2, 3, 5 and 10% Yb3+ and two
samples doped with 2 and 10% Yb3+) the X-ray diffraction patterns are consistent
with the orthorhombic structure of YF3.

To monitor the incorporation of Nd3+ and Yb3+ in YF3, diffuse reflection spec-
tra were recorded. In the diffuse reflectance spectra (Fig. 6.2), it can be seen that
the absorption strengths for the peaks corresponding to Nd3+ absorptions (e.g. the
4I9/2→

4F7/2 transition around 750 nm and the 4I9/2→
4G9/2 transition around 500 nm)

are very similar for all samples. This shows that Nd3+ was built into the lattice equally
well for all samples, since in the starting mixture the same amount of Nd3+ (0.5%)
was present. Furthermore, the peak for the Yb3+ absorption strength around 1000 nm
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Figure 6.2: Diffuse reflectance spectra for YF3:Nd3+(0.5%), Yb3+(0, 2, 3, 5 and 10%).

varies in good agreement with the Yb3+ concentration that was present in the starting
mixture.

In the UV (between 250 and 300 nm), a strong absorption band can be observed
which is probably related to defects, possibly involving oxygen impurities. The inten-
sity for this band varies between samples, and it is strongest for the sample co-doped
with 0.5% Nd3+ and 3% Yb3+.

6.3.2 Luminescence

The energy level diagram in Fig. 6.1 shows the desired downconversion scheme: start-
ing from the Nd3+ 4G9/2 level around 21 000 cm-1 cross-relaxation with a neighboring
Yb3+-ion involves partial energy transfer, which results in Nd3+ in the 4F3/2 state and
Yb3+ in the 2F5/2 state. In the next step (phonon-assisted) energy transfer from the
4F3/2 level of Nd3+ to a second Yb3+-ion results in a second excited Yb3+-ion, and
both ions can emit a 980 nm photon. To investigate if downconversion according to
this scheme occurs, emission spectra were first recorded for YF3:Nd3+ without Yb3+.

For downconversion it is crucial that the starting level for downconversion (4G9/2)
is sufficiently long-lived to allow for energy transfer to a neighboring Yb3+-ion. If the
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Figure 6.3: Room temperature emission spectra for the visible (a) and infrared (b) part of the
spectrum for YF3:Nd3+(0.5%). The excitation wavelength is 354 nm (4D1/2 level).

level has a sufficiently long lifetime, emission from the level can be observed and one
can expect the occurrence of downconversion. However, the energy level diagram
in Fig. 6.1 shows that a competing process, multi-phonon relaxation from 4G9/2 to
the next lower level (2G9/2) is also possible which may prevent downconversion. If
multi-phonon relaxation to the next lower level dominates, the lifetime of the level
is shortened, no emission will be observed and it is unlikely that downconversion
can compete with fast multi-phonon relaxation. Downconversion from higher energy
levels was also investigated. The energy level diagram in Fig. 6.1 reveals relatively
large energy gaps below the 2P3/2 and the 4D3/2 level which indicates that these states
may be sufficiently long lived to give rise to downconversion.

Fig. 6.3 shows the room temperature emission spectra of YF3 doped with 0.5%
Nd3+ for excitation in the Nd3+ 4D1/2 level (354 nm) and the 4G9/2 level (464 nm).
The results show that upon excitation at 354 nm, emission is observed from both the
4D3/2 and the 2P3/2 level to the 4IJ levels. This indicates that these levels may serve
as starting levels for downconversion. Upon excitation at 464 nm, only infrared emis-
sion is observed around 870 nm, 1050 nm and 1340 nm, all of which originate from
4F3/2 →

4IJ transitions. The absence of 4G9/2 →
4IJ emissions shows that the en-

ergy gap between the 4G9/2 level and the next lower level (2G9/2) is bridged by fast
multi-phonon relaxation and that radiative decay from the 4G9/2 level cannot com-
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Figure 6.4: Room temperature excitation spectrum of 4F3/2 →
4I9/2 emission (866 nm) for

YF3:Nd3+(0.5%).

pete with this non-radiative relaxation process. As a result downconversion from the
4G9/2 level is probably not possible. The 4F3/2 →

4IJ emission peaks are also ob-
served for excitation into the higher energy levels, such as the 4D1/2, 4D3/2 and the
2P3/2 levels. This indicates that from the higher energy emitting levels non-radiative
relaxation to the 4F3/2 level also occurs. This is confirmed by the excitation spectrum
of the 4F3/2 →

4I9/2 emission around 866 nm (Fig. 6.4) where peaks can be observed
corresponding to transitions to all levels above the 4F3/2 level of Nd3+.

The Nd3+ emission is quenched when the samples are co-doped with Yb3+. At a
concentration of 3% Yb3+, the Nd3+ emission both in the visible and in the infrared
has almost completely disappeared (Fig. 6.5). When the Yb3+ concentration is in-
creased to 10% the remaining Nd3+ emission intensity is less than 1% of the intensity
for the sample without Yb3+. At the same time, the Yb3+ emission around 1000 nm
starts to increase, and it reaches its maximum for the sample doped with 0.5% Nd3+

and 5% Yb3+. Increasing the concentration further does not lead to a higher Yb3+

emission intensity. Instead, the emission intensity starts to decrease for the sample
with 0.5% Nd3+ and 10% Yb3+, which is explained by concentration quenching.

For the highest Yb3+ concentration there is also a change in the relative intensities
of the Yb3+ emission at 986 and at 1028 nm. The peak at 986 nm is higher than
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Figure 6.5: Room temperature emission spectra for YF3:Nd3+(0.5%), Yb3+(0, 2, 3, 5 and
10%). (a) Visible part of the spectrum, excitation wavelength is 354 nm (4D1/2 level). (b)
Infrared part of the spectrum, excitation wavelength is 520 nm (4G11/2 level).

the peak at 1028 nm for Yb3+ concentrations up to 5%, while the 1028 nm peak is
higher for the YF3:Nd3+(0.5%), Yb3+(10%) sample. For this high concentration, re-
absorption of the shorter wavelength emission around 986 nm can occur, thus lowering
the relative intensity of this emission component. Furthermore, energy transfer over
multiple Yb3+-ions can occur to Yb3+-ions that emit at lower energy values, leading
to emission at longer wavelengths.

The emission spectra recorded after excitation in the lower energy levels of Nd3+

(below the 4G9/2 level), shown for 4G11/2 (520 nm) in Fig. 6.5(b), demonstrate that the
energy transfer from Nd3+ to Yb3+ after multi-phonon relaxation is efficient and does
lead to emission from Yb3+ as desired. This indicates that one-step energy transfer
occurs from Nd3+ to Yb3+. After non-radiative relaxation to the 4F3/2 level, efficient
transfer can be expected as the 4F3/2 →

4I11/2 transition on Nd3+ is resonant with the
2F5/2 →

2F7/2 transition on Yb3+.

To determine if downconversion occurs from the higher energy levels via the
two-step energy transfer process (yielding two NIR photons) excitation spectra were
recorded for emission from the 4F3/2 level of Nd3+ in YF3:Nd3+(0.5%) and emission
from the 2F5/2 level of Yb3+ in YF3:Nd3+(0.5%), Yb3+(2%). If downconversion oc-
curs from a high energy level, the relative intensity of the peak corresponding to the
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Figure 6.6: Room temperature excitation spectrum of Nd3+ emission (1050 nm) in
YF3:Nd3+(0.5%) and Yb3+ emission (986 nm) in YF3:Nd3+(0.5%), Yb3+(2%), both normal-
ized at 572 nm (excitation into Nd3+ 2G7/2/4G5/2).

transition to this level should increase in the excitation spectrum of the Yb3+ emis-
sion, as two instead of one NIR photons are generated [17]. The spectra are compared
by normalizing to the excitation lines of Nd3+ corresponding to the transition to the
2G7/2/4G5/2 level around 570 nm (Fig. 6.6). Excitation below the 2G7/2/4G5/2 level will
be followed by rapid multi-phonon relaxation to the 4F3/2 level as is evident from the
small energy gaps separating the levels below this level (see Fig. 6.1). In both excita-
tion spectra the peaks for these levels will appear with approximately the same relative
intensities. Fig. 6.6 shows that there is no increase in the relative intensity of the peak
for excitation into the 4G9/2 level (470 nm) for the Yb3+ co-doped sample compared
to the sample only doped with Nd3+. This indicates that downconversion does not
occur from the 4G9/2 level. There is, however, an increase in the relative intensity of
the peak for excitation into the 4D3/2 level at 354 nm. When comparing the excitation
peak intensities of the 866 nm Nd3+ and the 986 nm Yb3+ emission, an increase is ob-
served in all samples co-doped with Yb3+ (Fig. 6.7). The ratio of the intensities of the
4D3/2 excitation peak relative to the 2G7/2/4G5/2 excitation peaks increases from 1.1
to 1.4 when the Yb3+ concentration is increased from 2 to 10%. This indicates that
downconversion occurs from the Nd3+ 4D3/2 level, and that the efficiency increases
with increasing Yb3+-concentration, as expected. Based on the observed intensity ra-
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Figure 6.7: Comparison of relative excitation peak intensities of Nd3+ and Yb3+ emission
for YF3:Nd3+(0.5%), Yb3+(2, 3, 5 and 10%). The excitation spectra were measured at room
temperature and normalized at 572 nm (excitation into the Nd3+ 2G7/2/4G5/2 levels).

tios, it can be concluded that the downconversion efficiency increases up to 140% in
the sample with 10% Yb3+.

The absence of downconversion from the 4G9/2 level is attributed to multi-phonon
relaxation. To further investigate the multi-phonon relaxation process, a high resolu-
tion excitation spectrum of the 4F3/2 emission in YF3:Nd3+ (0.5%) was recorded to
determine the energy gap between the 4G9/2 and 2G9/2 level (Fig. 6.8). The excitation
spectrum shows sharp transitions to the various crystal field (CF) components of the
4G9/2 level between 460 and 475 nm and to the 2G9/2 components between 495 and
525 nm. The energy gap between the lowest CF of the 4G9/2 and the highest CF com-
ponent of the 2G9/2 level is determined to be 1012 cm-1. Since the maximum phonon
energy of YF3 is ∼500 cm-1, the energy gap between the 4G9/2 and 2G9/2 level can
be bridged by two to three phonons. Based on the energy gap law and experimen-
tal results, a rule of thumb predicts that radiative decay and multi-phonon relaxation
can compete when the gap is five times the phonon energy. For a smaller energy-gap,
multi-phonon relaxation dominates. Therefore the absence of emission from the Nd3+

4G9/2 level is in agreement with present findings: the energy difference between the
4G9/2 level and the next lower level (2G9/2) is small enough for non-radiative decay
to dominate in this host, making DC from the 4G9/2 level inefficient. In hosts with a
smaller phonon energy, e.g. chlorides (h̄ω ∼250 cm-1) or bromides (h̄ω ∼180 cm-1),
DC from the 4G9/2 level may compete with non-radiative relaxation, and efficient
downconversion could be achieved.
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Figure 6.8: High resolution excitation spectrum of 1050 nm emission in YF3:Nd3+(0.5%)
measured at 4 K.

6.3.3 Decay measurements

To gain further insight in the energy transfer processes between Nd3+ and Yb3+, lumi-
nescence decay curves were recorded for the Nd3+ and Yb3+ emission upon excitation
into the 4G9/2 level at 456 nm (Figs. 6.9 and 6.10). The luminescence decay curves
of the Nd3+ 4F3/2 emission (866 nm) in YF3:Nd3+(0.5%) can be described by a single
exponential with a lifetime of 390 µs. When the sample is co-doped with Yb3+, the
lifetime decreases and the decay is no longer single exponential (Fig. 6.9). This shows
that energy transfer from Nd3+ to Yb3+ occurs and the transfer rate increases as the
Yb3+ concentration is raised. The non-exponential character of the decay curves re-
flects the different distributions of Yb3+-ions around different Nd3+-ions, which gives
rise to a wide distribution of transfer rates between Nd3+ and Yb3+-ions. The rapid
decrease of the decay time upon raising the Yb3+ concentration from 2 to 10% shows
that energy transfer from Nd3+ to Yb3+ is efficient, consistent with the rapid drop
of the Nd3+ emission intensity upon adding Yb3+ observed in Fig. 6.5. To analyze
the energy transfer more quantitatively, the luminescence decay curves were mod-
eled using Monte Carlo simulations. In a previous paper the basics of the modeling
procedure have been outlined and the model was used to distinguish between differ-
ent possible energy transfer mechanisms (cooperative, accretive or phonon-assisted
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single-step) [12]. The present energy transfer process clearly involves a single-step
transfer from Nd3+ to neighboring Yb3+-ions and only this mechanism is therefore
considered. For the single-step energy transfer through dipole-dipole interaction, the
transfer rate to all neighbors is given by:

γtr = Ctr

∑
i

1
r6

i

(6.1)

where γtr is the transfer rate for a Nd3+-ion in the excited 4F3/2 state to transfer to
all neighboring Yb3+-ions at distances r. The constant Ctr is a fitting parameter and
the summation is over all Yb3+ neighbors i. A discrete atom model was used based
on the unit cell of YF3 (orthorhombic with a = 6.353 Å, b = 6.850 Å and c = 4.393 Å)
and the coordinates of the Y-atoms in the unit cell [19, 20]. The size of the box
considered for energy transfer was 53 unit cells which means that all interactions
up to 15 Å were taken into account. For larger distances no improvement of the
simulations was observed indicating that energy transfer over longer distances does
not contribute significantly. The lattice sites were filled randomly with Y3+ or Yb3+

with a probability specified by the Y3+ to Yb3+ ratio. Substitution of one of the
lanthanides by Nd3+ generated a particular configuration. For each configuration the
single exponential decay curve is given by:

It = et(γtr+γr) (6.2)

where t is time, γr is the radiative decay rate of the 4F3/2 state of Nd3+ in YF3 and
γtr is the energy transfer rate as calculated with Eq. 6.1. The decay curves recorded
result from an ensemble average of configurations. Therefore an ensemble average
signal was calculated:

< It >=< et(γtr+γr) > (6.3)

where <> denotes ensemble averaging over 10 000 configurations. With this num-
ber convergence was reached. The simulations are shown in Fig. 6.9 for the different
Yb3+ concentrations for γr = 2.55·103 s-1 (τr = 390 µs) and Ctr = 7.07·108 Å6·s-1.
The agreement is excellent showing that the energy transfer between Nd3+ and Yb3+

is well described by energy transfer through dipole-dipole interactions. The energy
transfer is indeed very efficient. The transfer rate to nearest neighbors at 3.6 Å is
3.25·105 s-1, more than 100 times faster than the radiative decay rate of 2.55·103 s-1.

In the decay curves of the Yb3+ emission, a build-up is observed in the first part of
the curve (Fig. 6.10), causing the Yb3+ emission to reach a maximum approximately
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Figure 6.9: Room temperature lifetime measurements (dotted lines) of Nd3+ 4F3/2 emission
(866 nm) in YF3:Nd3+(0.5%) co-doped with Yb3+ (0, 2, 3, 5 and 10%) after excitation into
the Nd3+ 4G9/2 level at 456 nm. The solid lines are simulated curves using a Monte Carlo
model for single-step energy transfer through dipole-dipole interaction (Eqs. 6.1-6.3).

Figure 6.10: Room temperature lifetime measurements of Yb3+ 2F5/2 emission (986 nm) in
YF3:Nd3+(0.5%), Yb3+(2, 3, 5 and 10%) after excitation into the Nd3+ 4G9/2 level at 456 nm.
The inset shows the build-up in the first 0.2 ms of the curve.



D  N3+, Y3+  YF3  CCB3 113

150 µs after the start of the measurement. This build-up time is similar to the decay
times of the 4F3/2 emission from Nd3+, which confirms that the Yb3+ emission is fed
by energy transfer from the Nd3+ 4F3/2 level. The build-up time decreases from 80 µs
for YF3:Nd3+(0.5%), Yb3+(2%) to 13 µs for YF3:Nd3+(0.5%), Yb3+(10%), confirm-
ing that the energy transfer becomes more efficient at higher Yb3+ concentrations.
The effect of concentration quenching can be seen in the long time part of the de-
cay curve: at low Yb3+ concentrations the lifetime is approximately 1900 µs, and as
the Yb3+ concentration increases to 10%, the lifetime decreases to ∼1560 µs. The
decrease in lifetime is ascribed to energy migration of the excitation energy over the
Yb3+-sublattice, which can result in quenching of the luminescence if the migrating
excitation energy encounters a quenching site.

6.3.4 Temperature dependent measurements

To gain further understanding about the energy transfer processes and the concentra-
tion quenching in YF3:Nd3+, Yb3+, temperature dependent measurements were per-
formed. Fig. 6.11 shows typical temperature-dependent spectra for YF3:Nd3+(0.5%),
Yb3+(2%). At 4 K the emission peaks of both Nd3+ and Yb3+ are very narrow com-
pared to the spectra at room temperature. Thermally induced relaxation processes
cause the emission peaks to broaden at higher temperatures (lifetime broadening).
Furthermore, additional peaks for emission from higher crystal field components start
to appear when the temperature is raised. An example of this effect is the peak for
emission from a higher crystal field component of the Yb3+ 2F5/2 level at 965 nm that
appears when the temperature is increased to 50 K.

As seen from the room temperature emission spectra (Fig. 6.5), and the lifetime
measurements of the Yb3+ emission (Fig. 6.10), Yb3+ 2F5/2 emission starts to decrease
due to concentration quenching for high Yb3+ concentrations. At very low temper-
atures (4 K), concentration quenching is hampered which causes a strong increase
in the Yb3+ emission intensity. This is explained by the small energy mismatches be-
tween the energy levels of neighboring Yb3+-ions, which impose the need for phonon-
assisted energy transfer; by freezing out the phonons at low temperatures, the energy
migration becomes less efficient and the concentration quenching is reduced.

At low temperatures, an additional peak is visible in the Yb3+ emission spectra at
980.5 nm (see the inset of Fig. 6.11), which disappears when the temperature is raised
above 50 K. Low-temperature lifetime measurements for the emission peaks between
980 and 1024 nm are compared (Fig. 6.12). The lifetime of the tail of the decay curves
is approximately 1500 µs for all curves, and all four decay curves show a build-up
in the beginning of the curve. The build-up time is ∼50 µs for emission wavelengths
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Figure 6.11: Temperature dependent emission spectra for YF3:Nd3+(0.5%), Yb3+(2%). The
inset shows the effect of temperature on the peak at 980 nm.

Figure 6.12: Lifetime measurements at 4 K of Yb3+ 2F5/2 emission at different wavelengths
in YF3:Nd3+(0.5%), Yb3+(5%) after excitation into the Nd3+ 4G9/2 level at 456 nm.
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between 987 and 1024 nm, and is attributed to energy transfer from Nd3+ to Yb3+ (see
also Fig. 6.9). The build-up time for the 980.5 nm emission is approximately 225 µs.
The longer build-up time and the observation that this emission peak disappears above
50 K can be explained by the presence of a small amount of oxygen in the sample.
For Yb3+-ions situated next to an oxygen impurity, a very common contamination in
fluorides, the lowest 2F5/2 level is lowered in energy (∼47 cm-1 based on the position
of the emission lines at 976 nm for Yb3+ on the dominant site, and 980.5 nm for
Yb3+ next to an oxygen impurity, which will be indicated by Yb−O

′

F). At higher
temperatures thermal de-trapping occurs, and this explains the observed decrease in
the 980.5 nm emission intensity above 50 K. To confirm the presence of Yb−O

′

F ,
the excitation spectrum for the 980.5 nm emission was compared to an excitation
spectrum of Yb3+ emission at 987 nm (Fig. 6.13(a)). In the excitation spectrum for
the Yb3+ emission (black line) peaks for excitation into the different Nd3+ levels are
present (compare Fig. 6.6), while for the 980.5 nm emission (red dotted line) a broad
band between 250 and 350 nm can be observed. Such a band is typical for oxygen
ligand-to-metal charge-transfer (CT) for lanthanides, in this case from O2- to Yb3+

[21]. This is further confirmed by the emission spectra for excitation into the CT
band which results in an intense Yb3+ emission at 980.5 nm, while for excitation into
the Nd3+ 4G9/2 level the intrinsic Yb3+ emission lines dominate (Fig. 6.13(b)). The
shift of the emission peak indicates that oxygen lowers the position of the Yb3+ 2F5/2
energy level, which can then act as an energy trap (Yb−O

′

F) at lower temperatures,
resulting in an emission peak at 980 nm below 50 K (Fig. 6.11). The slower build-up
in the decay curve of the 980 nm emission is then explained by energy transfer to
Yb−O

′

F (Fig. 6.12).

The presence of oxygen can also be observed in the absorption spectra as an ab-
sorption band around 250 nm (Fig. 6.2). Oxygen and fluoride have a similar ionic
radius, making oxide contamination of fluorides a commonly observed problem.

6.4 Results and discussion CsCdBr3

YF3 has a maximum phonon energy of ∼500 cm-1 [18]. In the previous section it
was concluded that DC was not possible in this host lattice due to fast multi-phonon
relaxation from the 4G9/2 level, and that a host with a smaller phonon energy was
necessary for efficient DC to occur. From the high resolution spectrum in Fig. 6.8
the energy difference between the Nd3+ 4G9/2 level and the next lower level (2G9/2)
was determined to be around 1012 cm-1. CsCdBr3 has a maximum phonon energy of
180 cm-1 which means that for the CsCdBr3 host lattice about 6 phonons are needed to
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Figure 6.13: Excitation (a) and emission (b) spectra for YF3:Nd3+(0.5%), Yb3+(10%) show-
ing the O2--Yb3+ CT band and emission from Yb3+ affected by the presence of oxygen
(Yb−O

′

F).

bridge the energy gap between the 4G9/2 and the 2G9/2 level. This makes non-radiative
relaxation unlikely and therefore DC with the Nd3+–Yb3+ couple should be possible
in this host lattice. In this section preliminary results on DC for the Nd3+–Yb3+ couple
in CsCdBr3 are presented.

Samples of CsCdBr3 doped with 1% Nd3+ and 0, 2 and 5 mol% Yb3+ were syn-
thesized. X-ray diffraction measurements gave similar results for all three samples
and were consistent with the hexagonal structure of CsCdBr3 [22, 23]. Fig. 6.14
shows excitation spectra for CsCdBr3:Nd3+(1%), Yb3+(0, 2, 5%) while observing
emission from the Yb3+ 2F5/2 level around 1011 nm. This emission overlaps with
Nd3+ 4F3/2 →

4I11/2 emission. Peaks can be observed for excitation into the Nd3+

4GJ levels (∼480, 535 and 600 nm), 2G7/2 (∼600 nm) and 4FJ levels (∼750, 820 and
890 nm). For the sample doped with only Nd3+ the peaks are small, indicating that
the emission around 1011 nm is not very strong. When Yb3+ is present in the sam-
ples a band appears for excitation into the the CsCdBr3 host lattice and the intensity
of the Nd3+ peaks increases. This spectrum shows that energy transfer from Nd3+

to Yb3+ takes place since Yb3+ emission can be observed (in addition to the Nd3+

4F3/2 →
4I11/2 emission) after excitation in Nd3+ levels.

In Fig. 6.15 the emission spectra for the three samples are shown. The spectra
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Figure 6.14: Room temperature excitation spectra of CsCdBr3:Nd3+(1%), Yb3+(0, 2, 5%).
The emission wavelength is 1011 nm (Yb3+ 2F5/2→

2F7/2 transition or the Nd3+ 4F3/2→
4I11/2

transition).

are corrected for instrumental response so that the areas of the integrated emission
peaks represent the total photon flux and can be compared quantitatively. The spectra
show that intense Yb3+ emission is observed around 1000 nm, consistent with efficient
downconversion from the 4G9/2 level.

Decay curves (Fig. 6.16) of Nd3+ 4F3/2 emission (892 nm) after excitation into
the Nd3+ 4G11/2 level (480 nm) further demonstrate that energy transfer from Nd3+

to Yb3+ takes place. The decay curves for all three samples show a build-up in the
first part of the curve due to relaxation from the Nd3+ 4G11/2 level to the 4F3/2 level.
As more Yb3+ is added to the samples the build-up becomes faster due to cross-
relaxation between Nd3+ and Yb3+ (the first step in the DC process, see also Fig. 6.1).
When Yb3+ is present in the samples the 4F3/2 level is not only fed by non-radiative
relaxation from the 4G11/2 to the 4F3/2 level of Nd3+, but this can also occur via cross-
relaxation (Nd3+ 4G9/2 →

4F3/2, Yb3+ 2F7/2 →
2F5/2). For the sample doped with

only Nd3+ the tail of the decay curve shows a single exponential decay, while for
the samples co-doped with Yb3+ the decay is faster and non-exponential. The non-
exponential character of the decay curves reflects the different distributions of Yb3+-
ions around different Nd3+-ions, giving rise to a large variation in the energy transfer
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Figure 6.15: Room temperature emission spectra of CsCdBr3:Nd3+(1%), Yb3+(0, 2, 5%),
λex = 480 nm (4G9/2 level). The spectra are recorded under identical conditions and corrected
for instrumental response. Φ gives the photon flux per constant wavelength interval.

Figure 6.16: Luminescence decay curves for the Nd3+ 4F3/2 emission in CsCdBr3:Nd3+(1%),
co-doped with 0, 2, or 10% Yb3+ measured at room temperature. The excitation wavelength
is 480 nm (into the 4G11/2 level) and the emission wavelength is 892 nm (Nd3+ 4F3/2 →

4I9/2).
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rates between Nd3+ and Yb3+-ions.

Further measurements are required to understand the mechanism for energy trans-
fer in the Nd3+–Yb3+ downconversion couple in CsCdBr3. Optimization of the syn-
thesis conditions and the Nd3+ and Yb3+ concentrations may lead to an efficient down-
conversion material that can be used in combination with c-Si solar cells.

6.5 Conclusions

Downconversion for the Nd3+–Yb3+ couple has been investigated in YF3:Nd3+, Yb3+.
Emission and excitation measurements of YF3:Nd3+(0.5%) show that excitation into
energy levels of Nd3+ between 28 500 and 17 500 cm-1(350-570 nm), results in non-
radiative decay to the 4F3/2 level, followed by emission from this level to the 4IJ levels
in the infrared. In co-doped samples downconversion from the Nd3+ 4G9/2 level via
the cross relaxation process Nd3+ (4G9/2 →

4F3/2), Yb3+ (2F7/2 →
2F5/2), followed by

a second energy transfer step from the 4F3/2 level of Nd3+ to Yb3+, could possibly lead
to the emission of two IR photons from Yb3+. However, fast multi-phonon relaxation
is found to occur from the 4G9/2 level to the lower 2G9/2 level and this prevents efficient
downconversion from the 4G9/2 level, as cross-relaxation is much less efficient than
multi-phonon relaxation.

The multi-phonon relaxation from the 4G9/2 level and lower energy levels results
in population of the 4F3/2 level of Nd3+. From here efficient one-step energy transfer
to Yb3+ occurs through dipole-dipole interaction. The energy difference between the
Nd3+ 4G9/2 and the next lower 2G9/2 level is determined to be 1012 cm-1 and this small
energy difference explains that multi-phonon relaxation dominates in YF3, where the
maximum phonon energy is around 500 cm-1. From the higher energy 4D3/2 level
of Nd3+ downconversion is observed with efficiencies up to 140%. The high energy
position of this level (in the UV part of the spectrum) does not make this a promising
downconversion route for solar cell applications.

In a low phonon frequency host, CsCdBr3, the Nd3+–Yb3+ couple does show
efficient downconversion. Multi-phonon relaxation is suppressed and excitation in the
4G9/2 level is followed by two-step energy transfer to Yb3+ neighbors and a strong
emission band around 1000 nm is observed. Based on these initial results, bromides
can be considered as promising host lattices for efficient downconversion.
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Downconversion with the Ho3+–Yb3+

couple in LiYF4
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Abstract

The efficiency of solar cells can be increased by combining a solar cell with a down-
converting layer. In a downconversion material two low energy NIR photons are emit-
ted for each high energy photon that is absorbed. Luminescence spectra (excitation
and emission) and luminescence decays curves have been recorded for LiYF4:Ho3+,
Yb3+ to investigate the potential for downconversion of this couple. Yb3+ emission
is observed after excitation into the Ho3+ 5F1 level but downconversion from the 5F3
level around 490 nm does not take place due to fast non-radiative relaxation over an
energy gap of ∼1500 cm-1 to the 5F4/5S2 levels. In a host lattice with low vibrational
energies efficient downconversion may be achieved.

7.1 Introduction

A large part of the energy losses that limit the conversion efficiency of solar cells to
30% is related to the spectral mismatch [1]. Photons with an energy smaller than the
band-gap (Eg) will not be absorbed (sub band-gap transmission) and a large part of
the energy of photons with an energy larger than the band-gap is lost as heat (ther-
malization losses). The energy losses related to the spectral mismatch can be reduced
by adapting the solar cell to the solar spectrum, for instance by combining multiple
semiconductor materials with different bandgaps, each converting a different part of
the solar spectrum with high efficiency. This approach has been successfully applied
and energy efficiencies over 40% have been reported [2]. An alternative way to reduce
the spectral mismatch losses is through adapting the solar spectrum so that the solar
cell can use it more efficiently.

A promising option is downconversion (DC): one higher energy photon is split to
obtain two photons with a smaller energy. Each of these photons can subsequently be
absorbed by the solar cell and generate an electron-hole pair. Because one photon is
‘cut’ into two smaller energy photons this process is also known as quantum cutting.
Lanthanide ions are very well suited to use for DC because they have a rich energy
level structure that allows for efficient spectral conversion [3, 4].

It is evident from the Dieke diagram (Fig. 1.3) that the energy level structure of
Yb3+ is ideally suited for use in downconversion for c-Si solar cells. The Yb3+-ion
has a single excited state (2F5/2) approximately 10 000 cm-1 above the 2F7/2 ground
state, corresponding to an emission around 1000 nm. The absence of other energy lev-
els allows Yb3+ to exclusively ‘pick up’ energy packages of 10 000 cm-1 from other
co-doped lanthanide ions and emit photons at ∼1000 nm, which can be absorbed by c-
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Figure 7.1: Energy level scheme of the Ho3+ (4f10) and Yb3+ (4f13) couple showing a mech-
anism for downconversion via two-step energy transfer. First energy is transferred from Ho3+

to one Yb3+ neighbor (Ho3+ (5F3 →
5I5), Yb3+ (2F7/2 →

2F5/2)) followed by emission of an
infrared photon by Yb3+ (2F5/2→

2F7/2). The remaining energy can be transferred to a second
Yb3+ neighbor (Ho3+ (5I5 →

5I8), Yb3+ (2F7/2 →
2F5/2)), or emitted by Ho3+.

Si. Efficient downconversion using Yb3+ via resonant energy transfer requires donor
ions with an energy level at about 20 000 cm-1 and an intermediate energy level at
approximately 10 000 cm-1. In the previous chapters, a variety of downconversion
couples (Pr3+–Yb3+, Er3+–Yb3+ and Nd3+–Yb3+) have been studied in detail. In this
chapter results are reported for Ho3+–Yb3+. Examination of Fig. 1.3 reveals that with
the Ho3+–Yb3+ couple it may be possible to achieve donwconversion via a two-step
energy transfer mechanism (see Fig. 7.1). After excitation of the Ho3+-ion into the 5F3
level energy can be transferred from Ho3+ to one Yb3+ neighbor (Ho3+ (5F3 →

5I5),
Yb3+ (2F7/2 →

2F5/2)), and the remaining energy can be transferred to a second Yb3+

neighbor (Ho3+ (5I5 →
5I8), Yb3+ (2F7/2 →

2F5/2)). This is then followed by emis-
sion of an infrared photon by both Yb3+-ions (2F5/2 →

2F7/2 transition). A fluoride
host lattice was chosen because fluorides typically have a small phonon energy (500-
600 cm-1), so that the amount of non-radiative decay will be limited.

Preliminary experiments on DC with the Ho3+–Yb3+ couple in LiYF4 show an
energy transfer efficiency of 94% at the highest Yb3+ concentration (30%), but the
visible to NIR conversion efficiency is low. Further experiments are necessary to
elucidate the downconversion mechanism and to optimize the conversion efficiency.
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7.2 Methods

7.2.1 Synthesis

Crystalline powder samples of LiYF4 doped with Ho3+ and Yb3+ were synthesized
via co-precipitation. The samples were prepared by mixing stoichiometric amounts
of Y2O3, Ho2O3 and Yb2O3 (purity at least 4N). The powder mixture was dissolved
in diluted acid. After adding a solution with an excess of NH4F (98+%) a precipitate
was formed, which was centrifuge-washed and then dried. The dried precipitate was
mixed with LiF (5% excess) and NH4F, placed in an alumina crucible and fired in an
oven under a nitrogen flow. The samples were first heated to 300◦C for three hours
(to remove adsorbed water molecules) and then to 600◦C for three hours. After the
samples had cooled sufficiently they were crushed with a pestle and mortar and x-ray
diffraction measurements were performed to check for phase purity.

7.2.2 Measurements

Diffuse reflectance spectra were measured with a Perkin-Elmer Lambda 950
UV/VIS/IR absorption spectrometer. Emission and excitation spectra were measured
with a SPEX DM3000F spectrofluorometer with a 450 W Xe lamp as the excitation
source. Excitation and emission wavelengths were selected with a double-grating
0.220 m SPEX 1680 monochromator (1200 l/mm) blazed at 300 nm. Emission spec-
tra were recorded by focusing the emitted light on a fiber guiding the light to a 0.3 m
monochromator (Scientific Spectra Pro, Princeton Instruments) where the emission
light is dispersed by a 150 l/mm grating or a 1200 l/mm grating, both blazed at
500 nm. The dispersed light was detected with a Princeton Instruments 300i charge
coupled device (CCD).The spectra were not corrected for the instrumental response.
Emission and excitation measurements were also performed using an Edinburgh In-
struments FLS920 fluorescence spectrometer. The 0.3 m excitation double monochro-
mator disperses light from a 450 W Xe lamp which can be tuned with 1200 l/mm
gratings blazed at 300, 500 and 1200 nm. UV and visible sample emission is detected
with an emission double monochromator employing a 1200 l/mm grating blazed at
500 nm and a Hamamatsu R928 PMT. The NIR emission is detected with another
emission double monochromator with a 1200 l/mm grating blazed at 1200 nm and a
liquid nitrogen-cooled Hamamatsu R5509-72 PMT. Lifetime measurements were all
performed with the use of a Lambda Physik LPD3000 tunable dye laser filled with
Coumarin 102 dye solution (tunable between 460-510 nm). The dye-laser is pumped
by a Lambda Physik LPX100 excimer (XeCl) laser. The typical pulse width for the
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setup is ∼20 ns and the repetition rate is 10 Hz. The laser excitation is steered into the
sample chamber of the Edinburgh fluorescence spectrometer using a pair of prisms.

7.3 Results and discussion

For the different samples of LiYF4 doped with 1 mol% Ho3+ and 0, 5, 10 and 30 mol%
Yb3+ x-ray diffraction measurements confirmed the formation of single phase crys-
talline powders with the LiYF4 scheelite crystal structure. In Fig. 7.2 the emission
spectra are shown for the four different samples upon excitation at 480 nm in the 5F1
level. From this level fast non-radiative relaxation to the 5F3 level is expected in view
of the small energy separations between the levels (see Fig. 7.1). From the 5F3 level
the downconversion process depicted in Fig. 7.1 can occur. A competing process is
further non-radiative relaxation to the 5F4/5S2 levels. The energy gap between the 5F3
level and the 5F4 level, as determined from high resolution low temperature excitation
spectra (Fig. 7.3), is ∼1500 cm-1. The situation is very similar to the case of the Er3+–
Yb3+ couple discussed in Chapters 4 and 5 where downconversion from the 4F7/2 level
had to compete with multi-phonon relaxation to the 2H11/2/4S3/2 level, also some 1500
cm-1 lower in energy. In the emission spectrum for the sample doped with 1% Ho3+,
it is clear that no emission is observed from the 5F3 level. Only emission from the
5F4/5S2 and from the 5F5 level is present. This shows that the 5F3 →

5F4/5S2 multi-
phonon relaxation rate is fast in this fluoride host and radiative decay or downcon-
version cannot compete. Just as for the Er3+–Yb3+ and Nd3+–Yb3+ couples, efficient
downconversion can only be anticipated for the Ho3+–Yb3+ couple in host lattices
with low phonon energies (bromides and possibly chlorides).

In the samples co-doped with Ho3+ and Yb3+ the intensity of the Ho3+ emission
lines decreases with increasing Yb3+ concentration while Yb3+ emission is observed
around 1000 nm. Clearly, efficient energy transfer occurs from both the 4F4/5S2 and
4F5 levels of Ho3+ to Yb3+. The energy level diagrams in Fig. 7.1 show that effi-
cient energy transfer can be expected through cross-relaxation (Ho3+ (5S2/4F4→

5I6),
Yb3+ (2F7/2 →

2F5/2) and Ho3+ (4F5 →
5I7), Yb3+ (2F7/2 →

2F5/2)). Contrary to the
situation for Er3+ where energy transfer from the 4S3/2 level to Yb3+ was very ineffi-
cient, the Ho3+-ion does efficiently transfer its energy to neighboring Yb3+-ions. The
observation that the intensity drop for the 4F5 emission upon co-doping with Yb3+

is more pronounced than for the 4F4/5S2 emission shows that cross-relaxation from
the 4F5 level is more efficient. The energy transfer results in Yb3+ emission around
1000 nm. The emission is strongest for the sample co-doped with 30% Yb3+. The
efficient cross-relaxation does not result in emission of two NIR photons. The final
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Figure 7.2: Room temperature emission spectra of LiYF4:Ho3+(1%), Yb3+(0, 5, 10, 30%).
The excitation wavelength is 480 nm (into the Ho3+ 5F1 level).

Figure 7.3: High resolution excitation spectrum of LiYF4:Ho3+(1%), Yb3+(5%) for an emis-
sion wavelength of 750 nm (5I4 →

5I8 transition) measured at 4 K.
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Figure 7.4: Room temperature luminescence decay curves of LiYF4:Ho3+(1%),
Yb3+(0, 5, 10, 30%). The excitation wavelength is 490 nm (Ho3+ 5F3 level) and the emis-
sion wavelength is 540 nm (Ho3+ 5S2/5F4 →

5I8 transition).

levels for the cross-relaxation on Ho3+ are the 5I6 and 5I7 levels. From both levels ef-
ficient IR emission can be expected but at wavelengths too far in the IR to be absorbed
by crystalline-Si (approximately 1200 nm for the 5I6 level and around 2000 nm for
the 5I7 level)

Luminescence decay curves recorded for the 4F4/5S2 emission are shown in
Fig. 7.4. These results confirm the presence of efficient energy transfer from Ho3+

to Yb3+: upon raising the Yb3+ concentration, the decay curves for the 4F4/5S2 emis-
sion become faster and non-exponential. The non-exponential character reflects the
variety of distributions of Yb3+-ions around the Ho3+-ions, giving rise to different
energy transfer rates from Ho3+ donors to the Yb3+ acceptors. The efficiency of en-
ergy transfer can be estimated from the integrated areas under the normalized decay
curves [5]. Integration reveals that the transfer efficiency from the 4F4/5S2 level is 28,
64 and 94% in the samples co-doped with 5, 10 and 30% Yb3+, respectively.
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7.4 Conclusions

Luminescence spectra (excitation and emission) and luminescence decay curves have
been recorded for LiYF4:Ho3+,Yb3+ to investigate the potential of this couple for
downconversion. The results show that the desired downconversion process (Ho3+

(5F3→
5I5), Yb3+ (2F7/2→

2F5/2) followed by Ho3+ (5I5→
5I8), Yb3+ (2F7/2→

2F5/2))
does not occur. Fast multi-phonon relaxation from the 5F3 level to the 4F4/5S2 levels
over an energy gap of about 1500 cm-1 is too fast and prevents downconversion. From
the 4F4/5S2 levels efficient energy transfer to Yb3+ is observed. To achieve efficient
downconversion the Ho3+–Yb3+ couple should be incorporated in a host lattice with
low phonon energies.
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Samenvatting

Deze samenvatting is bedoeld om het onderzoek dat in dit proefschrift beschreven
wordt begrijpelijker te maken voor iedereen die geïnteresseerd is, maar niet zo goed
thuis is in het onderwerp. Om uit te kunnen leggen wat het doel van het onderzoek is
en de resultaten (kort) toe te lichten, wordt eerst een aantal begrippen geïntroduceerd.

Om klein te beginnen: alle stoffen om ons heen zijn opgebouwd uit (verschillende
combinaties van) atomen. In de kern van elk atoom bevinden zich positief geladen
protonen. Daar omheen draaien de negatief geladen elektronen in een vaste baan.
Elk type atoom heeft een ander aantal protonen en elektronen. Zo heeft bijvoorbeeld
het waterstofatoom 1 proton in de kern en daar omheen draait 1 elektron, terwijl een
koolstofatoom 6 protonen en 6 elektronen heeft. In het Periodiek Systeem zijn de
verschillende atomen die bekend zijn geordend in een tabel zodat helemaal bovenaan
de atomen met het kleinste aantal protonen en elektronen staan, en helemaal onderin
de atomen die zijn opgebouwd uit de meeste protonen en elektronen. Het kan ook
voorkomen dat een atoom één of meer elektronen mist, zodat het een positieve lading
heeft, of juist elektronen te veel heeft en een negatieve lading heeft. Atomen met een
lading noemen we ionen.

Elk elektron heeft een vaste baan om de kern van het atoom, en zal niet zomaar
van baan veranderen. Als een atoom energie opneemt kan een elektron naar een
baan gaan, die verder van de kern af ligt. Dit noemen we dan een aangeslagen
toestand. Aangezien er (afhankelijk van het soort atoom) veel verschillende mo-
gelijke banen voor een elektron om de kern zijn, zijn er ok veel verschillende aange-
slagen toestanden. Een elektron dat in een hogere baan terecht is gekomen, kan ook
weer terugkeren naar zijn oorspronkelijke baan (de grondtoestand van het atoom), en
daarbij energie verliezen. Er zijn verschillende manieren waarop een atoom energie
kan verliezen. Wanneer een atoom energie afstaat in de vorm van licht noemen we dit
luminescentie.

Laten we iets beter kijken naar de relatie tussen licht, kleur en energie. Licht kan
gezien worden als bestaande uit ‘pakketjes’ energie die we fotonen noemen. Hoeveel
energie fotonen bij zich dragen, wordt bepaald door de golflengte. De golflengte is



ook bepalend voor de kleur van het licht. Een rood foton met een golflengte van
650 nm (nanometer: één miljardste van een meter of 10-9 m) heeft minder energie
dan een geel foton met een golflengte van 570 nm, wat weer minder energie heeft dan
een blauw foton met een golflengte van 475 nm. De zon geeft een breed spectrum
van fotonen met verschillende kleuren, wat goed te zien is in een regenboog. Alle
kleuren in het zichtbare deel van het zonnespectrum zie je hierin op volgorde van lage
naar hoge energie: rood, oranje, geel, groen, blauw, violet. Sommige fotonen kunnen
niet worden waargenomen door het menselijk oog, zoals fotonen met een kleinere
energie dan rode fotonen (deze noemen we infrarood, golflengte langer dan ongeveer
750 nm) en fotonen met een grotere energie dan de violette fotonen (deze noemen we
ultraviolet, golflengte korter dan ongeveer 400 nm).

De energie in licht kunnen we goed gebruiken. Zeker in een tijd waarin de vraag
naar energie groeit, maar de voorraden van fossiele brandstoffen opraken en de zor-
gen over de effecten op het milieu groeien. De zon is een overvloedige bron van
(schone) energie: vanaf de zon bereikt meer energie de aarde in één uur (43 EJ,
11.9 biljoen kWh) dan het huidige verbruik van de hele planeet in een jaar (41 EJ,
11.4 biljoen kWh). Om te kunnen voldoen aan de vraag naar energie, maar tege-
lijkertijd CO2-emissies te verminderen, moeten we (meer) gebruik gaan maken van
alternatieve, schonere energiebronnen. Met behulp van zonnecellen kan de energie
in het zonlicht direct worden omgezet in elektriciteit. Daarom zijn zonnecellen een
goede optie om ons van duurzame energie te voorzien. Helaas is de prijs per kWh van
zonne-energie relatief hoog, zodat het belangrijk is om zonnecellen efficiënter en/of
goedkoper te maken.

Meestal worden zonnecellen gemaakt van materialen die we halfgeleiders noe-
men. In halfgeleiders is iets bijzonders aan de hand: in plaats van dat er ‘losse’
aangeslagen toestanden zijn voor elk atoom in de halfgeleider, vormen de aangesla-
gen toestanden in de halfgeleider samen een energieband. In de grondtoestand is de
onderste band, die de valentieband genoemd word, helemaal gevuld met elektronen.
De volgende energieband, de geleidingsband, is leeg. Het energieverschil tussen de
bovenkant van de valentieband en de onderkant van de geleidingsband noemen we de
energiekloof of bandgap. Omdat de valentieband helemaal vol is kan er geen stroom
lopen (elektriciteit is immers niets anders dan elektronen die in beweging zijn). Wan-
neer er licht (fotonen) op een halfgeleider valt, met voldoende energie om een elektron
van de valentie- naar de geleidingsband te brengen, kan er een stroom gaan lopen: een
zonnecel levert dan energie in de vorm van elektriciteit.

De zonnecellen die op dit moment het meest gebruikt worden kunnen slechts
15% van de energie die door de zon als licht wordt geleverd omzetten in elektrische
energie. Ongeveer 60% van het energieverlies heeft te maken met wat de spectral



mismatch wordt genoemd. Het spectrum van de zon bestaat uit fotonen met ver-
schillende energie. Wanneer een foton met een energie die kleiner is dan de bandgap
van de halfgeleider op de zonnecel valt, kan deze energie helemaal niet gebruikt wor-
den (transmissieverlies). Er is immers niet genoeg energie om een elektron naar de
geleidingsband te brengen. Er zijn ook fotonen met een energie die (veel) groter is
dan de bandgap. De ‘extra’ energie in deze fotonen die overblijft nadat een elektron
van de valentieband naar de geleidingsband is gebracht, kan niet gebruikt worden om
elektriciteit op te wekken en raakt verloren als warmte (thermalisatieverlies).

Om deze verliezen zo klein mogelijk te maken zijn er twee mogelijkheden. De
eerste optie is het aanpassen van de zonnecel aan het zonnespectrum. Dit wordt
toegepast bij zogenoemde ‘multi-junction’ zonnecellen. Hierin worden meerdere zon-
necellen, elk van een ander halfgeleider materiaal met een verschillende bandgap,
op elkaar gestapeld. Elk van die zonnecellen kan dan een klein stukje van het
zonnespectrum zo efficiënt mogelijk omzetten naar elektriciteit. De tweede optie is
het zonnespectrum aanpassen (of in andere woorden: de kleur veranderen) voor het
wordt gebruikt door de zonnecel. Om dit te bereiken zijn we op zoek gegaan naar
“Foton Managers”.

Gezocht: Foton Managers (m/v)

Meer dan 90% van de zonnecellen die nu worden toegepast is gemaakt van silicium.
In dit halfgeleidermateriaal kan de bandgap tussen de valentie- en de geleidingsband
overbrugd worden met de energie van een foton van 1100 nm. Het grootste deel van
de energie in het zonnespectrum bestaat uit fotonen met golflengtes tussen de 400 en
2400 nm (Figuur 1.2). Zoals al eerder genoemd hebben silicium zonnecellen een effi-
ciëntie van ongeveer 15%, vooral door de transmissie- en thermalisatie-verliezen. Het
transmissie verlies kan worden verminderd door de energie van twee fotonen (waar-
van de energie te klein was om de bandgap te overbruggen) op te tellen, om zo één
foton te krijgen met een grotere energie. Er kunnen bijvoorbeeld 2 fotonen met een
golflengte van 2000 nm opgeteld worden om 1 foton te krijgen met een golflengte
van 1000 nm. Fotonen met een golflengte van 2000 nm kunnen niet gebruikt worden
in een zonnecel en leveren dus geen stroom op, terwijl een foton van 1000 nm wel
gebruikt kan worden. Het ‘optellen’ van fotonen noemen we upconversie, en hier-
mee kan in theorie 35% meer energie van het zonnespectrum gebruikt worden door
de zonnecel.

Dan zijn er nog de verliezen door fotonen met een energie groter dan de bandgap,
de thermalisatieverliezen. Een foton met een golflengte van 500 nm kan door de zon-
necel gebruikt worden om één elektron naar de geleidingsband te brengen, de rest
van de energie gaat verloren als warmte. Wanneer dit foton wordt ‘geknipt’ in twee



fotonen van 1000 nm, kunnen beide fotonen gebruikt worden om een elektron naar de
geleidingsband te brengen. Er kan nu dus twee keer zoveel stroom gemaakt worden
voor dezelfde hoeveelheid energie. Het ‘knippen’ van fotonen zodat fotonen met een
kleinere energie worden verkregen wordt downconversie of kwantumknippen ge-
noemd. In theorie kan door downconversie 32% meer energie van het zonnespectrum
gebruikt worden door de zonnecel.

Om de efficiëntie van zonnecellen groter te maken, hebben we onderzoek gedaan
naar stoffen die efficiënt fotonen kunnen knippen. Materialen uit een groep elementen
helemaal onderin het Periodiek Systeem, de lanthaniden, zijn goede kandidaten voor
de functie van “Foton Manager”. Ze hebben veel aangeslagen toestanden in het zicht-
bare en infrarode deel van het spectrum. Eén van de lanthaniden, Ytterbium, heeft
maar één aangeslagen toestand. Het energieverschil tussen de grondtoestand en aan-
geslagen toestand van Ytterbium komt goed overeen met de bandgap van de silicium
zonnecel. Dit maakt Ytterbium heel geschikt om pakketjes energie van andere lan-
thaniden te accepteren (we noemen Ytterbium dan ook wel de acceptor), en vervol-
gens als licht met de juiste golflengte (voor de zonnecel) uit te zenden. Ytterbium
wordt in dit onderzoek telkens gecombineerd met een ander lanthanide-ion, dat foto-
nen met een grote energie kan absorberen en die energie in delen aan Ytterbium kan
geven (dit wordt de donor genoemd). Om ervoor te zorgen dat de donor- en acceptor-
ionen netjes bij elkaar in de buurt zitten, stoppen we ze samen in een kristallijne stof.
In een kristal zijn alle atomen netjes geordend volgens een vast patroon, zoals bijvoor-
beeld de bakstenen in een gemetselde muur.

Het onderwerp van dit proefschrift is onderzoek naar paren van lanthanide ionen
(waarvan er een telkens Ytterbium is) die samen fotonen kunnen knippen. In hoofd-
stuk 1 wordt een inleiding gegeven en wordt de theorie van up- en downconversie met
lanthaniden beschreven.

In hoofdstuk 2 en 3 zijn experimenten beschreven met het Praseodymium en
Ytterbium paar. Wanneer Praseodymium een foton van ongeveer 440 nm ab-
sorbeert, geeft het die energie in twee stappen aan twee Ytterbium die zich vlakbij het
Praseodymium bevinden. Dan kunnen beide Ytterbium-ionen een foton van ongeveer
1000 nm uitzenden. De lanthaniden zijn in hoofdstuk 2 in een rooster (strontium-
fluoride) gestopt waarin ze graag groepjes vormen. Daardoor zullen de lanthaniden
vrij dicht bij elkaar zitten. In deze stof is de efficiëntie van het knippen dan ook vrij
hoog, namelijk zo’n 200% (elk foton met hoge energie wordt in tweeën geknipt).
Helaas is de efficiëntie voor fotonen die ook weer worden uitgezonden, door ver-
liezen, lager: ongeveer 140%. In hoofdstuk 3 zijn dezelfde twee lanthaniden in een
ander rooster (yttriumfluoride) gestopt waarin ze willekeurig verdeeld zijn. De lan-
thaniden zitten dan verder van elkaar af, zodat de uiteindelijke efficiëntie veel lager is.



Een probleem is dat voor het effieciënt knippen van fotonen de Ytterbium concentratie
hoog moet zijn zodat ieder Praseodymium-ion twee Ytterbium acceptoren in de buurt
heeft. Bij een hoge Ytterbium concentratie treden echter ook verliezen op door een
verschijnsel dat concentratiedoving genoemd wordt. De energie kan dan van Ytter-
bium naar Ytterbium worden overgedragen en als de rondlopende energie een defect
in het rooster bereikt, gaat de energie verloren.

De volgende twee hoofdstukken (hoofdstuk 4 en 5) gaan over een ander paar
lanthaniden, Erbium en Ytterbium, ingebouwd in verschillende kristallijne roos-
ters. Helaas gaat het knippen bij dit paar in twee van de roosters (natriumyttrium-
fluoride en kaliumloodchloride) niet zo goed. Dit komt omdat Erbium veel aange-
slagen toestanden heeft, die dicht op elkaar liggen. Daardoor is het heel makkelijk
om de energie die door Erbium word geabsorbeerd weer te verliezen als warmte. Dit
kan voorkomen worden door het Erbium, Ytterbium paar in te bouwen in een rooster
met een lage vibratie-energie. In zo’n rooster (cesiumcadmiumbromide) bleek kwan-
tumknippen inderdaad mogenlijk te zijn, maar de efficiëntie is lastig te bepalen.

In hoofdstuk 6 worden experimenten beschreven met Neodymium en Ytterbium
in yttriumfluoride en cesiumcadmiumbromide. Net als bij Erbium en Ytterbium kan
er geen downconversie plaatsvinden met Neodymium en Ytterbium in het fluoride
rooster, omdat de geabsorbeerde energie deels verloren gaat voordat downconversie
kan plaatsvinden. In het bromide kunnen Neodymium en Ytterbium wel heel efficiënt
zichtbare fotonen knippen, om twee infrarode fotonen te krijgen.

In het zevende en laatste hoofdstuk staan korte experimenten beschreven met
Holmium en Ytterbium. Holmium geeft heel efficiënt energie door aan Ytterbium,
maar de uiteindelijke efficiëntie (de hoeveelheid fotonen die weer door Ytterbium
worden uitgestraald) is laag.

Het onderzoek heeft aangetoond dat met behulp van paren van lanthanide-ionen
fotonen van zichtbaar licht kunnen worden geknipt, zodat er voor elk blauw/groen
foton twee fotonen infrarood verkregen worden. Door te kijken naar downconversie
met 4 verschillende paren van lanthanide ionen in verschillende roosters hebben we
veel geleerd over de mogelijkheden van het knippen van fotonen. We weten welke
paren de beste kandidaten zijn als “Foton Manager”, en met wat voor type roosters
deze het beste gecombineerd kunnen worden. Met deze informatie kan verder worden
gewerkt aan het vinden van het beste materiaal om het zonnespectrum aan te passen
aan de zonnecel, om zo uiteindelijk efficiëntere zonnecellen te kunnen maken.
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