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Abstract: In upconversion processes, two or more low-energy photons
are converted into one higher-energy photon. Besides other applications,
upconversion has the potential to decrease sub-band-gap losses in silicon
solar cells. Unfortunately, upconverting materials known today show quan-
tum yields, which are too low for this application. In order to improve the
upconversion quantum yield, two parameters can be tuned using photonic
structures: first, the irradiance can be increased within the structure. This is
beneficial, as upconversion is a non-linear process. Second, the rates of the
radiative transitions between ionic states within the upconverter material
can be altered due to a varied local density of photonic states. In this paper,
we present a theoretical model of the impact of a photonic structure on
upconversion and test this model in a simulation based analysis of the
upconverter material β -NaYF4:20% Er3+ within a dielectric waveguide
structure. The simulation combines a finite-difference time-domain simu-
lation model that describes the variations of the irradiance and the change
of the local density of photonic states within a photonic structure, with a
rate equation model of the upconversion processes. We find that averaged
over the investigated structure the upconversion luminescence is increased
by a factor of 3.3, and the upconversion quantum yield can be improved in
average by a factor of 1.8 compared to the case without the structure for an
initial irradiance of 200 Wm−2.
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55. C. Strümpel, M. McCann, C. del Canizo, I. Tobias, and P. Fath, “Erbium-doped up-converters of silicon solar
cells: assessment of the potential,” in “Proceedings of the 20th European Photovoltaic Solar Energy Conference,”
(2005), pp. 43–6.

56. K. Forberich, A. Gombert, S. Pereira, J. Crewett, U. Lemmer, M. Diem, and K. Busch, “Lasing mechanisms in
organic photonic crystal lasers with two-dimensional distributed feedback,” J. Appl. Phys. 100, 023110 (2006).

57. S. Riechel, C. Kallinger, U. Lemmer, J. Feldmann, A. Gombert, V. Wittwer, and U. Scherf, “A nearly diffraction
limited surface emitting conjugated polymer laser utilizing a two-dimensional photonic band structure,” Appl.
Phys. Lett. 77, 2310–2312 (2000).

#192534 - $15.00 USD Received 18 Jun 2013; revised 21 Jul 2013; accepted 21 Jul 2013; published 28 Aug 2013
(C) 2013 OSA 9 September 2013 | Vol. 21,  No. S5 | DOI:10.1364/OE.21.00A883 | OPTICS EXPRESS  A885



1. Introduction

Upconverter materials convert two or more low-energy photons into one higher-energy photon.
Among other applications [1–4], upconversion could be used to increase the efficiency of solar
cells. Here, two or more photons with energies below the band gap of the used semiconductor
material are absorbed within the upconverter and one photon with an energy above the band gap
is emitted. This photon can subsequently be utilized by the solar cell. For silicon solar cells,
the transmission losses due to sub-band-gap photons correspond to 20% of the incident solar
energy [5], which could be harvested using upconversion [6].

An effect of upconversion on the external quantum efficiency of a solar cell has already been
demonstrated for the application of the upconverter material β -NaYF4 doped with 20% erbium
[7–9] attached to the rear of a bifacial silicon solar cell. The external quantum efficiency of the
solar cell upconverter device was measured and a response was shown in the absorption range
of the upconverter around 1520 nm. Unfortunately, the observed effect is relatively small, with
a measured external quantum efficiency of 0.34% [7] or 3.4% [8] at different excitation levels.
To make upconversion an approach useful for photovoltaics, upconversion quantum yields need
to be increased. It has been shown that an increased irradiance increases the upconversion
luminescence [10] due to the non-linearity of the process.

One possibility to increase the irradiance on the upconverter material is the exploitation of
plasmonic effects in noble metal nanoparticles, which can cause a high local field enhance-
ment [11–14] around the metallic particles. This enhancement has to be shown to be able to
increase the erbium photoluminescence [15]. The effect on the upconversion luminescence has
been shown by Schietinger et al., they measured an increased by a factor of 3.8 in the prox-
imity of a single gold nanoparticle [16]. However, the coupling to the nanoparticle can lead to
parasitic absorptions within the metal [17]. While there might still be unexplored complex plas-
monic structures in which these parasitic absorptions are overcompensated by extremely high
field enhancements, such parasitic absorption can in principle be avoided by using dielectric
nanostructures [18, 19].

The conventional photoluminescence (emission wavelength longer than the absorption wave-
length) in photonic structures has been thoroughly investigated [20–22]. Additionally, the pho-
toluminescence of rare-earth ions and luminescent quantum dots incorporated in photonic crys-
tal environments has already been investigated experimentally, for example in [23–29]. The er-
bium emission at a wavelength of 1.5 µm can be suppressed in a suitable photonic crystal envi-
ronment [28] or enhanced and tuned in a one-dimensional photonic band gap environment [29].
There has also been experimental evidence that upconversion luminescence (emission wave-
length shorter than the absorption wavelength) can be increased for erbium embedded in Bragg
stacks produced from porous silicon layers [30, 31].

Considering upconversion processes, a lot of work has been done on second and third har-
monic generation in a cavity structure which has been investigated theoretically [32–34] and
experimentally [35, 36]. These processes require coherent, monochromatic light. Here, as we
are interested in a solar cell application, we want to focus on upconversion in erbium, which
relies on ground state absorption, excited state absorption and energy transfer upconversion.
Thus, upconversion in this material is also possible under broad-band excitation.

Upconversion is more complex than the conventional photoluminescence as more than one
photon is involved in the excitation. Therefore, upconversion is a non-linear process and the ir-
radiance at the position of the upconverter is an important parameter, additional to factors such
as the local density of photonic states at the transition frequencies and the transition probabili-
ties between the ionic states of the upconverter material.

In this paper, we seek to provide a theoretical description of upconversion based on ground
and excited state absorption and energy transfer upconversion in photonic structures and present
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first results of our analysis using a combination of different simulation models. Our special
interest will be on how the different effects can be utilized to increase upconversion quantum
yields. In Section 2, we will introduce a theoretical description of the different effects and
present simulation models for the determination of the irradiance enhancement, the change of
the local density of photonic states affecting the emission processes and a rate equation model
describing the upconverter material β -NaYF4 doped with 20% Er3+. In Section 3, we present
the results obtained by applying these models to a grating-waveguide test structure. In Section
4, we will discuss our findings and eventually conclude the paper in Section 5.

2. Methods

2.1. Irradiance enhancement

As mentioned above, several different effects have to be considered when analyzing the effect
of photonic structures on upconversion. The first one is the flux of incoming photons Φin(~r,ωin)
at the position~r of the upconverter with a frequency ωin such that the photons can be absorbed
by the upconverter. The stimulated processes of ground state absorption (GSA), excited state
absorption (ESA), and stimulated emission (STE), scale with the incoming photon flux density
[37, 38]. In the following, GSA, ESA and ST E are matrices describing the probabilities of the
respective transitions between electronic levels of an upconverting material. The matrices with
the index ’0’ describe the undisturbed system whereas those with the index ’struct’ describe the
same processes in the presence of a photonic structure. This can be expressed as:

GSAstruct(~r) = γE(~r)×GSA0

ESAstruct(~r) = γE(~r)×ESA0

ST Estruct(~r) = γE(~r)×ST E0,

(1)

where γE(~r) is the factor by which the photon flux Φ(~r) at the position~r of the upconverter
changes due to the photonic structure:

γE(~r) =
Φin,struct(~r,ωin)

Φin,0(~r,ωin)
. (2)

The indices ’struct’ and ’0’ again indicate the case with and without the photonic structure,
respectively.

2.2. Simulation of the irradiance enhancement

The enhancement of the irradiance γE is determined using Meep, a freely available software
package for finite-difference time-domain (FDTD)-simulations [39]. In this paper, we present
results obtained for a grating-waveguide structure as sketched in Fig. 1. Similar structures have
been investigated for example in [40, 41].

They have the advantage, that considerable irradiance enhancement factors can be reached
within and that they offer a great flexibility for optimization, thus we used it as a test structure
for our methodology.

The presented structure was illuminated by an infinitely extended line source. The source
emits at a wavelength of 1523 nm. The illumination with TE- and TM-polarized waves was
simulated simultaneously. The source was placed at a distance of ten times the emission wave-
length from the structure, such that the emission from the line source is not affected by the
presence of the structure. This setting corresponds to the case of planar waves illuminating the
structure. For our model system, we assumed the use of β -NaYF4 doped with 20% Er3+ as
upconverter material. This material shows very efficient upconversion of photons from the near
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Fig. 1. Simulated grating-waveguide structure with an optimized period of 1.74 µm, a
grating height of 1.16 µm, a layer below the grating with a height of 0.39 µm and a top
layer thickness of 0.9 µm. The refractive indices nhigh and nlow used for the simulation are
2 and 1.5, respectively. The infinitely extended line source is sketched by the red, glowing
region above the structure.

infrared to energies above the band gap of silicon [42]. Efficient upconversion is observed for an
excitation wavelength of 1523 nm. Therefore, this wavelength was chosen for the emission of
the source. The refractive index of Er3+-doped β -NaYF4 has been reported to be n = 1.48 [43]
and n = 1.52 [8]. In our grating waveguide test structure, a matching refractive index nlow of
1.5 was assumed for the simulation. For the higher refractive index region a refractive index
nhigh = 2 was chosen, a value that could be achieved with TiO2, or a-SiC, for example. In this
case, the upconverter is placed only in the low-index part of the structure. On the other hand,
one can also imagine implanting erbium ions into the whole structure. This has been shown to
be possible in principle by Snoeks et al. and Mertens et al. [15,44] although in these works, the
erbium luminescence is investigated and upconversion was considered a loss-mechanism. As
this ion-implantation presents the possibility to dope the whole structure with erbium, we will
analyze the different effects for the high-index region of the grating, as well.

At this point it has to be noted that for the FDTD simulations we do not consider any absorp-
tion inside the waveguide structure, which corresponds to a low doping of the structure with
upconverter material and ideal material properties for the whole structure. The simulations were
carried out in a two-dimensional setup. In x-direction, periodic boundaries were implemented,
corresponding to a structure that extends infinitely into this direction. Above the structure and
the source, infinitely extended space is assumed. This is simulated using an absorbing perfectly
matched layer (PML).

For a specific wavelength, the photon flux is proportional to the time-averaged irradiance I.
This irradiance is more easily accessible from the simulation data and can be extracted from
the simulation after a steady state is reached.

The irradiance at the position~r is determined according to:
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I(~r) = n×E(~r)2, (3)

with E being the electric field component. The altered irradiance Istruct(~r) within the struc-
ture is compared to the irradiance I0 obtained for the same line source placed in a homo-
geneous medium with the refractive index of the upconverter (n0 = 1.5). Meep, the FDTD-
implementation used here, supports the calculation of complex fields [39]. The complex field
vector is proportional to the time-average of the field amplitude, so the complex field vector
is analyzed to determine the change in the time-averaged irradiance. The fields are recorded
once the steady-state field distribution is reached after the plane wave illumination has been
switched on. This steady-state situation is reached after the wave has propagated twice through
the structure and another 100 periods of the incident light have passed.

The local enhancement factor γE(~r) is obtained by relating the two simulation results of the
structure and the homogeneous reference to each other:

γE(~r) =
nstruct(~r)

n0
× Istruct(~r)

I0(~r)
=

nstruct(~r)
n0

×
(

Estruct(~r)
E0(~r)

)2

=
nstruct(~r)

n0
×
(
|Estruct,c(~r)|
|E0,c(~r)|

)2

, (4)

where Estruct,c,E0,c ∈ C are the electric field components in their complex form, nstruct de-
scribes the refractive index within the structure at position~r and n0 is the refractive index of 1.5
of the reference simulation.

2.3. The variation of the local density of photonic states

The second effect of photonic structures on upconversion processes is the variation of the local
density of photonic states (LDOS) at the transition frequencies. Fermi’s golden rule [45] states
that the transition probability Pi f of a spontaneous emission process at the frequency ωi f be-
tween the ionic states of the upconverter ion ’i’ and ’ f ’ is proportional to the local density of
photonic states ρ(~r,ωi f ) at the emission frequency ωi f and position~r:

Pi f (~r) =
2π

h̄
|Mi f |2ρ(~r,ωi f ), (5)

with the transition matrix element Mi f .
Therefore, emission within a photonic band gap is inhibited whereas the emission around the

band gap can be increased [22]. The factor γi f (~r) represents the change of the probability of a
spontaneous emission process between the two states ’i’ and ’ f ’due to the photonic structure.
It can be expressed by the change of the local density of photonic states:

γi f (~r) =
Pi f ,struct(~r)

Pi f ,0(~r)
=

ρstruct(ωi f ,~r)
ρ0(ωi f ,~r)

, (6)

where again the index ’struct’ denotes the quantities with the photonic structure and ’0’ the
case in a homogeneous medium with a refractive index of n0 = 1.5.

Due to the effect of the varied LDOS, the spontaneous emission at each frequency and posi-
tion can be either enhanced or suppressed. In principle, this offers the opportunity to tune the
transition rates in order to increase the upconversion quantum yield.

For the specific upconverter material β -NaYF4 doped with 20% Er3+, the dominant upcon-
version emission at 980 nm should be enhanced, while other unwanted transitions, for example
the spontaneous emission from the first excited state at a wavelength of 1523 nm should be
suppressed.
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2.4. Simulation of the variation of the local density of states

To determine the change factor γi f (~r) of the LDOS due to the photonic structure at the transition
frequencies, we again used an FDTD simulation. In contrast to the previous case, where a line
source was placed outside the waveguide structure, this time a point dipole emitter inside the
structure was simulated [46–48]. Additionally, the emission is no longer monochromatic at a
wavelength of 1523 nm, but has a Gaussian shape in the frequency domain. The Gaussian shape
offers the opportunity to cover a certain frequency range with each simulation run.

The emission of a Gaussian pulse in the frequency domain implies a Gaussian-modulated
sine wave at the center frequency in the time-domain.

The point dipole source is surrounded by four detector planes as sketched in Fig. 2. Meep, the
simulation software used here, allows for direct recording of the Poynting vector ~S in the fre-
quency domain over the area ~A of these flux detection planes. The emitted energy is measured
in these detector planes as the waves pass through, and the simulation program directly per-
forms a Fourier-transformation on this data. Thus, after the simulation run, the emitted energy
W (ωi f ,~r) is obtained spectrally resolved according to

W (ωi f ,~r) =
∂
∫

A
~S(ω,~r)d2~r

∂ω
|ωi f ∆ω, (7)

In principle, this method has been demonstrated in [46]. The emitted energy is thereby pro-
portional to the local density of photonic states. Thus, the LDOS can be deduced from this
data.

Inside the photonic structure environment, the initially Gaussian shape of the emission is
distorted. The emitted energy Wat the transition frequencies ωi f is proportional to the local
density of photonic states ρ at this frequency. Thus, the relative enhancement factor for this
frequency γi f (ωi f ) can be obtained by dividing the emitted energy at the transition frequencies
Wstruct(ωi f ) by the corresponding unperturbed values taken from a reference simulation in a
homogeneous medium of refractive index n0 = 1.5.

γi f (~r) =
Wstruct(ωi f ,~r)

W0(ωi f ,~r)
. (8)

As the LDOS is a local quantity, this procedure has to be repeated for each position within
the simulated structure. In the case of our waveguide structure, the inner area of the waveguide
was covered by 384(19×24) lattice points.

For these simulations, the simulation cell had to be extended in the x-direction for several
periods, compared to the previously used where only one period of the structure was simulated
with periodic boundaries. Here, periodic boundaries would imply that field components leav-
ing in x direction re-entered the simulation cell from the +x direction and would be count in
the detector planes, leading to wrong results. The simulation results shown in this paper were
obtained in simulation runs covering 50 periods of the waveguide structure followed by a PML.

Furthermore, at each lattice point the emission has to be simulated for all possible dipole
orientations. The dipole can be oriented along the x-axis, the y-axis or perpendicular to the
simulation cell. The simulation is set in two dimensions, thus, the structure is taken to be in-
finitely extended in z-direction. This is a simplification, which has become necessary to limit
the calculation time to an acceptable range. In principle these effects should be simulated in a
three-dimensional setup. Because one dimension, in which no specific structure is present, has
been omitted, the following results overestimate the impact of the waveguide structure. How-
ever, this does not influence the validity of the simulation approach shown here, which could
be applied to a three-dimensional setup as well. It is expected that the simulated effects occur
less pronounced in an actual measurement.
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Fig. 2. Simulation setup for the evaluation of the transition enhancement factor. The grating
part of the structure (black box) is investigated in the following.

2.5. Simulating the upconverter material

As mentioned already in the introduction, β -NaYF4 doped with Er3+ is known to be one of the
most efficient materials for upconversion of photons from the near infrared to energies above the
band gap of silicon [42]. Therefore, in this paper, we concentrate our analysis on this material.
The trivalent erbium in this material features distinct energy levels that form an energy-ladder,
which can be excited in the infrared at a wavelength of around 1523 nm (see Fig. 3). Subsequent
absorption of photons or energy transfer between neighboring ions can lead to the emission of
higher-energy photons. The most frequent emission occurs at a wavelength of 980 nm. These
photons can be utilized in a silicon solar cell.

A model describing the dynamics of the upconversion processes in this material has been
published in [49,50]. This model describes the absorption, emission, energy transfer, and multi-
phonon relaxation processes in β -NaYF4: 20% Er3+. All relevant transitions for the upconver-
sion of infrared photons at a wavelength of 1523 nm within a trivalent erbium ion are considered
in this model which is based on rate equations. The occupation of the six lowest energy levels
as shown in Fig. 3 is described by an occupation vector~n. The individual elements of the vector
are the relative occupation of the specific energy level, i.e. the fraction of ions of a large ion
ensemble that is excited to this state.

The occupation vector~n and its rate of change ~̇n are described by the differential equation:

~̇n = [GSA+ESA+ST E +SPE +MPR]×~n+~vET (~n). (9)

The processes linear to the occupation vector ~n are described by matrices. The matrix GSA
describes the ground state absorption, ESA the excited state absorption, ST E the stimulated
emission, SPE the spontaneous emission and MPR the multi-phonon relaxation processes. En-
ergy transfer processes~vET (~n) which are not linear in~n are described by a set of vectors [50].
The model is based on experimentally determined Einstein coefficients of the radiative transi-
tions involved [49, 50]. From these, the matrix entries for GSA, ESA, ST E and SPE are deter-
mined, together with some factors such as the incident photon flux density, in the case of the
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stimulated processes.

Fig. 3. Energy level diagram of Er3+ in the host crystal β -NaYF4 . The ion is excited at
a wavelength of 1523 nm. Higher states are occupied either by subsequent absorption of
photons (black broken arrows) or energy transfer processes (red broken arrow). The waved
arrows depict multi-phonon relaxation processes [49, 50].

As outlined at the beginning of this section, the stimulated processes are scaled by the fac-
tor γE(~r) by which the incident photon flux at the position of the upconverter is modified (see
Eq. (1)). For taking into account the modified LDOS, the Einstein coefficients for the sponta-
neous emission from the various levels are scaled by the factor γi f (~r):

Ai f ,struct(~r) = γi f (~r)×Ai f . (10)

The absorption and stimulated emission rates are considered to be independent of the tran-
sition enhancement factor γi f (~r), as according to Fermi’s golden rule only the density of final
states has to be taken into account. In the absorption case, the final states are electronic states
which are independent of the photonic LDOS.

Whether energy transfer processes between the erbium ions are significantly influenced by
the change of the LDOS is under heavy debate in literature [51–53]. In this work the energy
transfer processes are considered to be independent of the LDOS. Therein we follow the the-
oretical reasoning presented in [51], which states that the very short lifetime of the virtual
photons involved in the energy transfer corresponds to a very broad energy range, thus, the ef-
fect of the LDOS at a specific theoretically determined transition wavelength plays a negligible
role. However, as this appears to be an open question, we also performed calculations assuming
the other case: a linear influence of the changed LDOS on the donor ion. The according results
will be briefly compared to our main findings.

Considering the variations due to the photonic structure, the rate equation model can be used
to simulate the absorption and luminescence of the upconverting material within a photonic
structure environment. The absorption rate Abs is determined as the sum over GSA and ESA
processes from the initial state minus the ST E from excited states, thus all processes occurring
at the incident wavelength of 1523 nm [50]. The matrices are multiplied by the occupation of
the corresponding energy levels, where~n(1) describes the occupation of the 4I15/2 ground state,
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~n(2) describes the occupation of the 4I13/2 first excited state and so on.

Abs =~n(1)×GSA+~n(2)×ESA+~n(4)×ESA

−~n(2)×ST E−~n(4)×ST E−~n(6)×ST E.
(11)

The absorption enhancement γAbs is defined as:

γAbs =
Absstruct

Abs0
. (12)

The luminescence rate of a specific transition is the population of the starting energy level
times the spontaneous emission Einstein coefficient for the specific transition [50]. For the fol-
lowing considerations, only the luminescence rate Lum from the 4I11/2-level to the ground state
is considered as this corresponds to the by far most frequent upconversion emission process [7]
in β -NaYF4: 20% Er3+:

Lum =~n(3)×A31. (13)

The luminescence enhancement γLum is defined as:

γLum =
Lumstruct

Lum0
. (14)

The absorption rate and the luminescence rate can subsequently be used to determine a quan-
tum yield for each lattice position. The mean UCQY for the whole structure is determined
according to:

UCQY =
∑~r Lum
∑~r Abs

. (15)

The summation is carried out over the grating part of the structure only. The quantum yield
can subsequently be related to the quantum yield of the unchanged upconverter system UCQY0,
and an enhancement factor γUCQY for the upconversion quantum yield can be obtained:

γUCQY =
UCQYstruct

UCQY0
. (16)

We assume linear optics, thus, the irradiance enhancement and the change of local photon
density are taken to be independent from the starting irradiance. However, the overall quan-
tum yield, as well as the enhancement factor for the quantum yield depends on the irradiance,
which reaches the unmodified upconverter or the whole upconverter/photonic structure sys-
tem, respectively. This increase of upconversion quantum yield saturates for higher irradiance
values [7, 49]. In this paper, we assume a starting irradiance of 200 Wm−2, corresponding
to a photon flux of 1.5 ∗ 1021 s−1m−2 of photons with a wavelength of 1523 nm. The value
of 200 Wm−2 could be reached by spectral [54, 55] and geometric concentration as in the
AM1.5 spectrum only a fraction of this energy is carried by photons in a wavelength range
around 1523 nm. The absorption range of β -NaYF4: 20% Er3+ extends from around 1480 nm
to 1580 nm [7]. In this region an irradiance of 23 Wm−2 is found, thus, the irradiance of
200 Wm−2 could be reached at a geometric concentration of a factor of around 9 without addi-
tional spectral concentration. If one would only assume absorption of laser light, with a spectral
width of 1 nm, the equivalent solar concentration would increase to approximately 700 suns.
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3. Results

To optimize the geometry of the waveguide structure, in a first step, the irradiance enhancement
was determined for a set of structures, as described in Section II.B. The irradiance distribution
was obtained within each structure. This irradiance distribution was taken as an input for the
rate equation model. With this input a preliminary effect of the photonic structure on the UCQY
could be determined, which is purely based on the irradiance enhancement and neglects the
influence of the variation of the local density of states. This was done, to keep computation
times within reasonable limits.
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Fig. 4. Enhancement of the upconversion quantum yield due to the irradiance enhancement
within the structure. A first, dominant maximum is obtained for a grating period of 1.74 µm
indicating a QY enhancement of a factor of 11. The inset shows the peak shape of this max-
imum. The orange squares denote integer multiples of 0.87 µm. This period corresponds
to a resonance of the grating part of the structure.

Figure 4 shows, as an example, the optimization of the structure period p. The structure
period p was varied from 0.1 µm to 10 µm. The orange squares in the plot denote integer mul-
tiples of a period of 0.87 µm. These periods corresponds to a high incoupling efficiency of the
grating for light with a wavlength of 1523 nm into a waveguide with a refractive index of 1.75,
the effective refractive index of the grating area of the structure. Due to the complexity of the
investigated structure, more peaks evolve due to resonances in the different layers. These vari-
ous resonances can interfere constructively or destructively leading to the very complex pattern
shown. All other structure parameters (the thickness of the buffer layer between the mirror and
the grating, the grating thickness and the thickness of the top layer) were optimized in a similar
manner (not shown). The fill factor of the grating was kept constant at 50%. Thus, the structure
with the most beneficial irradiance distribution at the incident wavelength of 1523 nm could be
determined.

A first maximum in the preliminary enhancement factors γQY,I is obtained for a structure
period of 1.74 µm. Additionally, the peak at a period of 2.7 µm was investigated further. These
two structure periods are expected to show very different effects on the LDOS. For the first
structure with a period of 1.74 µm, the one-dimensional band structure that can be associated
with the grating part of the structure shows a band gap at the absorption wavelength of 1523 nm,
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while the emission wavelength of 980 nm is located close to a band edge. This results in an
enhancement of the density of states at the emission wavelength. If we look at the corresponding
one-dimensional band structure of the second maximum at a period of 2.7 µm, the absorption
wavelength is found close to the band edge whereas the emission wavelength is hardly affected.
This was taken as a simple qualitative indicator that the structure period of 1.74 µm could be
more beneficial to the upconversion quantum yield than the larger period of 2.7 µm.

These two preliminarily optimized geometries were then used to carry out a complete simu-
lation considering all described effects. For the structure with the larger period of 2.7 µm, the
resulting upconversion quantum yield was only 26% of the value without a waveguide struc-
ture under an initial irradiance of 200 Wm−2. Surprisingly, the UCQY was decreased despite
of the irradiance enhancement. The reason was that the strong enhancement of the irradiance
at 1523 nm correlates with an enhancement of the local density of states at the same wave-
length. Hence, simultaneously to the enhancement of the irradiance, the probability for direct
re-emission of absorbed photons increases. Thus, photons excited to the first excited level di-
rectly relax back to the ground state re-emitting a photon at a wavelength of around 1523 nm.
Hence, the population of the first excited level decreases. A rather strong impact of this effect
within the model was observed that ultimately limits the upconversion quantum yield. Thus,
here we show the results for the first structure period of 1.74 µm.

Figure 5 shows the spatial distribution of the irradiance enhancement over the grating region
illuminated by the combined TE- and TM-source for the structure presented in Fig. 1.

Fig. 5. Enhancement factor γE of the local irradiance within the grating structure for a
grating period of 1.74 µm. The graph shows the grating part of the structure as indicated
by the box in Fig. 2. Within the grating region, the irradiance can be increased by up to
a factor of 11.5 in the high-index region (left) and up to a factor of 2.9 in the low-index
region (right).

As one can see in Fig. 5, the irradiance can be increased considerably in the optimized waveg-
uide. This effect concentrates on the high-index region where enhancement factors γE of up to
11.5 are reached. Thus, it would be advantageous to have upconverting host materials with high
refractive index. In the low-index region, an enhancement factor of up to 2.9 was achieved. The
average enhancement factor for the whole waveguide is 2.0. Subsequently, a simulation consid-
ering all effects and especially the varied LDOS was performed.
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Fig. 6. Variation of the transition probability γ31 for the transition from the 4I11/2 level to
the ground state. The grating part of the structure is shown, with the high-index region on
the left and the low-index region on the right. One can see that in the high-refractive index
region (left), enhancement factors of the transition rate between 0.9 and 4.1 are found. In
the low-index region (right), factors between 1.1 and 2.9 are reached.

The enhancement factors for the transition rates were determined according to the description
in Section II.D. This has been done for each transition frequency of the electronic transitions
within the erbium ion that are included in the rate equation model.

The spatial distribution of the enhancement factor for the emission transition from 4I11/2 to
the ground state is shown in Fig. 6. The transition rate can be enhanced by up to a factor of 4.1
in the high-index region and up to a factor of 2.9 in the low-index region. The transition rate
is not decreased at all in the low-index region and only at very small spots in the high-index
region. Thus, the emission probability of a photon at a wavelength of 980 nm is considerably
increased over the whole structure.

The results from the simulation of the photon flux enhancement as well as the variation
factors for all the different transitions were subsequently integrated into the rate equation model
of the upconverter.

Figure 7 shows the enhancement of the luminescence from the 4I11/2 -level as determined
from the rate equation model according to Eq. (15). In the high-index region, the luminescence
can be increased by up to a factor of 30.0, whereas in the low-index region, peak enhancement
values of 4.0 can be reached. Averaged over all lattice points the luminescence increases by
a factor of 3.3. This increase of the luminescence is caused to a large extent by an increased
absorption, as shown in Fig. 8. A maximum absorption enhancement factor of 10.0 occurs in
the high-index region, and a maximum absorption enhancement factor of 2.8 is observed in the
low-index region. Comparing Fig. 7 and Fig. 8 shows a clear correlation between the lumines-
cence enhancement and the absorption enhancement. Thus, a great part of the luminescence
enhancement is simply due to more absorption.

From the luminescence and the absorption, the UCQY can be calculated according to
Eq. (15).

As depicted in Fig. 9, the investigated waveguide structure leads to enhancement factors for
the UCQY of up to 3.9. The overall UCQY improves by a factor of γUCQY = 1.8 under the
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Fig. 7. Enhancement of the luminescence for an initial irradiance of 200 Wm−2. The lumi-
nescence can be increased by up to a factor of 30.0 in the high-index region (left) and up to
a factor of 4.0 in the low-index region (right).

Fig. 8. Enhancement of the absorption of the incident irradiance at a wavelength of
1523 nm. The absorption is increased by up to a factor of 10.0 in the high-index region
(left) at the same spots, where the highest luminescence values are found. In the low-index
region (right), the absorption enhancement is smaller, with a maximum enhancement of
2.8.
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Fig. 9. Relative upconversion quantum yield enhancement at each lattice position for the
transition from the 4I11/2 level to the ground state 4I15/2 . The initial irradiance without the
structure was set to be 200 Wm−2. A maximum relative enhancement of the upconversion
quantum yield by a factor of 3.9 can be reached. In the low-index region (right), peak
enhancement values of 2.0 can be found. Over the whole structure, the UCQY is increased
by a factor of 1.8.

assumption that the upconverter material is evenly distributed within the whole grating region.
Table 1 gives an overview over the different enhancement factors.

Table 1. Overview over maximum and averaged enhancement factors of the determined
different quantities within the waveguide structure: The maximum values are given for the
low and high refractive index region separately; the average was calculated for the whole
structure

γE γi f γLum γAbs γUCQY
maxlow 2.9 2.9 4.0 2.8 2.0
maxhigh 11.5 4.1 30.0 10.0 3.9
average 2.0 1.9 3.3 1.9 1.8

When the same analysis is carried out with an assumed linear influence of the changed LDOS
on the energy transfer processes, an overall increase of the upconversion quantum yield by a
factor of 3.3 is obtained. This higher increase is not surprising, as energy transfer upconversion
is the dominating upconversion process in β -NaYF4 doped with Er3+. Thus any changes in the
energy transfer strongly influence the UCQY.

4. Discussion and conclusion

From the obtained results, it can be concluded that embedding the upconverter material in a
suitable photonic structure has the potential to enhance the upconversion luminescence and
quantum yield. The absolute enhancement factors, however, must be interpreted with care, as
the simulations have been carried out in a two-dimensional setup.
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We find that the overall luminescence of the structure could be 3.3 times higher than within a
homogenous medium, which is mainly attributed to an increased absorption. In an application,
this would mean that a much stronger upconversion signal from the same amount of material
could be achieved, or that less material is needed for the same signal strength. In a solar cell,
this would eliminate the need for more than one mm thick layers of upconverter material, which
had been necessary to achieve a significant impact of the upconverter in previous works [8, 9].

For the photovoltaic application, however, the limiting factor has not been the overall lu-
minescence, but the overall low UCQY, that is, the fraction of luminescence divided by the
absorption. Here, the quantum yield could be increased by a factor of 1.8.

This work also shows that it is necessary to consider all effects, in expression the field en-
hancement and the varying local density of photonic states. One of our structures chosen due
to a high irradiance enhancement, actually resulted in a reduced mean upconversion quantum
yield.

There are, however, also certain limitations to our results. Several simplifications were made
in the course of the presented work, in order to reduce the complexity of the model. Some of
them tend to overestimate the impact of the photonic structure on an increase of the QY: first,
the fact that the structure is simulated in a two-dimensional setup instead of three-dimensional
space. This leads to an over-estimation of the confinement effects within the photonic structure.
On the other hand, an additional confinement could be achieved for a two-dimensional grating
structure, this has been shown for distributed feedback lasers [56, 57]. Second, the simulation
procedure does not consider absorption by the upconverter material, when calculating the irra-
diance distribution. Thus, at some places of the structure the actual irradiance the upconverter
experiences would be lower, although this is only a small effect. Additionally, the rate equa-
tion model is based on the upconversion properties of microcrystalline β -NaYF4 doped with
20% Er3+. Although, the crystal-size of this upconverter material is actually too large to be
incorporated in a photonic structure, the effects on nanocrystalline material are expected to be
similar.

On the other hand, re-emission from the 4I11/2 level to the ground state is neglected, which
could lead to ”photon-recycling”, by another absorption process. In average around 98% of
the absorbed photons are directly re-emitted, with a wavelength similar to the excitation. It
is obvious that photon recycling can increase the overall upconversion quantum yield. Another
neglected effect, which could lead to an underestimation of the impact of the photonic structure,
is the possibility for stimulated emission from the desired transitions stimulated by upconverted
photons previously emitted.

Even if at the bottom line, the obtained results slightly overestimate the potential, the pos-
sible enhancements are still promising. This becomes apparent, when the determined results
are compared to other strategies for increasing the upconversion processes in the most efficient
upconverting material of erbium-doped β -NaYF4. For example, Hallermann et al. found a po-
tential increase of 20% in the overall luminescence for the combination of the same upconverter
material investigated in our paper with a metallic nanoparticle [12]. In that study, a highly ide-
alized model for the effect of the nanoparticle has been used. This model was coupled with the
same upconverter model used for our study. The overall increase of 20% has to be compared
to our findings of a potential 3.3-fold increase. In experiments, Schietinger et al. found a lu-
minescence increase by a factor of 3.8 for a single upconversion particle in the proximity of a
metallic nanoparticle [16], which was placed at an ideal position to achieve a maximum impact.
This compares to the peak values of a 30-fold increase for the local luminescence increase in
the low-index region of our structure. The better performance of the structure investigated in
this paper can be understood considering the major advantage of using dielectric nanostruc-
tures instead of plasmon resonances around metallic nanoparticles, which is that no additional
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non-radiative decay paths are introduced by the nanostructures.
As a next step, it is now necessary to confirm the promising potential of the investigated

structure in quantitative measurements of the upconversion luminescence, as up to now, only
photoluminescence measurements and no quantum yield measurements could be found in lit-
erature for experimentally realized combinations of photonic structures with upconverter mate-
rial.

5. Summary

In this paper we presented a comprehensive theoretical model describing the impact of pho-
tonic structures on upconversion. The model considers the effects of a change of the local
irradiance due to the structure and the effects of a variation of the local density of photonic
states on the processes within the upconverter of ground state absorption, excited state absorp-
tion, stimulated emission, spontaneous emission, multi-phonon relaxation and energy transfer
processes. To our knowledge, this work presents the first combined theoretical analysis of pho-
tonic structures and their effect on upconversion processes relying on multiple absorption or
energy transfer processes. The theoretical model was subsequently implemented into a simula-
tion tool. With this simulation, it was shown that an optimized waveguide structure can increase
the overall luminescence by a factor of 3.3 and the overall quantum yield by a factor of 1.8.
The upconverter material of β -NaYF4:20%Er3+ used here shows an UCQY of 0.86% [7] at an
initial irradiance of 200 Wm−2. This value could be increased by embedding the upconverter
into a photonic waveguide structure to 1.5%. The key to the successful optimization of the
structure was to increase the local density of photonic states at the frequencies corresponding
to the transitions inside the erbium ion.

The results shown here may not be the final limit as a complete optimization of the structure
parameters for a maximum quantum yield enhancement was beyond the scope of this paper.
Ideally, such an optimization would include the whole solar cell upconverter device instead of
only the upconverter.

We discussed that the potential increase in the UCQY is considerably higher than what can
be achieved with alternative strategies, so far. Such an increase would be extremely helpful in
applications of upconversion, as in photovoltaics.
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