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Downconversion is a promising avenue to boost the efficiency of solar cells by absorbing one higher
energy visible photon and emitting two lower energy near-infrared �NIR� photons. Here the
efficiency of downconversion for the �Er3+ ,Yb3+� couple is investigated 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 codoped with 0%, 5%, 10%, or 30% Yb3+ show that
visible to NIR downconversion is inefficient. Downconversion by the scheme based on the reverse
of the upconversion process is hampered by fast multiphonon 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. © 2009 American Institute of Physics. �DOI: 10.1063/1.3177257�

I. 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 �subband-gap transmission�
and a large part of the energy of photons with an energy
larger than the band gap is lost as heat �thermalization
losses�. The energy losses related to the spectral mismatch
can be reduced by adapting the solar cells 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
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 upcon-
version �UC� and is especially useful for solar cells with a
large band gap where transmission losses dominate. The sec-
ond 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 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. Because one photon is “cut” into two
smaller energy photons this process is also known as quan-
tum cutting. The 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 UC and DC using lanthanides, either
with one type of lanthanide ion or a pair of lanthanide ions.3,4

Trupke et al.5–7 have performed extensive calculations to
determine the effect of using either UC or DC materials in
combination with solar cells. 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 Combin-
ing 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 efficien-
cies 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+ and 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 near-
infrared �NIR� UC by NaYF4 doped with Er3+, which was
applied to the rear of a silicon solar cell and shown to con-
vert 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 nonconcen-
trated sunlight. Compared to the UC materials, demonstra-
tions 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 DC
of VUV photons into two visible photons take place.

DC of UV or visible photons into NIR photons was first
demonstrated in �Y,Yb�PO4:Tb3+.12 After excitation into the
5D4 state of the Tb3+ ion two neighboring Yb3+ ions area�Electronic mail: l.aarts@uu.nl.

JOURNAL OF APPLIED PHYSICS 106, 023522 �2009�

0021-8979/2009/106�2�/023522/6/$25.00 © 2009 American Institute of Physics106, 023522-1

Downloaded 19 Feb 2010 to 131.211.105.164. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.3177257
http://dx.doi.org/10.1063/1.3177257


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 DC has also been reported
for �Tb3+ , Yb3+� 13,14 and other lanthanide 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 latter two systems, as first-
order energy transfer processes are also possible, and are
expected to dominate.17 The lower efficiency of second-order
cooperative energy 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 DC
through two resonant energy transfer steps.

In this paper we investigate if efficient DC is possible
with the Er3+ , Yb3+ couple. In the past it has been shown
that Er3+ and Yb3+ is a particularly efficient upconverting
couple.8 We have chosen NaYF4 as a host lattice to study DC
since this host is well known for efficient UC by Yb3+ ,Er3+

and the host lattice has a small phonon energy �maximum
phonon energy �400 cm−1�. A low phonon energy is cru-
cial: in Fig. 1 the DC scheme for the Er3+ ,Yb3+ couple is
shown. It is the reverse of the well-known UC scheme. In the
first step energy transfer from the 4F7/2 level of Er3+ occurs:
Er3+ �4F7/2→ 4I11/2� and 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 DC it is
crucial to prevent �fast� nonradiative decay from the 4F7/2
level to the 4S3/2 level since DC from the 4S3/2 level is not
possible. Since nonradiative relaxation from the 4F7/2 level is
determined by multiphonon relaxation, a low phonon energy
is required to reduce the multiphonon relaxation rate. In this
paper we will show that DC from the 4F7/2 level cannot
compete with multiphonon relaxation from this level and that
host lattices with a lower phonon energy are required. How-
ever, from the higher energy 4G11/2 level, DC is observed.

II. 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 �High-
ways, 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 2 h and
then to 550 °C for 3 h. After the samples had cooled suffi-
ciently 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 mono-
chromator �1200 l/mm� blazed at 300 nm. Emission spectra
were recorded by focusing the emitted light on a fiber guid-
ing the light to a 0.3 m monochromator �Scientific Spectra
Pro, Princeton Instruments� where the emission light is dis-
persed 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. 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 �tunable be-
tween 367–405 nm�. 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.

III. RESULTS AND DISCUSSIONS

Samples of NaYF4 doped with 1 mol % Er3+ and 0, 5,
10, and 30 mol % Yb3+ and one sample doped with
5 mol % Yb3+ and no Er3+ were synthesized. X-ray diffrac-
tion measurements gave similar results for all five samples.
They consist mostly of the hexagonal � crystal phase, al-
though trace amounts of the cubic � phase of NaYF4 are also

FIG. 1. Energy level schemes of the Er3+ �4f11� and Yb3+ �4f13� couple
showing two possible mechanisms for DC. First energy is transferred from
Er3+ to one Yb3+ neighbor �1: Er3+ �4F7/2→ 4I11/2� and 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 �2:
Er3+ �4I11/2→ 4I15/2� and Yb3+ �2F7/2→ 2F5/2��, or emitted by Er3+ �3: 4I11/2
→ 4I15/2�.
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present. The hexagonal � crystal phase has been shown to be
the more efficient of the two crystal phases for UC.18

In the diffuse reflectance spectra �Fig. 2� it can be seen
that the absorption strengths for the peaks corresponding to
Er3+ transitions �e.g., the 4I15/2→ 4F7/2 transition 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 be-
tween 200 and 400 nm is observed which is probably related
to defects, possibly involving oxygen impurities. The band is
strongest for the sample codoped with 1% Er3+ and 5% Yb3+.

In Fig. 3 the emission spectra of NaYF4:Er3+ �1%� and
Yb3+ �0%, 5%, 10%, and 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 emis-
sion from the 4F7/2 level is observed. This shows that nonra-
diative relaxation from the 4F7/2 to the next lower level
�2H11/2� is fast and radiative decay from the 4F7/2 level can-
not compete with nonradiative relaxation. The intensity of
the Er3+ emission decreases upon increasing Yb3+ concentra-
tion but this does not lead to a strong increase in 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+ luminescence is quenched, probably due to
concentration quenching. The present results show that non-
radiative relaxation from the 4F7/2 level is too fast in NaYF4

and DC of one visible into two NIR photons, as shown sche-
matically in Fig. 1, is not possible with the Er3+, Yb3+

couple. The energy difference between the 4F7/2 level and the
2H11/2 level is typically around 1300 cm−1.19–21 The maxi-
mum 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 re-
sults a rule of thumb predicts that radiative decay and mul-
tiphonon relaxation can compete when the gap is five times
the phonon energy.8 For a smaller gap multiphonon relax-
ation dominates in agreement with the present observations.
After fast multiphonon 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� and Yb3+ �2F7/2
→ 2F5/2� or Er3+ �4S3/2→ 4I13/2� and Yb3+ �2F7/2→ 2F5/2�. The
energy for the transition on Yb3+ is around 10 200 cm−1.
There is a large energy mismatch 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 activation energy �four-phonon absorp-
tion�. 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 as-
signed to a four-phonon assisted cross-relaxation process
Er3+ �4S3/2→ 4I13/2� and Yb3+ �2F7/2→ 2F5/2�.

Figure 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 exci-
tation in the 4F7/2 level, but with different relative intensities.
For the samples codoped with Yb3+ the 2F5/2→ 2F7/2 emis-
sion 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 4F5/2
→ 4F7/2 transition of Yb3+. Upon raising the Yb3+ concentra-

FIG. 2. �Color online� Diffuse reflectance spectra for NaYF4:Er3+ �1%�,
Yb3+ �0%, 5%, 10%, and 30%�, and NaYF4:Yb3+ �5%�.

FIG. 3. �Color online� Room temperature emission spectra of NaYF4:Er3+

�1%� and Yb3+ �0%, 5%, 10%, and 30%�. The excitation wavelength is 451
nm �4F5/2 level�.
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tion, the 4S3/2 emission intensity decreases. However, the in-
tensity of emission from the 4F9/2→ 4I15/2 transition in-
creases, contrary to the situation for excitation in the 4F5/2
level where all Er3+ emission are observed to decrease upon
raising the Yb3+ concentration �vide supra�. The increase in
the 4F9/2 emission is explained by efficient cross relaxation
between Er3+ and Yb3+:Er3+ �4G11/2→ 4F9/2� and Yb3+

�2F7/2→ 2F5/2�. The energy mismatch for this cross-
relaxation process is small ��800 cm−1� and can be accom-
modated by a two-phonon emission process. This process
populates the 2F9/2 level which yields the characteristic red
emission of Er3+ around 660 nm �see Fig. 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 spectral re-

sponse of the instrument in this spectral region contribute to
the low emission intensity of Yb3+ observed in the spectrum.
The efficiency of the cross-relaxation process can be esti-
mated from the relative intensities of the 4S3/2 emission and
the 4F9/2 emission. For the sample codoped 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 multiphonon relax-
ation will be slow and cross relaxation can compete with
nonradiative multiphonon relaxation. The efficient cross re-
laxation 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 4F5/2 level of Yb3+�. For solar cell
applications this quantum 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 spec-
tral region around 1000 nm. In the spectra of the Yb3+ emis-
sion �Fig. 6� four peaks can be observed which can be ex-
plained by emission 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 positions 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 radius
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, possi-
bly Yb3+ next to an O2− ion on a F− site. In the sample with
30% Yb3+ efficient 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.

To gain further insight in the energy transfer processes

FIG. 4. �Color online� Room temperature emission spectra of NaYF4:Er3+

�1%� and Yb3+ �0%, 5%, 10%, and 30%� for excitation at 380 nm �4G11/2
level�.

FIG. 5. Energy level scheme of the Er3+ and Yb3+ couple showing the DC
mechanism starting from the 4G11/2 level.

FIG. 6. �Color online� Emission spectra of the Yb3+ emission for
NaYF4:Yb3+ �5%� ��x=954 nm�, and NaYF4:Er3+ �1%� and Yb3+ �5% and
30%� ��x=380 nm� measured at 4 K.
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between Er3+ and Yb3+, luminescence decay curves were re-
corded. Luminescence decay curves of Er3+ emission upon
excitation in the 4G11/2 level of Er3+ are shown in Figs. 7 and
8. In Fig. 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 buildup in the first part of the decay of the 4F9/2 emis-
sion due to slow multiphonon relaxation from the 4G11/2 to
4F9/2 level. The very fast initial decay observed before the
buildup may be due to scattered laser light reaching the de-
tector or to fast emission from Er3+ pairs where the 4F9/2
level is populated by fast cross relaxation between neighbor-
ing Er3+ ions. The buildup disappears in the samples with
Yb3+, because the 4F9/2 level is now efficiently populated by
cross relaxation with neighboring Yb3+ ions �Er3+ �4G11/2
→ 4F9/2� and Yb3+ �2F7/2→ 2F5/2��. This observation pro-
vides additional evidence for the quantum cutting mecha-
nism initiated by excitation in the 4G11/2 level, as discussed

in the previous section and shown in Fig. 5. The decay time
of the 4F9/2 emission depends only weakly on the Yb3+ con-
centration �560 �s for 5% Yb to 440 �s for 30% Yb� show-
ing that energy transfer from the 4F9/2 level of Er3+ to Yb3+ is
inefficient. This is consistent with energy level scheme of
Er3+: there is no energy level 10 000 cm−1 below the 4F9/2
level.

In Fig. 8 the decay curves of the 4S3/2→ 4I15/2 emission
are shown upon excitation in the 4G11/2 level. There is again
a buildup 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
emission decay is exponential with a decay time of 450 �s.
As the Yb3+ concentration is increased, the decay of the 4S3/2
emission becomes faster and nonexponential. This is due to
energy transfer to neighboring Yb3+ ions. The nonexponen-
tial 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 �s� decay of Er3+ is observed for those Er3+ ions that
do not have a nearest neighbor acceptor. Note that the short-
ening 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 en-
ergy transfer to Yb3+, instead of through radiative decay� can
be estimated from the integrals under the normalized decay
curves.12 From luminescence 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 energy transfer ob-
served previously for the �Pr3+ ,Yb3+�,15,17 �Tm3+,Yb3+�,16

and �Tb3+ ,Yb3+� 14,22,23 couples, this efficiency is low and
shows that the �Er3+ , Yb3+� couple is unattractive as a DC
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�
DC from the 4F7/2 level may compete with multiphonon re-
laxation and efficient quantum cutting may be achieved. At
present, work on DC in the �Er3+ , Yb3+� couple in chloride
and bromide host materials is in progress.

IV. CONCLUSIONS

Luminescence spectra �excitation and emission� and lu-
minescence decays curves have been recorded for
NaYF4:Er3+ 1% codoped with 0%, 5%, 10%, or 30% Yb3+

to investigate the potential of the �Er3+ , Yb3+� couple for
DC. The results show that the desired DC process from the
4F7/2 level �the inverse of the efficient UC process� has a
very low efficiency due to fast multiphonon 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, viz. chloride or bromide host materials,
emission from the 4F7/2 level, and therefore DC, may be
possible.

Upon excitation in the 4G11/2 level �around 380 nm� ef-
ficient DC is observed. The increase in emission from the

FIG. 7. �Color online� Luminescence decay curves for the 4F9/2 emission in
NaYF4:Er3+ 1%, codoped 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�.

FIG. 8. �Color online� Luminescence decay curves for the 4S3/2 emission in
NaYF4:Er3+ 1%, codoped 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�.
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Er3+ 4F9/2 level upon raising the Yb3+ concentration, is due
to a cross-relaxation process involving the 4G11/2→ 4F9/2
transition 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 photon
�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 DC scheme is not prom-
ising as the efficiency gain is limited due to the small frac-
tion of the solar spectrum available in the wavelength region
below 380 nm.
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