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Energy transfer mechanism for downconversion in the (Pr’*, Yb3*) couple
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Downconversion of one visible photon into two infrared photons has been reported for the lanthanide ion
couple (Pr3*, Yb3*) in a variety of host lattices. The mechanism responsible for downconversion is controver-
sial and has been reported to be either a two-step energy transfer process (via two first-order transfer steps, the
first being cross relaxation) or cooperative energy transfer from Pr’* to two Yb>* ions (a second-order process).
Here we report experiments on downconversion for the (Pr**, Yb**) in LiYF,. Luminescence decay curves of
the Pr3* emission are recorded as a function of the Yb®* concentration and analyzed using Monte Carlo
simulations for both cooperative energy transfer and energy transfer through cross relaxation. We obtain a good
agreement between experiment and simulations for energy transfer by cross relaxation but not for cooperative
energy transfer. The observation that cross relaxation is more efficient than cooperative energy transfer is
consistent with Judd-Ofelt calculations for the transition probabilities involved in the two energy transfer

processes and the lower probability for the second-order cooperative transfer.
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I. INTRODUCTION

To boost the energy efficiency of solar cells, spectral con-
version of the solar spectrum is a promising option.'= Spec-
tral mismatch losses account for over 60% of the energy
losses in a solar cell: low-energy photons are not absorbed
(transmission losses) while absorption of high-energy pho-
tons is followed by a rapid relaxation of hot charge carriers
to the band edges of the semiconductor (thermalization
losses).* Lanthanide ions are suitable candidates for efficient
spectral conversion. Upconversion (adding two low-energy
photons to one give one higher-energy photon) with lan-
thanides has been studied for decades.’ Recent “proof of
principle” experiments have demonstrated that it can be used
to enhance the solar-cell efficiency.®’

Work on downconversion (cutting one high-energy pho-
ton into two lower-energy photons) is limited in comparison
to upconversion studies.® Recently efficient downconversion
for solar cells was reported in the (Tb**, Yb3*) couple.® Fol-
lowing this work, downconversion was reported for a variety
of other lanthanide ion couples including (Pr,Yb), (Tm, Yb),
and (Er, Yb).!13 Contrary to the detailed studies on the
upconversion mechanisms in lanthanide-doped upconversion
materials (see, e.g., Ref. 5), research on the downconversion
mechanisms is limited. For the (Tb**, Yb3*) couple the en-
ergy transfer mechanism has been established: analysis of the
luminescence decay curves of the donor emission (Tb**) as a
function of the acceptor concentration (Yb**) using Monte
Carlo simulations demonstrated that energy transfer occurs
through a cooperative dipole-dipole mechanism.® In subse-
quent papers on downconversion in the (Pr**, Yb’*) and
(Tm3*, Yb**) couples, it was assumed that here also the en-
ergy transfer mechanism was cooperative energy
transfer.!>'* We reported on efficient downconversion for the
(Pr, Yb) couple in SrF, and indicated that for this couple a
resonant two-step energy transfer process is more probably
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than the second-order cooperative energy transfer process.!!

However, no convincing evidence for either mechanism has
been reported. In Fig. 1 the two processes are depicted sche-
matically: in case of cooperative energy transfer from the 3P0
level of the Pr’* donor, the energy is transferred to two
neighboring Yb** acceptors in a single step [Pr’* (°P,
—3H,); 2 Yb** (°F;,,— Fs),)]. In case of resonant two-step
energy transfer, first part of the energy is transferred to one
Yb** neighbor through cross relaxation [Pr** (°Py— 'G,);
Yb** (’F;,,— 2Fs,)] followed by a second energy transfer
step [Pt ('G,—>H,); Yb** (*Fj,— *Fs))]. Valid argu-
ments were provided for both mechanisms: the relatively
weak dipole oscillator strength of the *Py— 'G, transition
may prevent the cross-relaxation step. On the other hand, a
second-order process for energy transfer is typically 10° less
probable than a first-order process which gives cooperative
energy transfer a low probability. Indeed, for the Tb, Yb
couple efficient energy transfer was only observed for high
Yb** acceptor concentrations.’

It is the aim of this paper to elucidate the energy transfer
mechanism for downconversion in the (Pr, Yb) couple. To do
this, the luminescence decay curves of the donor emission
(3P0 emission from Pr3*) were measured as a function of the
acceptor (Yb**) concentration and analyzed, both with ana-
lytical solutions and with Monte Carlo simulations. As a
model system LiYF, was chosen as host lattice. The rela-
tively high symmetry (Scheelite structure) of this host makes
it simpler to model the acceptor configurations around the
donor. Modeling of the decay curves demonstrates that the
dominant mechanism for energy transfer from the P, level
of Pr’* to Yb’* is cross relaxation via dipole-dipole interac-
tion and not cooperative energy transfer. The relaxation rates
are proportional to the dipole strengths of the *Py— 'G, and
3P0—>3H4 transitions. We used Judd-Ofelt theory to deter-
mine the ratios of these two dipole strengths. The °P,
—!G, dipole strength is estimated to be a factor of 20
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FIG. 1. (Color online) Energy level scheme and downconver-
sion mechanism for the (Pr3*, Yb3*) couple. (a) shows the coopera-
tive energy transfer where the energy is simultaneously transferred
to two Yb>* ions. (b) shows first-order energy transfer where the
energy is stepwise transferred to Yb* ions, using the 'G4 level as
an intermediate state. Dotted arrows represent nonradiative energy
transfer and solid arrows are optical transitions.

smaller than the °P,—°H, dipole strength. However it
would have to be a factor of 1000 smaller for the cooperative
process to be competitive with cross relaxation since the co-
operative is a second-order effect.

II. EXPERIMENTAL

Crystalline powder samples were prepared of LiYF,: Pr**
(0.5%) co-doped with Yb** (0%, 2%, 5%, 10%, 20%, and
40%) by solid-state techniques. LiF (5% molar excess), PrFs,
YbF;, and YF; were thoroughly mixed and NH4F was added
to create a fluoride environment in the atmosphere to reduce
the incorporation of oxygen in the lattice. We then annealed
the samples at 675 °C in a nitrogen atmosphere. The crystal
structure of the samples was checked with x-ray powder dif-
fraction. The XRD patterns show no evidence for the pres-
ence of a second crystalline phase (such as oxyfluorides)
which indicates that within the detection limit of XRD
(~1%) the samples are phase pure.

Diffuse reflectance spectra were recorded using a spec-
trometer with an integrating sphere (Perkin-Elmer Lambda
950). We measured emission spectra on a SPEX DM3000F
spectrofluorometer with a 450 W xenon lamp with a 0.22 m
excitation monochromator for excitation while the emission
was detected with a Princeton Instruments 300i charge
coupled device detector coupled to a 0.3 m Acton Research
monochromator. Excitation spectra were measured with an
Edinburgh Instruments FLS 920 spectrofluorometer with a
Hamamatsu R928 photomultiplier tube (PMT) for the 400—
800-nm wavelength range or a liquid-nitrogen-cooled
Hamamatsu R5509-72 PMT for the 800-1600-nm range.
Luminescence decay curves were measured under pulsed ex-
citation with a LPD3000 dye laser (Coumarin 102 dye, 481
nm) pumped by a Lambda Physik LPX excimer laser (XeCl,
308 nm). The decay traces were recorded with a digital os-
cilloscope (Tektronix 2440).
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III. MODELING

The variation of luminescence decay curves for the donor
emission as a function of the acceptor concentration is
strongly dependent on the energy transfer mechanism.’ In
case of first order energy transfer by cross relaxation through
dipole-dipole interaction, the energy transfer rate from the
Pr’* ion in the *P, excited state will show a 1/r° distance
dependence for transfer to every Yb** acceptor i in the sur-
roundings. In case of cooperative energy transfer through
dipole-dipole interaction, the distance dependence is more
complicated and follows a 1/ (rf’rjﬁ-) dependence to every pair
(i,j) of Yb** acceptors around the Pr** donor. To model the
experimentally measured decay curves for the different Yb>*
concentrations, Monte Carlo simulations were used to ran-
domly create possible surroundings of Yb** acceptors around
the Pr>* donor. The LiYF, unit cell (Scheelite structure, with
a=b=5.164 A and c=10.741 A) and the positions of the Y
ions in the unit cell serve as input. The size of the simulation
box was 8 times 8 times 4 (=256) unit cells. According to the
nearest image convention all interactions up to 20.66 A are
considered. We considered 20 000 random realizations in
each simulation and verified that this was sufficient.

The methodology we used for the modeling has been de-
scribed in detail in Ref. 9. For each configuration (which is a
specific distribution of Yb* acceptors at distances r; around
the Pr’* donor) the decay is given by a single exponential

1(t) = exp[— 1(y, + v,,)]. (1)

Here ¢ is the time, 7, is the radiative decay rate of the 3P0
state of Pr** in LiYF, and 7,, is the energy transfer rate to all
Yb neighbors at distances r;. For single-step energy transfer
via dipole-dipole interaction, the transfer rate is given by

1
¥o=Cer2 - )

C,, is a fitting parameter for energy transfer by cross relax-
ation through dipole-dipole interaction. In case of energy
transfer through the cooperative dipole-dipole mechanism,
the transfer rate from the Pr** donor to a pair of Yb** accep-
tors, at distances r; and r; is given by

1
Y= Ceoop 575+ (3)
i<j Titj
Ceoop 18 a fitting parameter for energy transfer through coop-
erative energy transfer via dipole-dipole interaction.
The experimental decay curves result from an ensemble
average of the different configurations. Therefore an en-
semble average signal is calculated:

(1) = exp[=1(y, + ¥,) ), 4)

where () denotes ensemble averaging over 20 000 configu-
rations. The equations given here are equivalent to the de-
scription in Ref. 9. The equations for single-step energy
transfer through cross relaxation correspond to what was la-
beled phonon assisted in Ref. 9. Since in case of energy
transfer from Tb3* to Yb>* the large energy mismatch would
require (multi-) phonon assistance to make up for the energy
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FIG. 2. (Color online) Diffuse reflectance
LiYFE,:Pr?*, Yb** (0%, 2%, 5%, 10%, 20%, and 40%).

spectra  of

mismatch. For the [Pr** *Py— 'G,; Yb** ?F,), — %Fs), ] cross-
relaxation process there is no need for phonon assistance and
resonant energy transfer with the same 1/7° distance depen-
dence is expected.

To compare the experimentally observed decay curves for
the different Yb?* concentrations with the simulated curves,
we fitted the decay curves observed for the sample with 2%
Yb**. The parameters obtained were used to simulate the
decay curves for all other concentrations (without further
fitting).

In addition to modeling using Monte Carlo simulations,
also a fitting procedure using analytical solutions was done.
The same expressions for the transfer rate were used as for
the Monte Carlo simulations. The probability for a certain
configuration was not obtained through the averaging by
Monte Carlo simulations but calculated assuming a statistical
distribution of the acceptor ions. From the crystal structure
of LiYF, it is possible to calculate the number of Yb** ions
in each shell at distance 7; around the donor ion. The prob-
ability for a specific configuration with n Yb?* ions in the
various shells is given by

Ng,!
Pcnn = H
(R

The product runs over all shell surrounding the Pr’* ion, cyy,
is the fraction of Yb®* ions, N, is the number of rare-earth
sites in the shell and 7y, is the number of Yb* ions in this
shell. In the fits to the analytical expressions, the number of
shells included was varied between 2 and 7. The nearest-
neighbor shell includes four neighbors at 3.7 A up while the
seventh shell has also four neighbors at 8.5 A.

nyp(] — Ngp=nyp
Cyh ( 1 CYb) . (5)
nyp) iy

IV. RESULTS AND DISCUSSION

Diffuse reflectance spectra (Fig. 2) show that the absorp-
tion peaks corresponding to Pr’* transitions (for example, the
H, — P between 440 and 500 nm) have similar absorption
strength for the various samples. This indicates that the Pr3*
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FIG. 3. (Color online) Emission spectra for LiYF,:Pr**, Yb3*
(0%, 2%, 5%, 10%, 20%, and 40%). Spectra were recorded at room
temperature and excited at 481 nm. The inset shows a magnification
of the Yb** luminescence around 1000 nm.

concentration is the same in all samples. The absorption
strength for to the Yb3* transition around 1000 nm increases
with increasing Yb** concentration, as expected. The strong
absorption band below 250 nm is probably due to an 0>~
—Yb®* charge transfer absorption band. In a fluoride com-
pound oxygen is a common impurity. The position of the
absorption band is consistent with the typical energy for an
0% —Yb** charge transfer band. Also the observation that
the absorption strength increases with Yb** concentration
supports the assignment. In longer wavelength region a
weaker broadband absorption is observed below 400 nm for
the samples co-doped with 5 and 10% Yb**. The origin is not
clear and may be defect absorption. Since the absorption
partly overlap with the Pr** absorption lines around 450 nm,
it may reduce the luminescence efficiency when exciting at
these wavelengths.

Figure 3 shows emissions spectra for samples with Yb3*
concentration varying from 0% to 40%, collected at room
temperature under excitation at 481 nm. The spectra are not
corrected for the detector response. For low Yb** concentra-
tions the spectra show characteristic Pr** emission lines
which are well known for this compound.'> Upon increasing
the Yb3* concentration the Pr’* emission intensity decreases
and at 40% Yb** concentration hardly any Pr3* emission is
observed. This indicates efficient energy transfer to Yb3*.
Indeed, Yb** emission is observed in the co-doped samples
around 1000 nm. The inset in Fig. 3 shows this region mag-
nified with clear Yb** emission peaks. The highest emission
intensity is observed for the sample co-doped with 10%
Yb3*. For higher Yb** concentrations the emission intensity
decreases which we ascribe to concentration quenching.
Quenching of the Yb** emission is enhanced by multiphonon
relaxation due to coupling with the high-energy OH™ vibra-
tions of OH™ groups present in the samples as an impurity. At
higher Yb** concentrations energy migration to Yb** next to
OH™ groups will contribute significantly to concentration
quenching.

Further evidence for energy transfer is obtained from Fig.
4, which shows excitation spectra. The emissions monitored
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FIG. 4. (Color online) Excitation spectra for LiYF,:Pr**, Yb3*
(0% and 2%). The emissions monitored are: Pr3* *P,— *Hy at 604
nm and the Yb3* 2Fs;, — *F;), at 990 nm.

are the Pr** *Py—Hg at 604.5 nm (only the 0% Yb**
sample) and the Yb>* 2F5/2—>2F7/2 at 990 nm, for 0% and
2% Yb** concentration. It is clear from these spectra that for
the 2% Yb** sample, we observe Yb** emission upon exci-
tation in Pr3* 3PJ and 'I, levels between 440 and 500 nm.
The luminescence spectra show that efficient energy transfer
occurs but does not provide direct information on the energy
transfer mechanism.

To get insight in the energy transfer mechanism, we re-
corded luminescence decay curves for the Pr** emission.
Figure 5 (dots) shows these decay curves for the Pr’* °P,
—3H, emission at 606 nm upon excitation at 481 nm. For
0% Yb** concentration the decay curve is close to single
exponential with a ~36 wus decay time. This is in agreement
with the room-temperature lifetime of 35.7 us reported for
the *P, emission in LiYF, doped with 0.65% Pr**.!5 A slight

Normalized Intensity

Time (us)

FIG. 5. (Color online) Luminescence decay curves of the 3P0
—3Hg emission of Pr** in LiYF,:Pr*, Yb3* (0%, 2%, 5%, 10%,
20%, and 40%) at 606 nm. The experimental data (dots) are mea-
sured under pulsed laser excitation at 481 nm. The solid line is the
simulated decay for phonon-assisted energy transfer and the dashed
line is the simulated decay for cooperative energy transfer.
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TABLE 1. Parameters used in the Monte Carlo simulations and
the analytical calculations.

Yr
(ms™") c?
Cross relaxation 17.95 2.6X 10°
Cooperative 17.95 1.5% 10°

Units for cross relaxation ms™' A= and for cooperative mecha-
nism ms™! A-12,

deviation from single-exponential decay is ascribed to cross
relaxation between Pr’* neighbors, which already occur at
this low concentration. The observation of a close-to-single
exponential decay with a decay time that is consistent with
the radiative lifetimes reported in literature shows that impu-
rities (0>~ or OH") do not significantly influence the decay
curves. This also shows that the decay curves of the °P,
emission can be used to analyze energy transfer to neighbor-
ing Yb** ions.

Upon co-doping with Yb3*, the decay becomes nonexpo-
nential and faster. This is consistent with efficient energy
transfer from the >P, level of Pr’* to Yb** neighbors.

From the evolution of the decay traces with increasing
Yb* concentration the operative energy transfer mechanism
can be deduced. The experimentally measured decay curves
were simulated using Monte Carlo simulations [Eq. (4)] were
v,» was determined for both cross-relaxation [Eq. (2)] and
cooperative energy transfers [Eq. (3)]. In Fig. 5 the solid
lines present the best fit obtained for energy transfer via cross
relaxation and the dashed lines represent the best fits ob-
tained for cooperative energy transfer. The colors correspond
to the different Yb>* concentrations and the fitted curves
should overlap with the experimental curves of the same col-
ors. The fit parameters are tabulated in Table 1.

Comparison of the experimentally measured decay curves
and the fitted curves show that for 0% and 2% Yb?* concen-
tration both mechanisms fit the data fairly well. For higher
concentrations only the cross-relaxation model gives a good
description of the experimentally observed decay curves. For
the 0% and 2% the good agreement is obvious: for 0% in
both models the decays are described by the radiative decay
(no contribution from energy transfer) and the decay curves
for the 2% Yb** were used to determine the fit parameters
C., and C,,,,- We used these fit parameters to simulate the
decay curves for the higher Yb** concentrations. The simu-
lated decay curves based on energy transfer via cross relax-
ation describe the experimentally observed decay behavior
quite well for all Yb** concentrations. The decay curves
simulated for energy transfer via cooperative energy transfer
strongly deviate from the experimentally observed decay.
Clearly, the value obtained for C,,,, needed to describe the
energy transfer through cooperative energy transfer for this
low Yb3* concentration, is high and results in very efficient
cooperative energy transfer upon raising the Yb** concentra-
tion.

The good agreement obtained between the simulation us-
ing the cross-relaxation mechanism and experimental results
shows that the operative energy transfer mechanism is cross
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FIG. 6. (Color online) Luminescence decay curves of the °P,
—3Hg emission of Pr* in LiYF,:Pr**, Yb** (0%, 2%, 10%, 20%,
and 40%) at 606 nm. The gray dots are experimental curves and the
solid lines represent the simulated decay curves for the phonon-
assisted energy transfer. The dashed, dotted, and dashed dotted line
are analytical calculations including two, four, and seven shells,
respectively.

relaxation, which shows that downconversion occurs through
resonant two-step energy transfer and not cooperative energy
transfer. At high concentrations there may also be a contri-
bution from resonant energy transfer to a real excited state of
an exchange coupled Yb>* pair. This specific type of energy
transfer has not been included in the analysis since we do not
have a good model to do this and previous results show that
the cooperative mechanism describes the data well in
(Y,Yb)PO,, even at the highest concentrations.’

Figure 6 shows the results of the analytical calculations,
where we used the probability distribution function [Eq. (5)],
to calculate the distribution of the Yb** ions for given con-
centrations. The energy transfer rate was calculated only for
the first-order mechanism [Eq. (2)]. For comparison we also
plotted the experimental data (gray dots) and the Monte
Carlo simulations for the first-order energy transfer. The
dashed, dotted, and dashed-dotted lines are analytical results
including two, four, and seven shells, respectively, and the
colors represent different Yb®* concentrations. There is a
large difference between the analytical calculated results and
the Monte Carlo simulated results, when only two shells are
included. Including more shells rapidly improves the results
but there is still significant difference between the analytical
and Monte Carlo simulated results when seven shells are
included. This indicates that energy transfer over longer dis-
tances (over 8.5 A, the distance to neighbors in the seventh
shell) is not negligible and contributions to the observed de-
cay behavior. Especially in the longer time regime where
slow energy transfer to distant neighbors is observed.

As was stated in the introduction, there have been valid
arguments for both first-order and cooperative energy trans-
fer in the (Pr’*, Yb3*) couple. We will take a closer look at
these arguments here. If energy transfer through cross relax-
ation occurs, the first step in this process is the Pr** °P,
— 1G, transition. However this transition has a weak dipole
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TABLE II. Reduced matrix elements for all the possible transi-
tions from the 3PO level and the relative intensities. We have set the
highest intensity at 100.

Po— (U@ (uW)? (U©)? Relative intensity
D, 0.0168 0 0 0

G, 0 0.0520 0 436

°F, 0 0.110 0 193

’F, 0 0 0 0

’F, 0.296 0 0 0

He 0 0 0.07272 27.2

*Hs 0 0 0 0

’H, 0 0.173 0 100

oscillator strength, which can be calculated with the Judd-
Ofelt theory.'®!7 For the calculations the UM (A=2,46) re-
duced matrix elements for the various transitions are needed.
Unfortunately, the well-known tables published by Carnall et
al.'® of reduced matrix elements do not include the reduced
matrix elements for the 3POH lG4 transition. We therefore
calculated the reduced matrix elements for all transitions
from the 3PO level and Table II gives the calculated reduced
matrix elements (UM)? for the °P, transitions in Pr>*,

Using the Judd-Ofelt parameters for Pr** in LiYF, (Q,
=0, 0,=8.07X10% cm™2, and Q=7.32%X10"% cm™)
from the literature,!® we calculated the relative intensities of
the transitions. From these relative intensities it follows that
the *P,— *H, transition is more that 20 times more probable
than the *P,— 'G, transition. To understand what the domi-
nant energy transfer process will be, one must also take into
account the different probabilities of the different mecha-
nisms. First-order energy transfer processes are typically 10°
times more probable than second-order processes.” Thus for
the cooperative process to be competitive with the cross-
relaxation process, the difference in dipole strength must be a
factor 1000 instead of the factor 20 that we have calculated.
The fact that we observe energy transfer through a first-order
dipole-dipole cross-relaxation process is therefore consistent
with theory.

V. CONCLUSIONS

We have studied the energy transfer mechanism for down-
conversion in the (Pr**, Yb**) couple in LiYF,. Lumines-
cence decay curves of the donor emission were recorded for
varying acceptor concentrations. We compared the decay
traces with simulated decay curves for both first- and second-
order energy transfers, using Monte Carlo simulations. This
shows that first-order energy transfer by cross relaxation is
the dominant energy transfer mechanism and not cooperative
energy transfer. Analytical calculations of the decay curves
confirm the results from the simulations. Evaluation of the
Judd-Ofelt theory shows that the *P,— 'G, transition, essen-
tial for cross relaxation, has a low oscillator strength which
reduces the cross-relaxation rate, but this is compensated by
the 10® times higher probability for first-order energy trans-
fer, compared to cooperative energy transfer.
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