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Energy losses inherent to the conversion of sunlight to electricity in solar cells are mainly due to the
so-called spectral mismatch: low energy photons are not absorbed while the energy of high energy photons is
only partly used by the solar cell. The losses can be significantly reduced by adapting the solar spectrum. A
promising avenue is the use of a downconversion material where one higher energy visible (blue-green) photon
is “cut” into two lower-energy near-infrared photons that both can be used by the solar cell. Here the efficiency
of downconversion for the (Nd**,Yb3*) couple in YF; is studied to investigate if efficient two-step energy
transfer occurs from the 4G9/2 level of Nd3* (situated around 21 000 cm™! or 470 nm) exciting two neighbor-
ing Yb>* ions to the 2Fs, level (around 10 000 cm™ or 1000 nm). Optical measurements of YF; doped with
Nd** and Yb** show that there is efficient energy transfer from Nd** to Yb**, but downconversion from the
4G9/2 level does not occur due to fast multiphonon relaxation. Relaxation from this level to lower-energy levels
populates the 4F3/2 level of Nd** from which efficient one-step energy transfer to Yb3* occurs. Analysis of the
luminescence decay curves for different Yb3*-concentrations using Monte Carlo simulations reveals a high
nearest neighbor transfer rate (3.3 10° s~!) through a dipole-dipole interaction mechanism. Downconversion
is observed from the 4D3/2 level (situated in the UV, around 28 000 cm™' or 360 nm) with an estimated
quantum efficiency up to 140%. For application in solar cells this UV to 2 NIR downconversion will only

result in a marginal reduction of spectral mismatch losses.
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I. INTRODUCTION

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

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

The effect of using either upconversion or downconver-
sion materials in combination with solar cells has been mod-
eled by Trupke et al.>~7 When a solar cell with a band gap of
1.1 eV is combined with an ideal downconverting material in
front of the cell (splitting every photon above 2E, into two
photons that can be absorbed and both generate an electron-
hole pair), an efficiency of 40% is possible.> An upper limit
of approximately 50% can be reached when a solar cell with
a band gap of ~2 eV is combined with an ideal upconverter
at the rear of the cell.%7 UC is a nonlinear process: for the
two-step UC process (where two photons are added to obtain
one photon with a larger energy) the UC light intensity I¢ is
proportional to square of the incident light intensity /;. As a
result, high conversion efficiencies are only obtained at suf-
ficiently high excitation density which can be easily realized
using lasers, but will require strong concentration of sun-
light.

The most efficient UC is realized using lanthanide ions.
An example of a particularly efficient upconverting couple is
(Er**,Yb?*). Under high power laser excitation an efficiency
of around 50% has been reported for the conversion of NIR
(~1000 nm) to visible light in NaYF,: Er**, Yb**.8 Gibart et
al. proposed using this upconversion couple to increase the
efficiency of a substrate-free GaAs solar cell and have re-
ported an efficiency of 2.5% for excitation with 1.39 eV
photons.® The feasibility of upconversion for solar cells was

3

©2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.81.035107

MEIJER et al.

also demonstrated using NIR upconversion in NaYF, doped
with Er3*.710

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 nonconcentrated
sunlight. Demonstrations of efficient DC materials are still
limited (contrary to UC materials). Initially the work focused
on the conversion of a single VUV photon into two visible
photons. The (Gd**,Eu**) couple in a LiGdF, host lattice
shows efficient VUV to VIS DC (internal quantum efficiency
of approximately 190%) and Er’*, Gd**, and Tb** in the
same host lattice have an efficiency of 130%.*!1-12

Downconversion of UV or visible photons into NIR pho-
tons was first demonstrated in (Y, Yb)PO,: Tb**.13 After ex-
citation into the °D, state of the Tb>*-ion two neighboring
Yb** ions are excited through a cooperative energy transfer
process. The °D, level of Tb** is found at about twice the
energy of the Yb>* 2Fs, level, and after energy transfer Yb>*
emission is observed around 1000 nm. This is just above the
band gap of crystalline silicon which makes Yb®* an attrac-
tive candidate for DC materials to be used in combination
with c-Si solar cells. More recently, cooperative downcon-
version has also been reported for (Tb>*,Yb?*) in other host
materials'*!> and with other lanthanide couples, viz.
(Pr**,Yb*") (Ref. 16) and (Tm>*,Yb>*).17 It is not clear,
however, that the second-order cooperative energy transfer
process is the operative mechanism in the latter two systems,
as also first-order energy transfer processes are possible and
are expected to dominate.'® Second-order cooperative energy
transfer processes have a lower efficiency, making it only
efficient at very high Yb** concentrations where the Yb**
emission is largely quenched through concentration quench-
ing. For more efficient energy transfer, an intermediate level
on the donor ion should be used in order to obtain downcon-
version through two resonant energy transfer steps.

In this paper we investigate if efficient downconversion is
possible with the (Nd**, Yb**) couple in YF;. We have cho-
sen YF; as a host because this lattice has a low phonon
energy (maximum phonon energy ~500 cm™') (Ref. 19); a
lower phonon energy minimizes multiphonon relaxation pro-
cesses between the closely spaced energy levels of Nd3*,
which can reduce the radiative downconversion efficiency. In
Fig. 1 the downconversion scheme for the (Nd**,Yb%*)
couple via sequential two-step energy transfer is shown.
When Nd** is excited into the Gy, state, part of the energy
is transferred to Yb** via cross relaxation: Nd** (*Gq),
—%F3,), Yb** (°F;,,—?Fs),), populating the *Fs), level of
Yb**. In a second step the remaining energy can be trans-
ferred to a second Yb** ion, which can then emit a photon, or
otherwise emission can occur from the *Fj,, level of Nd>*.

II. METHODS
A. Synthesis

Crystalline powder samples of YF; doped with Nd** and
Yb** were synthesized via coprecipitation. The Nd** concen-
tration was kept constant at 0.5% while the Yb** concentra-
tion was varied between 0 and 10% (0, 2, 3, 5, or 10%). Also
two samples without Nd** were synthesized, containing 2%
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FIG. 1. Schematic representation of the desired mechanism for
downconversion with the Nd**, Yb** couple. Nd3* is excited into
the 4G9/2 state. Part of the energy is transferred to Yb** via cross
relaxation: Nd** (*Ggj, — *Fs1), Yb** (*F,,— 2Fs)), populating
the 2F5/2 level of Yb>*. In the second step the remaining energy can
be transferred to a second Yb** ion from the 4F3/2 level of Nd**.
Both Yb** ions can then emit a photon of approximately 1000 nm.

and 10% Yb**. In all cases the percentages given for the
dopants Yb** or Nd** are in mol % with respect to Y3*. A
low Nd** concentration was used to prevent cross relaxation
between Nd** pairs. The Yb>* concentration was varied: at
low Yb** concentrations there is less concentration quench-
ing, while at higher concentrations energy transfer from Nd**
to Yb>* is more efficient because each Nd** ion has one or
more Yb** neighbors. Therefore it is important to find the
optimum Yb** concentration. The samples were prepared by
mixing stoichiometric amounts of Y,03, Nd,O3, and Yb,03
(purity at least 4N). The powder mixture was dissolved in
dilute hydrochloric or nitric acid. After adding a solution
with an excess of NH,F (98+ %) a precipitate was formed,
which was centrifuge-washed and then dried. The blend was
put into an alumina crucible and fired in an oven together
with an excess of NH4F under a nitrogen flow. The samples
were first heated to 300 °C for 2 h (to remove adsorbed
water molecules) and then to 1000 °C for 3 h. After the
samples had cooled sufficiently they were crushed with a
pestle and mortar and x-ray diffraction measurements were
performed to check for phase purity.

B. Measurements

Diffuse reflectance spectra were measured with a Perkin-
Elmer Lambda 950 UV/VIS/IR absorption spectrometer.
Emission and excitation measurements were performed us-
ing an Edinburgh Instruments FLS920 fluorescence spec-
trometer. The 0.3 m excitation double monochromator dis-
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FIG. 2. (Color online) Diffuse reflectance spectra for

YF;:Nd**(0.5%), Yb* (0, 2, 3, 5, and 10%).

perses light from a 450 W Xe lamp with gratings blazed at
300, 500, or 1200 nm. UV and visible sample emission is
detected with an emission monochromator with a grating
blazed at 300 or 500 nm and a Hamamatsu R928 photomul-
tiplier tube (PMT). The NIR emission is detected with an-
other emission monochromator with a grating blazed at 1200
nm and a liquid nitrogen-cooled Hamamatsu R5509-72
PMT. The Edinburgh fluorescence spectrometer is equipped
with an Oxford helium flow cryostat for low temperature
measurements. The spectra were not corrected for the instru-
mental response.

Lifetime measurements upon pulsed excitation at a wave-
length of 452 nm were performed with the use of a Lambda
Physik LPD3000 tunable dye laser with a Coumarin 120 dye
solution (tunable between 423—462 nm). Lifetime measure-
ments with an excitation wavelength of 950 nm were per-
formed on the same setup with Styryl 14 dye solution (tun-
able between 904-992 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. The laser excitation is steered into the sample cham-
ber of the Edinburgh fluorescence spectrometer using a pair
of prisms.

III. RESULTS AND DISCUSSION

A. Characterization

For all samples (YF; doped with 0.5% Nd3** and 0, 2, 3, 5,
and 10% Yb** and two samples doped with 2% and 10%
Yb3*) the x-ray diffraction patterns are consistent with the
orthorhombic structure of YF;. To monitor the incorporation
of Nd** and Yb’* in YF,, diffuse reflection spectra were
recorded. In the diffuse reflectance spectra (Fig. 2), it can be
seen that the absorption strengths for the peaks correspond-
ing to Nd** absorptions (e.g., the *Iy,— *F;, transition
around 750 nm and the *Iy;,— *Gg), transition around 500
nm) are very similar for all samples. This shows that the
Nd** was built into the lattice equally well for all samples,
since in the starting mixture the same amount of Nd**(0.5%)
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was present. Furthermore, the peak for the Yb3* absorption
strength around 1000 nm varies in good agreement with the
Yb** concentration that was present in the starting mixture.

In the UV (between 250 and 300 nm), a strong absorption
band can be observed which is probably related to defects,
possibly involving oxygen impurities. The intensity for this
band varies between samples, and it is strongest for the
sample codoped with 0.5% Nd** and 3% Yb**.

B. Luminescence

The energy level diagram in Fig. 1 shows the desired
downconversion scheme: starting from the Nd** *G), level
around 21 000 cm™' cross relaxation with a neighboring
Yb** ion involves partial energy transfer, which results in
Nd** in the *F;, state and Yb** in the °Fs/, state. In the next
step (phonon-assisted) energy transfer from the *F;, level of
Nd** to a second Yb** ion results in a second excited Yb**
ion, and both ions can emit a 980 nm photon. To investigate
if downconversion according to this scheme occurs, emission
spectra were first recorded for YF;:Nd** without Yb**.

For downconversion it is crucial that the starting level
4G9/2 is sufficiently long lived to allow for energy transfer to
a neighboring Yb®* ion. If the level has a sufficiently long
lifetime, emission from the level can be observed and one
can expect the occurrence of downconversion. However, the
energy level diagram in Fig. 1 shows that a competing pro-
cess, multiphonon relaxation from *Gy, to the next lower
level (°Gy),) is also possible which may prevent downcon-
version. If multiphonon relaxation to the next lower level
dominates, the lifetime of the level is decreased and no emis-
sion will be observed, as it is unlikely that downconversion
can compete with fast multiphonon relaxation. Downconver-
sion from higher energy levels was also investigated. The
energy level diagram in Fig. 1 reveals relatively large energy
gaps below the 2P3,2 and the 4D3/2 level which indicates that
these states may be sufficiently long lived to give rise to
downconversion.

Figure 3 shows the room temperature emission spectra of
YF; doped with 0.5% Nd** for excitation in the Nd** “D,
level (354 nm) and the *Gq, level (464 nm). The results
show that upon excitation at 354 nm, emission is observed
from both the 4D3/2 and the 2P3/2 level to the *I, level. This
indicates that these levels may serve as starting levels for
downconversion. Upon excitation at 464 nm, only infrared
emission is observed around 870, 1050, and 1340 nm, all of
which originate from *Fs, — *I, transitions. The absence of
Gy — *I, emissions shows that the energy gap between the
Gy, level and the next lower level (?Gy),) is bridged by fast
multiphonon relaxation and that radiative decay from the
4Gg/2 level cannot compete with this nonradiative relaxation
process. As a result downconversion from the Gy, level is
probably not possible. The 4F3/2H4I ; emission peaks are
also observed for excitation into the higher energy levels,
such as the 4D1/2, “Ds),, and the 2P3,2 levels. This indicates
that from the higher energy emitting levels nonradiative re-
laxation to the “Fj, level also occurs. This is confirmed by
the excitation spectrum of the *F3, — *Io/, emission around
866 nm (Fig. 4) where peaks can be observed corresponding
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FIG. 3. (Color online) Room temperature emission spectra for
the visible (a) and infrared (b) part of the spectrum for
YF;:Nd**(0.5%). The excitation wavelength is 354 nm (‘D)
level).

to transitions to all levels above the *Fs, level of Nd>*.

The Nd** emission is quenched when the samples are
codoped with Yb3*. At a concentration of 3% Yb*, the Nd3*
emission both in the visible and in the infrared has almost
completely disappeared (Fig. 5). When the Yb** concentra-
tion is increased to 10% the remaining Nd** emission inten-
sity is less than 1% of the intensity for the sample without
Yb3*. At the same time, the Yb>* emission around 1000 nm
starts to increase, and it reaches its maximum for the sample
doped with 0.5% Nd** and 5% Yb?*. Increasing the concen-
tration further does not lead to a higher Yb** emission inten-
sity. Instead, the emission intensity starts to decrease for the
sample with 0.5% Nd** and 10% Yb**, which is explained
by concentration quenching.

14 — 4 YF, with 0.5% Nd**
80’1, D,, 5 Wit _05/0 d
4 —_=866nm
D m

70 4 3/2 2

712

60
50

40

Intensity (10* counts)

30
20
10 -_N\—/U
T T T T T T T T T T T
300 400 500 600 700 800
Wavelength (nm)

FIG. 4. Room temperature excitation spectrum of 4F3/24>419/2
emission (866 nm) for YF;:Nd3*(0.5%).
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FIG. 5. (Color online) Room temperature emission spectra for
YF;:Nd3*(0.5%), Yb3* (0, 2, 3, 5, and 10%). (a) Visible part of the
spectrum, excitation wavelength is 354 nm (‘D,, level). (b) Infra-
red part of the spectrum, excitation wavelength is 520 nm (4G11,2
level).

For the highest Yb** concentration there is also a change
in the relative intensities of the Yb** emission at 986 and at
1028 nm. The peak at 986 nm is higher than the peak at 1028
nm for Yb** concentrations up to 5%, while the 1028 nm
peak is higher for the YF;:Nd**(0.5%), Yb**(10%) sample.
For this high concentration, reabsorption of the shorter wave-
length emission around 986 nm can occur, thus lowering the
relative intensity of this emission component. Furthermore,
energy transfer over multiple Yb®* ions can occur to Yb**
ions that emit at lower-energy values, leading to emission at
longer wavelengths.

The emission spectra recorded after excitation in the
lower-energy levels of Nd** (below the *Gy), level), shown
for *G,,/, (520 nm) in Fig. 5(b), demonstrate that the energy
transfer from Nd** to Yb®* after multiphonon relaxation is
efficient and does lead to emission from Yb** as desired.
This indicates that one-step energy transfer occurs from Nd**
to Yb>*. After nonradiative relaxation to the *F;, level, effi-
cient transfer can be expected as the “F;,— *I;,,, transition
on Nd** is resonant with the *F5, — °F;, transition on Yb>*.

To determine if downconversion occurs from the higher
energy levels via the two-step energy transfer process (yield-
ing two IR photons) excitation spectra were recorded for
emission from the *Fs, level of Nd** in YF;:Nd**(0.5%)
and emission from the ?Fs, level of Yb** in
YF;:Nd*(0.5%), Yb**(2%). If downconversion occurs from
a high energy level, the relative intensity of the peak corre-
sponding to the transition to this level should increase in the
excitation spectrum of the Yb3* emission, as two instead of
one IR photons are generated.'® The spectra are compared by
normalizing to the excitation of the Nd** 2G)o/ 4G5/2 level
(Fig. 6). Excitation below the >G5/ *Gs, level will be fol-
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FIG. 6. (Color online) Room temperature excitation spectrum of
Nd** emission (1050 nm) in YF;:Nd**(0.5%) and Yb>* emission
(986 nm) in YF;:Nd**(0.5%), Yb**(2%), both normalized at 572
nm (*Gy)/*Gs)).

lowed by rapid multiphonon relaxation to the *F;, level as is
evident from the small energy gaps separating the levels be-
low this level (see Fig. 1). In both excitation spectra the
peaks for these levels will appear with approximately the
same relative intensities. Figure 6 shows that there is no
increase in the relative intensity of the peak for excitation
into the *Gy), level (470 nm) for the Yb** codoped sample
compared to the sample only doped with Nd**. This indicates
that downconversion does not occur from the *Gg, level.
There is, however, an increase in the relative intensity of the
peak for excitation into the “Ds, level at 354 nm. When
comparing the excitation peak intensities of the 866 nm Nd**
and the 986 nm Yb>* emission, an increase is observed in all
samples codoped with Yb** (Fig. 7). The ratio of the inten-
sities of the “Ds, excitation peak relative to the >G,/*Gs),
excitation peaks increases from 1.1 to 1.4 when the Yb**
concentration is increased from 2 to 10%. This indicates that
downconversion occurs from the Nd** *Dj, level, and that
the efficiency increases with increasing Yb** concentration,

2.0
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FIG. 7. Comparison of relative excitation peak intensities of
Nd** and Yb>* emission for YF;:Nd**(0.5%), Yb>* (2, 3, 5, and
10%). The excitation spectra were measured at room temperature
and normalized at 572 nm.
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FIG. 8. High resolution excitation spectrum of 1050 nm emis-
sion in YF;:Nd**(0.5%) measured at 4 K.

as expected. Based on the observed intensity ratios, it can be
concluded that the downconversion efficiency increases up to
140% in the sample with 10% Yb**.

The absence of downconversion from the *Gq), level is
attributed to multiphonon relaxation. To further investigate
the multiphonon relaxation process, a high resolution excita-
tion spectrum of the *F3/, emission in YF;:Nd>*(0.5%) was
recorded to determine the energy gap between the “Gq,, and
Gy, level (Fig. 8). The excitation spectrum shows sharp
transitions to the various crystal field (CF) components of the
Gy, level between 460 and 475 nm and to the *Gq, com-
ponents between 495 and 525 nm. The energy gap between
the lowest CF of the *Gy), and the highest CF component of
the 2Gqy, level is determined to be 1012 cm™'. Since the
maximum phonon energy of YF; is ~500 cm™, the energy
gap between the *Gq, and Gy, level can be bridged by two
to three phonons. Based on the energy-gap law and experi-
mental results, a rule of thumb predicts that radiative decay
and multiphonon relaxation can compete when the gap is five
times the phonon energy. For a smaller energy-gap, mul-
tiphonon relaxation dominates. Therefore the absence of
emission from the Nd** 4G9,2 level is in agreement with
present findings: the energy difference between the 4G9/2
level and the next lower level (°Gyy,) is small enough for
nonradiative decay to dominate in this host, making DC from
the *Gy), level inefficient. In hosts with a smaller phonon
energy, e.g., chlorides (Aw~250 cm™) or bromides
(hw~180 cm™'), DC from the *Gy, level may compete
with nonradiative relaxation, and efficient downconversion
could be achieved.

C. Decay measurements

To gain further insight in the energy transfer processes
between Nd** and Yb**, luminescence decay curves were
recorded for the Nd** and Yb** emission upon excitation
into the *Gy), level at 456 nm (Figs. 9 and 10). The lumines-
cence decay curves of the Nd** *F;,, emission (866 nm) in
YF;:Nd*(0.5%) can be described by a single exponential
with a lifetime of 390 us. When the sample is codoped with
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FIG. 9. (Color online) Room temperature lifetime measurements
(dotted lines) of Nd** 4F3/2 emission (866 nm) in YF;:Nd**(0.5%)
codoped with Yb3* (0, 2, 3, 5, and 10%) after excitation into the
Nd3+ 4G9/2 level at 456 nm. The solid lines are simulated curves
using model for single-step energy transfer through dipole-dipole
interaction [Egs. (1)-(3)].

Yb?*, the lifetime decreases and the decay is no longer single
exponential (Fig. 9). This shows that energy transfer from
Nd** to Yb** occurs and the transfer rate increases as the
Yb** concentration is raised. The nonexponential character
of the decay curves reflects the different distributions of
Yb** ions around different Nd** ions, which gives rise to a
wide distribution of transfer rates between Nd** and Yb**
ions. The rapid decrease of the decay time upon raising the
Yb** concentration from 2 to 10% shows that energy transfer
from Nd** to Yb** is efficient, consistent with the rapid drop
of the Nd**-emission intensity upon adding Yb** observed in
Fig. 5. To analyze the energy transfer more quantitatively, the
luminescence decay curves were modeled using Monte Carlo
simulations. In a previous paper the basics of the modeling
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FIG. 10. (Color online) Room temperature lifetime measure-
ments of Yb** 2Fs,, emission (986 nm) in YF;:Nd**(0.5%), Yb>*
(2, 3, 5, and 10%) after excitation into the Nd** *Gy), level at 456
nm. The inset shows the buildup in the first 0.2 ms of the curve.
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procedure have been outlined and the model was used to
distinguish between different possible energy transfer
mechanisms (cooperative, accretive or phonon-assisted
single step).!> The present energy transfer process clearly
involves a single-step transfer from Nd** to neighboring
Yb?* ions and only this mechanism is therefore considered.
For the single-step energy transfer through dipole-dipole in-
teraction, the transfer rate to all neighbors is given by

Yir= Cor 2 1Urf, (1)

where 7,, is the transfer rate for a Nd** ion in the excited
“F,, state to transfer to all neighboring Yb>* ions at dis-
tances r;. The constant C,, is fitted to the measured intensity
for the sample codoped with 2% Yb** and the summation is
over all Yb** neighbors i. A discrete atom model was used
based on the unit cell of YF; (orthorhombic with
a=6.353 A, b=6.850 A, and ¢=4.393 A) and the coordi-
nates of the Y atoms in the unit cell.?>?! The size of the box
considered for energy transfer was 53 unit cells which means
that all interactions up to 15 A were taken into account. For
larger distances no improvement of the simulations was ob-
served indicating that energy transfer over longer distances
does not contribute significantly. The lattice sites were filled
randomly with Y3* or Yb** with a probability specified by
the Y3* to Yb** ratio. Substitution of one of the lanthanides
by Nd** generated a particular configuration. For each con-
figuration the single exponential decay curve is given by

1(£) = 7Ot (2)

where 1 is time, 1, is the radiative decay rate of the *F;, state
of Nd* in YF; and 1y, is the energy transfer rate as calcu-
lated with Eq. (1). The decay curves recorded result from an
ensemble average of configurations. Therefore an ensemble
average signal was calculated,

(I(1)) = (e ), 3)

where ( ) denotes ensemble averaging over 10 000 configu-
rations. With this number convergence was reached. The
simulations are shown in Fig. 9 for the different Yb®* con-
centrations for ,=2.55X%10® s7' (7,=390 us) and
C,=7.07X10% A°ms™!. The agreement is excellent
showing that the energy transfer between Nd** and Yb3* is
well described by energy transfer through dipole-dipole in-
teractions. The energy transfer is indeed very efficient. The
transfer rate to nearest neighbors at 3.6 A is 3.25X 10° s7!,
more than 100 times faster than the radiative decay rate of
2.55%10° s7L.

In the decay curves of the Yb** emission, a buildup is
observed in the first part of the curve (Fig. 10), causing the
Yb* emission to reach a maximum approximately 150 us
after the start of the measurement. This buildup time is simi-
lar to the decay times of the “Fj, emission from Nd**, which
confirms that the Yb** emission is fed by energy transfer
from the Nd** “F;, level. The buildup time decreases from
80 ums for YF;:Nd**(0.5%), Yb*(2%) to 13 us for
YF;:Nd**(0.5%), Yb**(10%), confirming that the energy
transfer becomes more efficient at higher Yb** concentra-
tions. The effect of concentration quenching can be seen in
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FIG. 11. (Color online) Temperature dependent emission spectra
for YF;:Nd**(0.5%), Yb>*(2%). The inset shows the effect of tem-
perature on the peak at 980 nm.

the long time part of the decay curve: at low Yb** concen-
trations the lifetime is approximately 1900 us, and as the
Yb3* concentration increases to 10%, the lifetime decreases
to ~1560 ws. The decrease in lifetime is ascribed to energy
migration of the excitation energy over the Yb** sublattice,
which can result in quenching of the luminescence if the
migrating excitation encounters a quenching site.

D. Temperature dependent measurements

To gain further understanding about the energy transfer
processes and the concentration quenching in YF;:Nd**,
Yb**, temperature dependent measurements were performed.
Figure 11 shows typical temperature-dependent spectra for
YF;:Nd**(0.5%), Yb**(2%). At 4 K the emission peaks of
both Nd** and Yb** are very narrow compared to the spectra
at room temperature. Thermally induced relaxation processes
cause the emission peaks to broaden at higher temperatures
(lifetime broadening). Furthermore, additional peaks for
emission from higher crystal field components start to appear
when the temperature is raised. An example of this effect is
the peak for emission from a higher crystal field component
of the Yb** *Fs), level at 965 nm that appears when the
temperature is increased to 50 K.

As seen from the room temperature emission spectra (Fig.
5) and the lifetime measurements of the Yb** emission (Fig.
10) Yb** Fs, emission starts to decrease due to concentra-
tion quenching for high Yb** concentrations. At very low
temperatures (4 K), concentration quenching is hampered,
which causes a strong increase in the Yb** emission inten-
sity. This is explained by the small energy mismatches be-
tween the energy levels of neighboring Yb** ions, which
impose the need for phonon-assisted energy transfer; by
freezing out the phonons at low temperatures, the energy
migration becomes less efficient and the concentration
quenching is reduced.

At low temperatures, an additional peak is visible in the
Yb®* emission spectra at 980.5 nm (see the inset of Fig. 11),

PHYSICAL REVIEW B 81, 035107 (2010)

10° 5
2
[}
c
g
£
°
[}
£ 10"
©
E
2 ]
| YF, with 0.5% Nd™* and 5% Yb™*
A, =980.5 nm
——, =987.5nm
—*,=1017.5 nm
, [— %, =1024nm
10° T T T T T T T T
0 1 2 3 4 5 6

Time (ms)

FIG. 12. (Color online) Lifetime measurements at 4 K of Yb3*
%Fs;, emission at different wavelengths in YF;:Nd3*(0.5%),
Yb**(5%) after excitation into the Nd** Gy, level at 456 nm.

which disappears when the temperature is raised above 50 K.
Low-temperature lifetime measurements for the emission
peaks between 980 and 1024 nm are compared (Fig. 12). The
lifetime of the tail of the decay curves is approximately
1500 us for all curves, and all four decay curves show a
buildup in the beginning of the curve. The buildup time is
~50 wus for emission wavelengths between 987 and 1024
nm, and is attributed to energy transfer from Nd** to Yb**
(see also Fig. 10). The buildup time for the 980.5 nm emis-
sion is approximately 225 us. The longer buildup time on
the decay curve and the observation that this emission peak
disappears above 50 K can be explained by the presence of a
small amount of oxygen in the sample. For Yb** ions situ-
ated next to an oxygen impurity, a very common contamina-
tion in fluorides, the lowest 2F5,2 level is lowered in energy
(~47 cm™! based on the position of the emission lines at
976 nm for Yb>* on the dominant site, and 980.5 nm for
Yb?* next to an oxygen impurity, which will be indicated by
Yb-Oy). At higher temperatures thermal detrapping occurs,
and this explains the observed decrease in the 980.5 nm
emission intensity above 50 K. To confirm the presence of
Yb-Oy, the excitation spectrum for the 980.5 nm emission
was compared to an excitation spectrum of Yb** emission at
987 nm [Fig. 13(a)]. In the excitation spectrum for the Yb**
emission (solid line) peaks for excitation into the different
Nd3* levels are present (compare Fig. 6), while for the 980.5
nm emission (dotted line) a broad band between 250 and 350
nm can be observed. Such a band is typical for oxygen
ligand-to-metal charge-transfer (CT) for lanthanides, in this
case from O?~ to Yb**.?2 This is further confirmed by com-
paring the emission spectra for excitation into the CT band
which results in an intense Yb>* emission at 980.5 nm, while
for excitation into the Nd** *Gg, level the intrinsic Yb3*
emission lines dominate [Fig. 13(b)]. The shift of the emis-
sion peak indicates that oxygen lowers the position of the
Yb** ?Fs), energy level, which can then act as an energy trap
(Yb-Op,) at lower temperatures, resulting in an emission peak
at 980 nm below 50 K (Fig. 11). The slower buildup in the
decay curve of the 980 nm emission is then explained by
energy transfer to Yb-Oy. (Fig. 12).
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FIG. 13. (Color online) Excitation (a) and emission (b) spectra
for YF;:Nd**(0.5%), Yb**(10%) showing the O?>~-Yb** CT band
and emission from Yb** affected by the presence of oxygen
(Yb-Op).

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

IV. CONCLUSIONS

Downconversion for the (Nd>*, Yb**) couple has been in-
vestigated in YF;:Nd**, Yb**. Emission and excitation mea-
surements of YF;:Nd**(0.5%) show that excitation into en-
ergy levels of Nd** between 28 500 and 17 500 cm™' (350-
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570 nm), results in nonradiative decay to the *Fs, level,
followed by emission from this level to the *I, levels in the
infrared. In codoped samples downconversion from
the Nd** 4G9/2 level via the cross-relaxation process
Nd** (*Ggj, — *Fs0), YO** (°F;,— *Fs)y), followed by a sec-
ond energy transfer step from the *F; , level of Nd** to Yb**,
could possibly lead to the emission of two IR photons from
Yb**. However, fast multiphonon relaxation is found to oc-
cur from the “Gy, level to the lower “Gg, level and this
prevents efficient downconversion from the ‘Gq, level, as
cross-relaxation is much less efficient than multiphonon re-
laxation.

The multiphonon relaxation from the Gy, level and
lower-energy levels results in population of the 4F3,2 level of
Nd**. From here efficient one-step energy transfer to Yb>*
occurs through dipole-dipole interaction. The energy differ-
ence between the Nd** *Gy), and the next lower >Gy,, level is
determined to be 1012 cm™ and this small energy difference
explains that multiphonon relaxation dominates in YFs,
where the maximum phonon energy is around 500 cm™'.
Possibly efficient downconversion from the Nd** *Gy), level
to two Yb>* ions can be achieved in a host lattice with much
lower phonon energies (e.g., bromides or chlorides).

From the higher energy “Ds, level of Nd** downconver-
sion is observed with efficiencies up to 40%. The high en-
ergy position of this level (in the UV part of the spectrum)
does not make this a promising downconversion route for
solar cell applications.
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