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We present experimental evidence for cooperative energy transfer from Tb3+ to two Yb3+ ions and a
determination of the energy-transfer rate. Energy transfer from Tb3+ to Yb3+ was investigated by luminescence
measurements onsYbxY1−xdPO4 doped with 1% Tb3+. Time-resolved luminescence experiments were analyzed
using Monte Carlo simulations based on theories for phonon-assisted, cooperative, and accretive energy trans-
fer. The luminescence decay curves of the5D4 emission from Tb3+ show an excellent agreement with simu-
lations based on cooperative energy transfer via dipole-dipole interaction, while a phonon-assisted or an
accretive energy-transfer mechanism cannot explain the experimental results. The energy-transfer rate to two
nearest-neighbor Yb3+ ions is 0.26 ms−1. This corresponds to an upper limit of the energy-transfer efficiency of
88% in YbPO4. Application of cooperative energy transfer has prospects for increasing the energy efficiency of
crystalline Si solar cells by photon doubling of the high energy part of the solar spectrum.
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I. INTRODUCTION

The recent discovery of visible quantum cutting
phosphors1,2 has been an exciting development in the search
for luminescent materials with a high energy efficiency. In
luminescent devices such as fluorescent tubes or plasma dis-
play panels, the phosphors used nowadays convert one UV
photon into one visible photon by dissipating roughly 50% of
the absorbed energy into heat. The efficiency gain in quan-
tum cutting materials is based on the principle that a quan-
tum cutting phosphor is able to emit two visible photons for
every svacuumd ultraviolet photon absorbed. The excitation
energy is divided over the two photons, leading to the nec-
essary redshift of the absorbed radiation without losing en-
ergy efficiency.

Quantum cutting materials may also be applied in solar
cells.3 If conversion of one UV/VIS photon into two IR pho-
tons is realized, energy losses by thermalization of electron-
hole pairs are minimized. The most widely used solar cells
are based on crystalline Si. The development of solar cells
would greatly benefit from a quantum cutting phosphor with
the energy of its emission located just above the band gap of
Si.

Research on quantum cutting systems started on single
ions capable of a cascade emission such as Pr3+,4,5 Tm3+,6

and Gd3+.7 Recently, the focus has shifted to combinations of
two ions, where the energy of the donor ion is transferred
stepwise to two acceptor ions. This process is generally
known as downconversion. A well-known example is the
Gd3+–Eu3+ couple,1 where for every vacuum ultraviolet
sVUV, l,200 nmd photon absorbed by Gd3+, two red pho-
tons are emitted by different Eu3+ centers. Another example
is the combination Gd3+–Tb3+–Er3+.2 In both systems, VUV
radiation is downconverted to visible radiation.

Theories for predicting energy-transfer ratessincluding
down- and upconversiond were developed in the late 1940s
and 1950s by Förster8 and Dexter.9 These theories are based
on different models for the interaction between donor and
acceptor centers, viz. dipole-dipole interaction versus ex-
change interaction through wave-function overlap. These
have in common that the donor and the acceptor transitions

should be resonant as the spectral overlap integral relates the
energy-transfer rate to the density of acceptor and donor
states at a resonant frequency. Therefore, to facilitate first-
order energy transfer, the emission spectrum of the donor
should overlap with the excitation spectrum of the acceptor.
The two quantum-cutting phosphors mentioned above are
based on this principle. Splitting of the energy is reached by
population of an intermediate energy level of the donor.

If overlap between donor emission and acceptor absorp-
tion is absent, second-order downconversion may become
the dominant relaxation processscompeting with spontane-
ous emissiond. In this process a donor excites two acceptors
simultaneously. The resonance condition is fulfilled if the
sum of the energy of the absorption transitions of the two
acceptor centers equals the energy of the emission of the
donor.

This cooperative sensitization process was predicted in
1957 by Dexter9 but only recently Basievet al. observed the
occurrence of second-order downconversion10 by measuring
the enhancement of the Nd3+ 4F3/2→4I15/2 decay rate upon
increasing the Ce3+ concentration in the compound
La1−xCexF3:Nd3+ 0.3%. This enhancement was attributed to
second-order downconversion from the Nd3+ 4F3/2 level ex-
citing two Ce3+ ions to their2F7/2 level. Unfortunately, the
Ce3+ 2F7/2→2F5/2 emission, in the infrareds,5000 nmd, was
not detected and therefore direct proof of energy transfer
from Nd3+ to Ce3+ was not obtained. In later papers Basievet
al. addressed simulations and theory on second-order energy-
transfer processes,11,12but no comparison to experiments was
made.

A promising system to study second-order energy-transfer
processes is the combination of one Tb3+ and two Yb3+ ions:
the Tb3+ 5D4→7F6 transition is located at approximately
twice the energy of the Yb3+ 2F7/2→2F5/2 transition and
Yb3+ has no other levels up to the UV regionssee Fig. 1d.
Moreover, the 2F5/2→2F7/2 emission is situated around
1000 nm, just above the band edge of crystalline Si.

Previous studies of Tb–Yb compounds have focused on
the experimental observation of upconversion.13–25 When
these compounds are exposed to infrared radiation around
1000 nm, Yb3+ ions act as absorption centers. After an up-
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conversion process, green Tb3+ luminescence was observed.
If energy transfer by a second-order process is responsible
for the upconverted luminescence, downconversion should
occur as well. In some studies mentioned above, this be-
comes apparent by an increased decay rate of the upcon-
verted luminescence compared to directly excited Tb3+

luminescence.13–15,21,22,24However, in analyzing transient lu-
minescence curves, the downconversion probability has of-
ten been neglected. Studies that do consider downconversion
mention two possibilities for the decay mechanism: second-
order energy transfer and phonon-assisted energy
transfer.20,22,23However, downconversion in the Tb–Yb sys-
tem by either one of these mechanisms has never been es-
tablished experimentally.

The purpose of this paper is to study second-order down-
conversion in Tb–Yb compounds and to elucidate its effi-
ciency and energy-transfer mechanism. Energy transfer in
powders of YbxY1−xPO4 doped with 1% Tb3+ is studied by
emission, excitation, and time resolved luminescence mea-
surements. The time resolved luminescence measurements
are compared with theories for phonon-assisted energy
transfer26 and second-order downconversion by simulations
using Monte Carlo methods and exact calculations. Accord-
ing to Auzel16 and Andrews and Jenkins27 second-order
downconversion can occur through a cooperative and an ac-
cretive mechanism. The present analysis shows that the co-
operative dipole-dipole mechanism gives an excellent agree-
ment between theory and experiment. Energy transfer via the
accretive or the phonon-assisted mechanism cannot explain
the experimental observations.

The energy-transfer efficiency is shown to be 88% for
YbPO4:Tb3+ 1%. This means that 88 out of 100 Tb3+ ions
each transfer their energy to two Yb3+ ions. This makes, in
principle, a quantum efficiency of 188% possible, although
this is not observed due to concentration quenching at high
Yb3+ doping concentrations. The relatively high transfer ef-
ficiency shows the potential for Tb–Yb based quantum cut-
ting phosphors in increasing the energy efficiency of crystal-
line Si-based solar cells by downconversion of the higher
energy part of the solar spectrum.

II. THEORY

This section reviews possible mechanisms for energy
transfer, with emphasis on the interion distance and orienta-
tion dependence. For three energy-transfer mechanisms, the
cooperative, accretive,16,27 and the phonon-assisted26 mecha-
nism, energy-transfer rates will be obtained that are used to
compute ensemble averaged decay curves for the donor lu-
minescence in the Monte Carlo simulations and in the ana-
lytical solutions. We will assume orientationally averaged
transition dipole moments. For the second-order energy-
transfer processes, this appears to result in a minor depen-
dence of the transfer rate to the interion orientationsas de-
fined by the angleu in Fig. 2d.

Auzel16 mentions two mechanisms for second-order en-
ergy transfer: a cooperative and an accretive mechanismssee
Fig. 1d. After excitation of the donorsTb3+ 7F6→5D4d, both
mechanisms require polarization induced via a virtual state
of opposite parity. For the cooperative pathway, the virtual
state is located on the donorsTb3+d ion and this ion acts
twice as a donor of energy. For the accretive pathway, the
virtual state is located on one of the acceptorsYb3+d ions.
The latter accepts energy from the donor ion, after which
part of the energy is transferred to the second acceptor ion.

For both of these mechanisms, Andrews and Jenkins27

have calculated the matrix elementM needed as input in

FIG. 1. Schematic representation of the cooperative and accre-
tive pathways for energy transfer from Tb3+ to Yb3+. The bold
arrows indicate excitation of Tb3+ into the 5D4 state, after which
energy transfer may occur. The energy transfer processes are de-
picted by the dotted lines. In both mechanisms a virtual state is
involved. For the cooperative mechanism, the virtual state is located
on Tb3+. For the accretive mechanism, the virtual state is located on
Yb3+. Since the total amount of energy is unchanged after the en-
ergy transfer, the resonance condition implies that the transition
energy of Tb3+ balances the sum of the transition energies of the
Yb3+ ions.

FIG. 2. Orientational dependence of three-ion energy transfer.
The arrows denote transition dipole momentsm. Since the matrixa
fEq. s3dg consists of products of two transition dipole moments it is
denoted by two arrows. The three-body energy-transfer rate, viz.
Eq. s6d, shows a weak dependence on the angleu between the lines
connecting ion-pairsab andbc.
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Fermi’s golden rule to determine the energy-transfer rate,

gtr =
2p

"
uMu2r. s1d

For a specific pathway,M has the formssee Fig. 2d

M = ma ·Vab · ab ·Vbc · mc. s2d

Here, the superscripts denote the ions involved. For the co-
operative process,a andc denote Yb3+ ions andb denotes a
Tb3+ ion. For an accretive process,a denotes a Tb3+ ion and
b and c denote Yb3+ ions. The vectormk is the transition
dipole moment for a transition on ionk and ab is the two-
photon interaction tensor, describing the transition on ionb,
via a virtual state. The elementi j of ab is given by

ai j
bs7va, 7 vcd = o

j

S mi
2jbm j

j1b

Ej1 ± "va
+

mi
j1bm j

2jb

Ej1 ± "vc
D , s3d

where the7 are chosen with respect to the flow of energy in
the system27 and i and j denote thex, y, or z direction. The
angular frequencies for the transitions on ionsa and c are
given by va and vb, respectively. The sum runs over all
virtual statesj of ion b. The indices 1 and 2, respectively,
denote the initial and the final state of ionb. Ej1 is the energy
of the virtual state with respect to the initial state. When
including line broadening due to the finite lifetimes,Ej1
should be treated as a complex quantity. However, the angu-
lar frequencies of transitions to opposite parity states on Tb3+

or Yb3+ are typically 1016 rad/ssin the UV spectral regiond,
so that line broadening is small for lifetimes larger then
10−15 s. Therefore we treatEj1 as a real quantity.

The second-rank tensorVab contains the distance and the
interion orientation dependence. In our analysis, the elements
i j of Vab have been simplified to the Förster analogy. This is
justified for interion distancesr much shorter than the wave-
length of light sr !2pc/nv, with n the refractive index of
the material andv the angular frequency associated with the
energy of the transitiond. This leads to

Vij
ab =

1

n2Sn2 + 2

3
D2 1

4p«0rab
3vi j

ab, s4d

whererab is the distance between ionsa andb, andvi j
ab is the

matrix elementdi j − r̂ i r̂ j. The quantitiesr̂ i and r̂ j are thex, y,
or z components of the unit vector connecting the two ions.

In Eq. s1d, uMu2 consists of contributions from cooperative
processes, accretive processes, and mixtures of the two.
Given the nature of the interacting ions, either the coopera-
tive or the accretive process is expected to dominate. In order
to obtain the transfer rate for these processes, three assump-
tions are made. First, all ions of the same species are as-
sumed to be energetically equivalent, i.e., line shapes are
homogeneously broadened. This allows us to separate the
spatial dependence from the spectral part. For the coopera-
tive process this leads to

gcoop=
2p

"

1

n8Sn2 + 2

3
D8 r

s4p«0d4

3 o
a

o
c.a

uma ·vaTb · aTb ·vTbc · mcu
2

raTb
6 rTbc

6 . s5d

Here,a andc run over all Yb3+ positions in the lattice. Sec-
ond, in the analysis of first-order energy transfer the transi-
tion dipole moments are often treated as randomly
oriented.28 In analogy, we will do this for the dipole mo-
ments in Eq.s5d. However, we treat the products of dipole
moments inab fEq. s3dg as fully correlated since a virtual
statej couples the dipole moment pair. Transitions involving
different virtual statesj are treated as uncorrelated, since the
s4f configurationd levels 2 and 1 contain many differentMJ’s
which couple to differentj. Third, we assume that the tran-
sitions to and from virtual states are also uncorrelated with
respect to their transition frequency.

The three assumptions above allow one to average over
all orientations of the transition dipole moments. We will
perform the orientational averaging assuming classical angu-
lar distributions of the transition dipole moments. Relying on
the quantum mechanical analog would involve summing
over all virtual states explicitly and taking all substates
uJ,MJl of the levels involved on the Tb3+ and the Yb3+ ions
into account. This entails a tremendous effort and is beyond
the scope of this work.

After substitution ofaTb by Eq. s3d one obtains for the
orientational average,

kuma ·vaTb · aTb ·vTbc · mcu
2
l

=
4

9
s3 + cos 2udo

j
Fsmam2jTbmj1Tbmcd

2

3S 1

sEj1 ± "vad
+

1

sEj1 ± "vcd
D2G , s6d

wherek l means orientational averaging over all dipole mo-
ments. The average depends on the angleu between the pairs
ab and bc ssee Fig. 2d. The contribution of the angular de-
pendent part is at maximum 25%. The summation over dif-
ferent triples would even lower the angular dependant con-
tribution. Therefore, in the Monte Carlo simulations we
neglect the angular dependence and approximate the coop-
erative energy-transfer rate by

gcoop= Ccoopo
a

o
c.a

1

raTb
6 rTbc

6 , s7d

which is independent ofu. The constantCcoopwill be fitted in
the Monte Carlo simulations and the analytical solutions that
describe the time dependence of the donor emission inten-
sity.

The energy-transfer rate of the accretive energy-transfer
process can be treated analogously. However, since there are
two accretive pathways, one where the energy is accrued atb
and the other where the energy is accrued atc, the matrix
elementM for the accretive pathway consists of the sum of
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two contributions. Upon evaluation of Eq.s1d one may note
that quantum interference terms vanish in the orientational
averaging. This leads to

gaccr= Caccro
b

o
c.b

S 1

rTbb
6 rbc

6 +
1

rTbc
6 rbc

6 D , s8d

where b and c run over all Yb3+ positions in the lattice.
Again, Caccr will be fitted in the Monte Carlo simulations.

The third energy-transfer mechanism, phonon-assisted en-
ergy transfer, is an energy-transfer process in which the en-
ergy difference between the transition on the donorsTb3+d
and the transition on the acceptorsYb3+d is dissipated by
multiphonon emission. The transfer rategpasDEd for a pro-
cess creating phonons is given by26

gpasDEd = snph + 1dpgtrsDE = 0dexps− kDEd. s9d

Here,DE is the energy difference between the energy of the
donor and acceptor transitions,nph is the phonon occupation
number, andp the minimum number of available phonons
required to bridge the energy gapDE. The energy-transfer
rate gtr is the sfirst-orderd energy-transfer rate when energy
mismatches are absent. The electron-phonon coupling is de-
scribed byk. For an dipole-dipole energy-transfer mecha-
nism, orientational averaging over the transition dipole mo-
ments yields2

3, so that the transfer rategpa can be written as

gpa= Cpao
a

1

rTba
6 , s10d

where the sum runs over all Yb3+ ions in the lattice. The
parameterCpa will be fitted in the Monte Carlo simulations.

III. EXPERIMENT

A. Sample preparation

Powder samples of YbxY0.99−xTb0.01PO4 were prepared by
common solid-state methods. Stock solutions of Yb3+ and
Y3+, both containing 1% of Tb3+, were prepared by dissolv-
ing rare earthsREd oxides in concentrated hydrochloric acid.
The purity of the oxides, as labeled by the suppliers, was 4N
sY2O3d or 5N sTb4O7d and sYb2O3dd. A solution with the
desired ratio of Y3+ to Yb3+ was obtained by combining
appropriate amounts of the stock solutions. The rare earth
ions in the mixed solution were subsequently precipitated by
adding a solution with an excess of oxalic acid. The precipi-
tate was washed thoroughly to eliminate chloride ions. Heat-
ing the compound to 1050 °C under an oxygen atmosphere
converted the oxalates to oxides. The powder obtained was
mixed with diammoniumphosphates10 mol % excessd and
fired again at 1350 °C under a 1:3 H2:N2 atmosphere. The
white powder obtained was checked for phase purity with
x-ray diffraction and found to be single-phase zircon REPO4.
In this way, samples of YbxY0.99−xPO4:Tb3+ 1% were pre-
pared withx=0, 0.05, 0.15, 0.25, 0.50, 0.75, and 0.99.

B. Optical measurements

Emission and excitation measurements were performed
using a SPEX DM3000F spectrofluorometer with a 450 W

Xe-lamp as the excitation source. The excitation light was
dispersed by a double-grating 0.220 m SPEX 1680-
monochromators1200 l /mmd blazed at 300 nm. The light
emitted by the sample was focused on a fiber guiding the
light to a monochromator where the emission light was dis-
persed by a 150 l /mm gratingsScientific Spectra Prod blazed
at 500 nm with 0.300 m focal length and detected using a
Princeton Instruments 300i charge coupled device camera.
Tb3+ 5D4→7FJ emission was rejected by the use of appro-
priate filters. Emission spectra were not corrected for instru-
mental response. Therefore, the intensity in the IR region of
the spectra is underestimated by a factor of,15.

Time resolved measurements with an excitation wave-
length of 489.6 nm were performed with the use of a Lamba
Physic LPD3000 tunable dye laser filled with a Coumarine
307 dye solution. It is pumped by a Lambda Physic LPX100
excimersXeCld laser. The typical pulse width of this setup is
,20 ns.29 Time resolved measurements with an excitation
wavelength of 193 nm were performed using an excimer la-
ser sTuiLaserd filled with an ArF gas mixture as the excita-
tion source. The pulse duration of this laser is typically
10 ns. Emission of 544 nm was detected using a Jobin Yvon
Triax 550 spectrometer equipped with a Hamamatsu R928
PMT and emission around 1000 nm was detected using a
780 nm cutoff filter in combination with a Si diode. The
signal was monitored as a function of time using a Tektronix
2440 digital oscilloscope. .

In some cases, saturation effects occurred at short time
intervals after the excitation pulse. For comparison with
simulations and analytical calculations of the time depen-
dence of the emission intensity, the maxima of the experi-
mentally obtained decay curves were normalized and, if nec-
essary, the simulated curves were multiplied by,1.2 in
order to correct for the short-time saturation. All measure-
ments were performed at room temperature.

C. Monte Carlo simulations

For several Yb3+ concentrations in YbxY1−xPO4:Tb3+ 1%
the time resolved Tb3+ 5D4→7FJ luminescence was simu-
lated using conventional Monte Carlo techniques.30–32 The
following scheme was used for the simulations.

First, a discrete atom model was created using the YPO4
unit cell as input.33 The structure of YPO4 is tetragonal with
a=b=6.882 Å andc=6.020 Å and four RE ions per unit
cell. The RE3+ site hasD2d symmetry.34 The size of the simu-
lation box was 53 unit cells s500 RE atomsd and periodic
boundary conditions were imposed. This means that we con-
sidered all interactions up to 15.05 Å. Second, the RE3+ lat-
tice sites were filled randomly with Yb3+ or Y3+ by a speci-
fied Yb-to-Y ratio. Substitution of one RE3+ ion by Tb3+

generated a particular configuration.
For each configurationsi.e., distribution around the Tb3+

iond its single exponential decay signalIstd is given by

Istd = expf− tsgtr + grdg, s11d

wheret is time,gr is the radiative decay rate of the5D4 state
of Tb3+ in YPO4, and gtr is the energy-transfer rate. The
signal measured in an experiment consists of luminescence
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from an ensemble of Tb3+ ions. Therefore an ensemble-
averaged signal is calculated in the Monte Carlo simulations,

kIstdl = kexpf− tsgtr + grdgl, s12d

wherek l denotes ensemble averaging over 10 000 configu-
rations. With this number of configurations convergence was
reached.

For a particular configuration the cooperative, accretive,
and phonon-assisted energy-transfer rates were calculated ac-
cording to

Cooperative: gtr = cao
i

o
j.i

1

r iTb
2p r jTb

2p , s13ad

Accretive: gtr = cbo
i

o
j.i

S 1

r iTb
2p rij

2p +
1

r jTb
2p rij

2pD , s13bd

Phonon-assisted:gtr = cco
i

1

r iTb
2p , s13cd

where summation indicesi and j refer to all Yb3+ ions in the
lattice. The distance between ioni and j is given byr i j . The
two parameters in Eqs.s13d are a proportionality constantci
and the parameterp which determines the distance depen-
dence of the interaction. For instance, for a dipole-dipole
type of interactionp=3, which converts Eqs.s13ad–s13cd
into Eqs.s7d, s8d, ands10d, respectively.

Two types of simulations were performed. In the first one
the distance dependence was fixed atp=3. In order to study
a particular energy-transfer modeli, ci was obtained by sub-
tracting the decay rate of the Tb3+ luminescence in YPO4
sgrd from the decay rate of the Tb3+ luminescence in YbPO4.
This givesgtr. The lattice sums in Eqs.s13d are the same for
all Tb3+ ions in YbPO4. Equationss13d are then solved,
yielding ci. Whenci and p are known,gtr can be calculated
for any configuration. Ensemble averaged decay curves were
calculated for concentrations of Yb3+ ranging from 15 to
99%.

A second type of simulation was used to study the dis-
tance dependence of the energy-transfer processes. Here, in
order to study a particular energy-transfer modeli, the values
of ci andp were varied and ensemble averaged decay curves
were computed for Yb3+ concentrations of 99, 75, 50, and
25%. The functionH, which gives the squared deviation on a
log scale for the computed curves to the experimental data,
was defined to compare the simulated curves with experi-
ments,

H = o
x

o
ysxd

flnsIxyd − lnsSxydg2. s14d

Here,x denotes the concentration of Yb3+ ions andy stands
for a specific data point.I andSdenote the experimental and
the simulated signal, respectively. Starting from an initial
value ofci andp swith a computed set of decay curves and
value forHd, a new guess forci andp resulted in a new set
of decay curves and a new value forH. If this value de-
creased for the newci and p, the new parameters were ap-

proved. This iterative process was continued until conver-
gence was reached.

D. Analytical solutions

Decay curves for the cooperative model were also calcu-
lated analytically. The procedure was the same as for the first
type of Monte Carlo simulations, except that the probability
distribution of the Yb3+ ions was calculated. For a coopera-
tive process this is relatively straightforward since Tb3+

serves two times as the donor of energy. Thus the number of
Yb3+ ions as a function of Tb–Yb distance determines the
configuration. The probabilityPconf for a particular configu-
ration was calculated according to

Pconf = p
sh

Nsh!

sNsh− nYbd!nYb!
cYb

nYbs1 − cYbdNsh−nYb. s15d

In Eq. s15d the product runs over all shellssas defined by
RE-RE peaks in a radial distribution functiond surrounding
the Tb3+ ion. Product elements are elements of a binomial
distribution function.cYb is the fraction of Yb3+ ions,Nsh is
the number of RE sites in the shell andnYb is the number of
Yb3+ ions in this shell for this particular configuration.

IV. RESULTS AND DISCUSSION

To investigate whether energy transfer from Tb3+ to Yb3+

occurs, an emission spectrum upon excitation in the Tb3+ 5D4
level was recorded. Figure 3 shows the emission spectrum of
Yb0.25Y0.74Tb0.01PO4 at room temperature upon Tb3+ 7F6
→5D4 excitation. In the region of 500–700 nm a series of
lines is observed while in the 900–1100 nm region an emis-
sion band of much lower intensity appearssmultiplied 50
times in Fig. 3d. The lines in the visible part of the spectrum
are due to Tb3+ 5D4→7Fj multiplet emissions. They are simi-
lar to previous measurements on YPO4 doped with Tb3+.35

Transitions to different ground state terms withJ ranging
from 5 to 0 are clearly resolved in the spectrum. The
Tb3+ 5D4→7F6 emission line is absent because of the use of

FIG. 3. Visible/near infrared emission spectrum of
Y0.74Yb0.25Tb0.01PO4 upon Tb3+ 7F6→5D4 excitation s489 nmd.
The spectral region between 900 and 1100 nm is amplified by a
factor of 50.
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a 540 nm cutoff filter. This filter was used to prevent second
order Tb3+ emissions in the wavelength region of
900–1100 nm, since these emissions would obscure the de-
tection of Yb3+ emission lines. The features in this part of the
spectrum are attributed to the Yb3+ 2F5/2→2F7/2 transitions.
The comparatively large linewidth of the Yb3+ emissions is
probably due to the relatively long wavelengths involved,
giving larger width on a wavelength scale for the same width
on an energy scale, and the strong electron-phonon coupling
of Yb3+ ions,36 giving pronounced phonon-induced line
broadening.

Compared to the Tb3+ emission, the intensity of the Yb3+

luminescence is weak. This may be due to three reasons.
First, the response of the grating and the detector are not
optimal in the IR region, leading to a reduced signal of a
factor of ,15. Second, concentration quenchingsthe migra-
tion of excitation energy over Yb3+ ions to quenching sitesd
reduces the luminescence quantum yield for a doping con-
centration of 25%. Third, only a small fraction of the Yb3+

ions are excited. Although with 25% Yb3+ doping concentra-
tion two or more Yb3+ ions are expected to be at close range
to a Tb3+ ion, an energy-transfer process competes with ra-
diative depopulation of the Tb3+ 5D4 level. To maximize the
luminescence output of the Yb3+ ions upon excitation in the
Tb3+ 4f8 levels, one has to consider competition between the
energy-transfer efficiencysincreasing the Yb3+ emission in-
tensity for higher Yb3+ concentrationd and concentration
quenchingsdecreasing the Yb3+ luminescence intensity for
higher Yb3+ concentrationd. A 25% doping concentration
gave the highest Yb3+ emission intensity.

Excitation spectra of Tb3+ and Yb3+ emissions in
Yb0.25Y0.74Tb0.01PO4 were recorded to give convincing evi-
dence for the presence of Tb3+→Yb3+ energy transfer. Fig-
ure 4 shows the wavelength region where the Tb3+ 7F6
→5D4 transition is located.37,38 The solid line depicts the
excitation spectrum of the Tb3+ 5D4→7F3 emission. The dot-
ted line shows the excitation spectrum of the Yb3+ 2F5/2
→2F7/2 emission. In both spectra lines are located around
485–495 nm. For the spectrum monitoring the Tb3+ 5D4
→7F3 emission, the excitation lines are assigned to the well-
known 7F6→5D4 transitions. This absorption was also de-

tected in previous experiments of YPO4 doped with Tb3+.35

The excitation spectrum when monitoring the Yb3+ emission
is very similar to the Tb3+ 5D4→7F3 excitation spectrum.
The observation of the Tb3+ 7F6→5D4 lines in the excitation
spectrum of Yb3+ shows that energy transfer from
Tb3+ to Yb3+ is present. No sign of RE impuritiesstypically
present in concentrations lower than 0.01%d was observed in
either the emission or excitation spectra.

Now that the occurrence of Tb3+→Yb3+ energy transfer
has been established, it is interesting to investigate the
mechanism and efficiency of the energy-transfer process.
The Dieke diagrams of Tb3+ and Yb3+ sRefs. 37 and 38d
show that only a second-order energy-transfer process can
occur between the Tb3+ 5D4→7FJ and the Yb3+ 2F5/2
→2F7/2 transitions. Resonant energy transfer from the5D4
state of Tb3+ to one Yb3+ is not possible since the Yb3+ ion
has only one excited multiplets2F5/2d around 10 000 cm−1

and no transition from the Tb3+ 5D4 level is situated at this
energy. In addition, unwanted absorptions due to defect
states, impurities, or Yb3+ pair states are absent in both ex-
citation spectra and therefore alternative resonant energy-
transfer processes do not interfere. An alternative for an
energy-transfer process involving two Yb3+ ions is men-
tioned in the literature as phonon-assisted energy
transfer.20,22,23On the basis of emission and excitation spec-
tra this competing process cannot be excluded. Below we
will show that by analyzing transient luminescence curves
phonon-assisted energy transfer can be ruled out.

In Fig. 5 the decay curves of the Tb3+ 5D4→7F4 lumines-
cences544.0 nmd are plotted for Yb3+ concentrations of 0, 5,
15, 25, 50, 75, and 99%. The Tb3+ emission in YPO4:Tb3+

1% shows a nearly single exponential decay as expected
sonly radiative decayd. A monoexponential fit yields a decay
time of 2.3 ms. A decay time between 2 and 3 ms is a typical
value compared to Tb3+ 5D4 emission in oxides where the
site of Tb3+ lacks inversion symmetry.17,22,24,34 When the
Yb3+ concentration is increased, the decay curve decreases
more rapidly and it becomes nonexponential. For
YbPO4:Tb3+ 1% the fastest decay is observed and the curve

FIG. 4. Excitation spectra of the Tb3+ 5D4→7F3 emission
s615 nm, solid lined and the Yb3+ 2F5/2→2F7/2 emissions1000 nm,
dotted lined in Y0.74Yb0.25Tb0.01PO4.

FIG. 5. Time-resolved signals of the Tb3+ 5D4→7F4 lumines-
cence sexcitation wavelength=489.6 nm, emission wavelength
=544.0 nmd for YbxY0.99−xTb0.01PO4. Every tenth data-point is
shown. The different fractionsx of Yb3+ in the YbxY0.99−xTb0.01PO4

samples are indicated in the figure. Solid lines are single exponen-
tial fits.
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is again nearly single exponential. The faster decline as a
function of Yb3+ concentration can be explained by the in-
troduction of extra decay pathways due to the Yb3+-doping:
energy transfer from Tb3+ 5D4 to Yb3+ enhances the Tb3+ 5D4
decay rate. The presence of Yb3+ ions also explains the non-
exponential behavior at intermediate doping concentrations
and the single exponential behavior for 99% Yb3+. At inter-
mediate doping concentrations the Yb3+ and the Y3+ ions are
randomly distributed over the RE3+ lattice sites. Thus the
environment of every Tb3+ ion is different, leading to a va-
riety of transfer rates. At a Yb3+ fraction of 99% the Tb3+

ions are surrounded by Yb3+ ions only, leading to a single
decay component. Therefore the 99% Yb3+ decay curve in
Fig. 5 is again nearly single exponential. Fitting this curve
with a single exponential function yields a decay time of
0.25 ms.

Assuming that the radiative rate of the Tb3+ 5D4 emission
does not change when Y3+ is substituted for Yb3+, the
energy-transfer rate in YbPO4 can be calculated by subtract-
ing the Tb3+ 5D4 radiative decay rate from the decay rate in
YbPO4. This results in an energy-transfer rate of 3.5
3103 s−1 in YbPO4:Tb3+ 1%. This is roughly an order of
magnitude faster than the radiative decay rate of Tb3+ and
indicates that the energy-transfer process is efficient.

Figure 6 shows the time-resolved Yb3+ luminescence for
different Yb3+ concentrations upon excitation into the
Tb3+ 5D4 level. The Yb3+ luminescence shows a rise that is
caused by energy transfer from Tb3+ to Yb3+. As the Yb3+

concentration increases, the rise becomes shorter. This is at-
tributed to a faster depopulation of the Tb3+ donors due to
the presence of more Yb3+ acceptors. For all samples the
observed rise times are in good agreement with the decay
times of the Tb3+ emission, confirming the feeding of the
Yb3+ excited state by energy transfer from Tb3+ to Yb3+. The
inset shows the Yb3+ luminescence after excitation into the
Yb–O charge-transfersCTd band. Upon excitation in the CT
state of Yb3+, the 2F5/2 state is populated directly and the

lifetime of the2F5/2 emission can be measured without inter-
ference due to the feeding from Tb3+. The Yb3+ lumines-
cence of the YbPO4:Tb3+ 1% sample shows a markedly
faster decrease in intensity than the 5% doped sample:t1/e
=78 ms in YbPO4 and 610ms in YPO4:Tb3+ 1% Yb3+ 5%.
The short luminescence lifetime in the concentrated sample
confirms the presence of strong concentration quenching.
This explains the low relative intensity of the Yb3+ emission
in the luminescence spectra.

To distinguish between the three energy-transfer mecha-
nisms scooperative, accretive, and phonon-assistedd the do-
nor decay curves were compared to the decay behavior pre-
dicted by Monte Carlo simulations. Experiments and
simulated results for the cooperative, the accretive, and the
phonon-assisted dipole-dipolesp=3d models are shown in
Fig. 7. To obtain the computed curves, the radiative decay
rate and the energy-transfer rate in YbPO4 sas determined
from single exponential fits to the decay curves of YPO4 and
YbPO4 in Fig. 5d were used as input parameters. Therefore,
at 99% Yb3+ concentration, the three simulated curves all

FIG. 6. Decay curvessRTd of the Yb3+ 2F5/2→2F7/2 lumines-
cence as a function of Yb3+ concentration in YbxY0.99−xTb0.01PO4.
The Yb3+ concentrations are indicated in the figure. The Yb3+ lu-
minescence monitored in the main figure is after excitation in the
Tb3+ 5D4 level s489 nmd. The Yb3+ luminescence monitored in the
inset is after excitation into the Yb–O charge transfer band
s193 nmd.

FIG. 7. sad Luminescence decay curves of the Tb3+ 5D4 emis-
sion for various concentrations of Yb3+ ssee Fig. 5d replotted with
simulation results. The dots are the experimental results. The solid
lines are simulated curves using a cooperative dipole-dipole model
fEq. s13adg. Dotted lines are simulated curves using an accretive
dipole-dipole modelfEq. s13bdg. sbd Simulated decay curves for the
phonon-assisted dipole-dipole modelfEq. s13cdg. For both figures
the Yb3+ concentrations are indicated in the figure. The single ex-
ponential decay of the experimental data at 99% Yb3+ concentration
is used to fit the parameterci in Eqs.s13d.

QUANTUM CUTTING BY COOPERATIVE ENERGY… PHYSICAL REVIEW B 71, 014119s2005d

014119-7



match the experimental curve. However, the cooperative
model matches the experiments for all Yb3+ concentrations
while the accretive and phonon-assisted energy-transfer
models deviate substantially. At all intermediate Yb3+ con-
centrations, the decay profiles of the phonon-assisted model
and the accretive model fall much faster than the cooperative
model. This is consistent with the distance dependence in
Eqs. s13d and the fitting of theci’s. For intermediate Yb3+

concentrations, the phonon-assisted model yields a nonradi-
ative decay channel for every Yb3+ ion present, resulting in a
relatively fast increase of the decay rate as a function of Yb3+

concentration. The slowest increase of the decay rate as a
function of the Yb3+ concentration is expected for second-
order mechanisms, since these mechanisms require two Yb3+

ions in close proximity to a Tb3+ ion. For every combination
of two Yb3+ and one Tb3+, the cooperative mechanism has
one pathway where the accretive mechanism has two path-
ways. The relative importance of the pathways to the decay
rate is not equal. The 1/r2p distance dependence favors the
shortest pathway, so that the accretive model falls faster than
the cooperative model. The experimental results clearly show
that energy transfer by a cooperative mechanism is the domi-
nant process.

In our analysis the possibility of upconversion was ne-
glected. This is justified since at doping concentrations
higher than,10% energy migration to the different Yb3+

sites will suppress the upconversion process: after energy
transfer from Tb3+ to two Yb3+ ions the situation of two
excited Yb3+ ions close to Tb3+ will be eliminated by fast
energy migration over the Yb3+ ions.

The dipole-dipole nature of the energy-transfer mecha-
nisms was tested by varyingp sand cid, i.e., by using the
second type of Monte Carlo simulations described in the
Experiment section. For the cooperative model the minimum
of H, Eq. s14d, was reached forp=3.1 and ca=2.05
3109 Å12 s−1. This results in an energy-transfer rate to two
Yb3+ ions at nearest-neighborsNNd distance of 260 s−1. The
value obtained forp confirms the dipole-dipole nature of the
energy-transfer mechanism. For the accretive and phonon-
assisted model the value ofH was much larger for anyp
between 2 and 5, thus ruling out those models.

We also investigated the relative contribution of the dif-
ferent models by fitting the decay curvesfIstdg at different
Yb3+ concentrations simultaneously using

Istd = s1 − x − ydIcoopst,ca,pad + xIaccrst,cb,pbd + yIpast,cc,pcd
s16d

in which x andy are the relative contribution of the accretive
and phonon-assisted model. As we have fixedpa=3 for the
cooperative model, our model includes seven fitting param-
eterssca,cb,cc,pb,pc,x,yd in which pb andpc could be either
3, 4, or 5. It turns out that this procedure yieldsx,10−3 and
y,10−3, which clearly demonstrates that the cooperative
mechanism is dominant.

The value forgtr to two Yb3+ nearest neighbors of 260 s−1

is similar to values for the cooperative transfer rates reported
by Basievet al.10 The transfer rates for this second order

process are a factor of 104 to 108 times smaller then typical
values reported for first-order energy-transfer rates involving
nearest neighbors for which values range between 107 and
1011 s−1.39–41

Analytical calculations including up to eight shellsscom-
parable to a box size of 33 in the Monte Carlo simulationsd
have been performed for the cooperative mechanism. To ob-
tain information about the convergence distance of the
energy-transfer process the transfer rate to two nearest-
neighbor Yb3+ ions, as obtained by fitting to the decay curve
of the Tb3+ luminescence in YbPO4:Tb3+ 1%, is plotted as a
function of included shells in Fig. 8. Here, the stars and
triangles represent, respectively, the calculated and simulated
energy-transfer rate to two nearest-neighbor Yb3+ ions when
a particular number of shells is included in the calculation.
The trend in the data is as expected: when few shells are
included, the transfer rate to Yb pairs is overestimated due to
the neglect of the contribution to the transfer rate from
longer distance Yb3+ ions. When more shells are included,
the transfer rate levels off to the Monte Carlo result for 103

boxessdashed horizontal line in Fig. 8d. As is seen from the
figure, about 90% of the transfer processes take place within
a distance of eight shellss8.9 Åd. A box size of 53 unit cells
corresponds to 31 shells. At this point the energy-transfer
rate has reached 265 s−1, which is only 2% larger than the
value for 103 unit cells s260 s−1d. Furthermore, the agree-
ment between analytical calculation and simulation is excel-
lent.

From the luminescence decay curves in Fig. 5 the energy-
transfer efficiency and the quantum efficiency can be deter-
mined. The energy-transfer efficiencyhtr,x%Yb is defined as
the ratio of Tb3+ ions that depopulate by energy transfer to
Yb3+ ions over the total number of Tb3+ ions excited. We
define the total quantum efficiency,hx%Yb, as the ratio of the

FIG. 8. The cooperative transfer rate to two Yb3+ nearest neigh-
bors sNNd as a function of the number of shells included in the
simulations and calculations. The stars represent analytical calcula-
tions and the triangles depict the Monte Carlo simulations. The
dashed line represents the value obtained from Monte Carlo simu-
lations for a box size of 103 unit cells.
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number of photons emittedsvisible and infraredd to the num-
ber of photons absorbed, assuming that all excited Yb3+ ions
decay radiatively. This assumption leads to an upper limit of
the quantum efficiency. The actual quantum efficiency is
lower due to concentration quenching. By dividing the
integrated intensity of the decay curves of the
YbxY0.99−xTb0.01PO4 samples to the integrated intensity of
the YPO4:Tb3+ 1% curve the transfer efficiency is obtained
as a function of the Yb3+ concentration,

htr,x%Yb = 1 −
E Ix%Ybdt

E I0%Ybdt

, s17d

where I denotes intensity andx%Yb stands for the Yb3+

concentration. The relation between the transfer efficiency
and the total quantum efficiency is linear and defined as

hx%Yb = hrTbs1 − htr,x%Ybd + 2htr,x%Yb, s18d

where the quantum efficiency for the Tb3+ ions,hrTb, is also
set to 1.

In Fig. 9 the transfer efficiency and the quantum effi-
ciency are plotted versus Yb3+ concentration. When the Yb3+

concentration is increased, the transfer efficiency shows an
increase up to a maximum value of 88% in
YbPO4:Tb3+ 1%. For this sample the transfer efficiency may
also be obtained using the fitted decay rates of
YPO4:Tb3+ 1% and YbPO4:Tb3+ 1%, yielding the same
value. For YbPO4:Tb3+ 1% a quantum efficiency of 188% is
obtained. This means that depopulation of the Tb3+ 5D4 level
proceeds 88 out of 100 times by excitation of two Yb3+ ions
to the2F5/2 level. A quantum efficiency of 188% is close to
the limit of 200% and comparable to the most efficient
downconversion process known.1

The high efficiency of the energy transfer may seem sur-
prising since it involves a second-order energy-transfer pro-
cess. The factors contributing to this high value are, first, the
low probability of competitive processes: the excited state of
the donor has a long lifetime and first-order energy transfer is
absent. Second, the cooperative transfer rate should be high.

According to Eqs.s1d–s3d the atomic parameters that deter-
mine the cooperative energy-transfer rate are the transition
dipole moments of the acceptors, the transition dipole mo-
ments of the donor, the energetic location of the virtual
states, and the spectral overlap integral. The proximitysin
energyd and the large transition dipole moments of the fully
allowed Tb3+ 4f8→4f75d transitions enhance the coopera-
tive energy-transfer rate. Furthermore, the energetic positions
of the Yb3+ energy levels compared to the Tb3+ 5D4 excited
state provide a good spectral overlap for second-order energy
transfer.

Materials exploiting Tb–Yb cooperative quantum cutting
may increase the efficiency of silicon-based solar cells by
downconverting the green-to-UV part of the solar spectrum
to ,1000 nm photons, with almost complete doubling of the
number of photons. The weak IR emission of the presently
studied materialsssee Fig. 3d shows that, although the phys-
ics of the energy-transfer process allow for efficient quantum
cutting, the actual quantum efficiency in the IR is still low. In
order to obtain a material with an actual quantum efficiency
close to 200%, two drawbacks should be overcome. First,
due to the high Yb3+ concentration needed for efficient
downconversion, concentration quenching of the Yb3+ emis-
sion is a major issue. To overcome this problem, incorpora-
tion of ions with an excited state at slightly lower energy
than the2F5/2 state of the Yb3+ ion sbut still higher than the
band gap of crystalline Sid may be used. These ions will
function as traps for the energy in the2F5/2 state so that
migration of excitation energy to quenching sites is sup-
pressed. Another possibility is the use of one-dimensional
systems in order to localize the energy migration.42–44 The
second obstacle is the low absorption cross section for green-
to-UV light of Yb/YPO4 doped with Tb3+. The absorption
cross section may be enhanced in two ways. First, a bulk
material with a lower band gap may be used so that the host
itself would absorb part of the solar spectrum, after which
energy transfer to a Tb3+ ion should occur. Second, sensitizer
ions could be used to absorb the desired part of the solar
spectrum and transfer the excitation energy to the5D4 state
of Tb3+ for the Tb–Yb downconversion process.

V. CONCLUSION

In this paper experimental evidence is presented for coop-
erative energy transfer in YbxY1−xPO4:Tb3+. Emission, exci-
tation, and time-resolved luminescence measurements show
the occurrence of energy transfer from the5D4 level of Tb3+

saround 20 000 cm−1d to two Yb3+ ions, exciting both ions
from the2F7/2 ground state to the2F5/2 excited state around
10 000 cm−1. Monte Carlo simulations of the luminescence
decay curves are a useful tool for the determination of the
energy-transfer mechanism. Under the assumption of coop-
erative dipole-dipole interaction, the simulated and the ex-
perimental luminescence decay curves are in excellent agree-
ment for all Yb3+ concentrations. On the basis of the very
poor agreement between simulation and experiment it is pos-
sible to exclude energy transfer via an accretive dipole-
dipole mechanism or a phonon-assisted energy-transfer pro-
cess.

FIG. 9. Transfer efficiencyfEq. s17dg and quantum efficiency
fEq. s18dg as a function of the Yb3+ concentration in
YbxY0.99−xTb0.01PO4.
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In sY,YbdPO4:Tb3+ 1%, the cooperative energy-transfer
rate to a pair of nearest-neighbor Yb3+ ions is 0.26 ms−1. The
corresponding efficiency of the quantum cutting process is
88% in YbPO4:Tb3+ 1%. This yields an upper limit for the
quantum efficiencysVIS+IRd of 188%, but the actual quan-
tum efficiency is strongly reduced by concentration quench-
ing of the IR emission from Yb3+. High concentrations of
Yb3+ are needed for efficient cooperative energy transfer
from Tb3+ to 2 Yb3+. To develop a commercially interesting
material, for example, for photon doubling in silicon solar
cells, solutions need to be found for concentration quenching
of the Yb3+ 2F5/2→2F7/2 emission and also for the low ab-
sorption cross section ofsY,YbdPO4:Tb3+ 1% in the green-
to-UV region.

A transfer efficiency of 88% is a surprisingly high number
for a second-order energy-transfer process. A long lifetime of
the excited state of the donor, the absence of first-order en-

ergy transfer, the energetically close location of allowed tran-
sitions on the donor, and a good spectral overlap for second-
order energy-transfer processes can explain this high
efficiency. For other compounds which meet these criteria,
cooperative energy transfer may be used to obtain efficient
quantum cutting as well.
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