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Quantum cutting by cooperative energy transfer in YhY,_,PO,:Th3*
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We present experimental evidence for cooperative energy transfer frémtdtiwo Yb** ions and a
determination of the energy-transfer rate. Energy transfer froff fBoYb®* was investigated by luminescence
measurements diYb,Y,_,)PO, doped with 1% TB*. 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 ?ﬁla1 emission from TB* 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 Y& ions is 0.26 ms'. This corresponds to an upper limit of the energy-transfer efficiency of
88% in YbPQ. 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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[. INTRODUCTION should be resonant as the spectral overlap integral relates the
The recent discovery of visible quantum cutting €Nergy-transfer rate to the density of acceptor and donor
phosphors? has been an exciting development in the searc/states at a resonant frequency. Therefore, to facilitate first-

for luminescent materials with a high energy efficiency. Inorder energy trarjsfer, the emission spectrum of the donor
ould overlap with the excitation spectrum of the acceptor.

luminescent devices such as fluorescent tubes or plasma d?e two quantum-cuting phosphors mentioned above are
play panels, the phosphors used nowadays convert one U ased on this principle. Splitting of the energy is reached by

photon into one visible_ photon by dissipgti_ng roughly .50% o:]population of an intermediate energy level of the donor.
the absorbed energy into heat. The efficiency gain in quan-"i ,erjap between donor emission and acceptor absorp-

tum cutting materials is based on the principle that a quang,, is apsent, second-order downconversion may become
tum cutting phosphor is able to emit two visible photons foryhe jominant relaxation procegsompeting with spontane-
every (vacuum ultraviolet photon absorbed. The excitation gy emissioh In this process a donor excites two acceptors

energy is divided over the two photons, leading to the necsimultaneously. The resonance condition is fulfilled if the
essary redshift of the absorbed radiation without losing ensum of the energy of the absorption transitions of the two
ergy efficiency. acceptor centers equals the energy of the emission of the
Quantum cutting materials may also be applied in soladonor.
cells2 If conversion of one UV/VIS photon into two IR pho- This cooperative sensitization process was predicted in
tons is realized, energy losses by thermalization of electront957 by Dextet but only recently Basieet al. observed the
hole pairs are minimized. The most widely used solar cell®ccurrence of second-order downconver&idsy measuring
are based on crystalline Si. The development of solar cellthe enhancement of the RiofF,,— 1,5, decay rate upon
would greatly benefit from a quantum cutting phosphor withincreasing the C¥ concentration in the compound
the energy of its emission located just above the band gap dfa; CeF;: Nd®* 0.3%. This enhancement was attributed to
Si. second-order downconversion from the 3N&F,,, level ex-
Research on quantum cutting systems started on singlgting two C€" ions to their?F,,, level. Unfortunately, the
ions capable of a cascade emission such d§*FrTm3*6  Ce*?F,,— *F, emission, in the infrare~5000 nm, was
and Gd*.” Recently, the focus has shifted to combinations ofnot detected and therefore direct proof of energy transfer
two ions, where the energy of the donor ion is transferredrom Nd®* to Ce** was not obtained. In later papers Basitv
stepwise to two acceptor ions. This process is generallpl. addressed simulations and theory on second-order energy-
known as downconversion. A well-known example is thetransfer processés;'?but no comparison to experiments was
G*—EU* couple! where for every vacuum ultraviolet made.
(VUV, A <200 nm photon absorbed by Gt two red pho- A promising system to study second-order energy-transfer
tons are emitted by different Bicenters. Another example processes is the combination of one€®Tand two YB* ions:
is the combination GH—Tb**—~Er*.2 In both systems, VUV  the T °D,— 'F¢ transition is located at approximately
radiation is downconverted to visible radiation. twice the energy of the Y¥2F,,—?F, transition and
Theories for predicting energy-transfer rat@scluding  Yb®* has no other levels up to the UV regigsee Fig. 1
down- and upconversigrwere developed in the late 1940s Moreover, the *F5,,—2F,, emission is situated around
and 1950s by Forstéand DexteP These theories are based 1000 nm, just above the band edge of crystalline Si.
on different models for the interaction between donor and Previous studies of Tb—Yb compounds have focused on
acceptor centers, viz. dipole-dipole interaction versus exthe experimental observation of upconversiér® When
change interaction through wave-function overlap. Thesehese compounds are exposed to infrared radiation around
have in common that the donor and the acceptor transitions000 nm, YB* ions act as absorption centers. After an up-
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FIG. 2. Orientational dependence of three-ion energy transfer.
0 !, ’F, Fr 'F, B *Fon The arrows denote transition dipole momeptsSince the matrixx
Yb*  Tb* Yb,* ™"  Yb* Yb,* [Eq. (3)] consists of products of two transition dipole moments it is

denoted by two arrows. The three-body energy-transfer rate, viz.
FIG. 1. Schematic representation of the cooperative and accré=g. (6), shows a weak dependence on the arfgietween the lines
tive pathways for energy transfer from bto Yb®*. The bold  connecting ion-pairsb andbc.
arrows indicate excitation of P into the °D,, state, after which
energy transfer may occur. The energy transfer processes are de- The energy-transfer efficiency is shown to be 88% for
picted by the dotted lines. In both mechanisms a virtual state is(bPO4:Tb3+ 1%. This means that 88 out of 100 3kions
involved. For the cooperative mechanism, the virtual state is Iocategach transfer their energy to two $bions. This makes, in
on TI?*. For the accretive mechanism, the virtual state is located O'brinciple a quantum efficiency of 188% possible, although
Yb?". Since the total amount of energy is unchanged after the Yhis is nc’)t observed due to concentration quench’ing at high
ergy transfer, the resonance condition implies that the transitior{(ba+ doning concentrations. The relatively high transfer ef-
energy of TB* balances the sum of the transition energies of the,. pIng L y hig
Yb* ions. f!C|ency shows '_[he_ poten'glal for Tb—Yb base_d guantum cut-
ting phosphors in increasing the energy efficiency of crystal-
conversion process, green3fduminescence was observed. line Si-based solar cells by downconversion of the higher
If energy transfer by a second-order process is responsibkenergy part of the solar spectrum.
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- Il. THEORY
verted luminescence compared to directly excited®*Th This section reviews possible mechanisms for energy

: 3-15,21,22,2 H i i _ . . . . . .
luminescencé? ‘However, in analyzing transient lu tiransfer, with emphasis on the interion distance and orienta-

minescence curves, the downconversion probability has of;,, jependence. For three energy-transfer mechanisms, the

ten been neglected. Studies that do consider downconversi%rg)oper(,mve accretivi¥27and the phonon-assisfSdnecha-

cr:}ggtrlon et\r:vtg)rgpyosstllroallr:t |Sef>:rfor ;23 de;ﬁ gng'ne_ Zgi?sltsggi see%%r;g- ism, energy-transfer rates will be obtained that are used to
P ompute ensemble averaged decay curves for the donor lu-

transfer:”****However, downconversion in the Tb-—Yb Sys_e{g_inepscence in the MontegCarIo sirr):ulations and in the ana-

tem by either one of these mechanisms has never been €s-. _ : ! .
tablished experimentally. ytical solutions. We will assume orientationally averaged

The purpose of this paper is to study second-order down{fansition dipole moments. For the second-order energy-
conversion in Tb—Yb compounds and to elucidate its effitransfer processes, this appears to result in a minor depen-
ciency and energy-transfer mechanism. Energy transfer igence of the transfer rate to the interion orientatias de-
powders of YhY,_,PO, doped with 1% TB" is studied by fined by the angl& in Fig. 2.
emission, excitation, and time resolved luminescence mea- Auzel® mentions two mechanisms for second-order en-
surements. The time resolved luminescence measuremer@&dy transfer: a cooperative and an accretive mechafsee
are compared with theories for phonon-assisted energfid- 1. After excitation of the donofTb** 'Fs—°D,), both
transfef® and second-order downconversion by simulationgmechanisms require polarization induced via a virtual state
using Monte Carlo methods and exact calculations. Accordof opposite parity. For the cooperative pathway, the virtual
ing to Auzel® and Andrews and Jenkiffs second-order ~State is located on the donéTb®") ion and this ion acts
downconversion can occur through a cooperative and an atwice as a donor of energy. For the accretive pathway, the
cretive mechanism. The present analysis shows that the cwirtual state is located on one of the acceptgb®") ions.
operative dipole-dipole mechanism gives an excellent agreeFhe latter accepts energy from the donor ion, after which
ment between theory and experiment. Energy transfer via thpart of the energy is transferred to the second acceptor ion.
accretive or the phonon-assisted mechanism cannot explain For both of these mechanisms, Andrews and JeAkins
the experimental observations. have calculated the matrix elemekt needed as input in

014119-2



QUANTUM CUTTING BY COOPERATIVE ENERGY.. PHYSICAL REVIEW B 71, 014119(2005

Fermi’s golden rule to determine the energy-transfer rate, 2w 1 <n2+ 2)8 p
Yeoop™ fint\ 3 (Amreg)?
2’7T|M|2 (1) 2
Y= p. a_ atb, Tb \,Thc ,.c
% |p?-v3TP - at® v
X222 55 (5)
a c>a Fatbl The

For a specific pathwayyl has the formsee Fig. 2
Here,a andc run over all YB* positions in the lattice. Sec-
M= p?- V. gl . vPe. ye, (20 ond, in the analysis of first-order energy transfer the transi-
tion dipole moments are often treated as randomly

Here, the superscripts denote the ions involved. For the cdriented?® In analogy, we will do this for the dipole mo-
operative process andc denote YB* ions andb denotes a  MeNts I I_Eq.(t?). However, we treat the products of dipole
Th®* ion. For an accretive processdenotes a TH ion and ~Mmoments ina” [Eq. (3)] as fully correlated since a virtual
b and ¢ denote YB* ions. The vectoruX is the transition state¢ couples the dipole moment pair. Transitions involving
dipole moment for a transition on idk and a® is the two- different virtual stateg are treated as uncorrelated, since the

photon interaction tensor, describing the transition onkipn (4f configuration levels 2 and 1 contain many differel;'s

via a virtual state. The elemeijtof @ is given by which couple to differeng. Third, we assume that the tran-
sitions to and from virtual states are also uncorrelated with
2t £1b fb 2 respect to their transition frequency.
(Fw, T w)=, ( e T B v W i ) (3) The three assumptions above allow one to average over
! ¢ \Eatho, Egtho all orientations of the transition dipole moments. We will

perform the orientational averaging assuming classical angu-
where the+ are chosen with respect to the flow of energy inlar distributions of the transition dipole moments. Relying on
the syster®¥ andi and| denote thex, y, or z direction. The the quantum mechanical analog would involve summing
angular frequencies for the transitions on iangndc are  over all virtual states explicitly and taking all substates
given by w, and w,, respectively. The sum runs over all [J,My) of the levels involved on the P and the YB* ions
virtual states¢ of ion b. The indices 1 and 2, respectively, into account. This entails a tremendous effort and is beyond
denote the initial and the final state of ibnE,, is the energy the scope of this work.
of the virtual state with respect to the initial state. When After substitution ofa™ by Eq. (3) one obtains for the
including line broadening due to the finite lifetime8,  orientational average,
should be treated as a complex quantity. However, the angu-

lar frequencies of transitions to opposite parity states ofi Th (|pd - V3P . TP .y The . M°|2>

or Yb3* are typically 188 rad/s(in the UV spectral region 4 ,
{0 1t?at line broadening is small for lifetimes larger then =—(3+Ccos D), [(Ma#ZHbﬂflTbNC)
10> s. Therefore we tredf,, as a real quantity. 9 ‘

The second-rank tensd?® contains the distance and the 2
interion orientation dependence. In our analysis, the elements x( 1 + 1 ) } , (6)
ij of VaP have been simplified to the Férster analogy. This is (Eanthoy) (Egqthao)
justified for interion distancess much shorter than the wave-
length of light (r <2#c/nw, with n the refractive index of
the material and the angular frequency associated with the
energy of the transition This leads to

where( ) means orientational averaging over all dipole mo-
ments. The average depends on the afAdietween the pairs
ab andbc (see Fig. 2. The contribution of the angular de-
pendent part is at maximum 25%. The summation over dif-

5 5 ferent triples would even lower the angular dependant con-
w_ 1 ( n? + 2) 1

(4)  tribution. Therefore, in the Monte Carlo simulations we
neglect the angular dependence and approximate the coop-
erative energy-transfer rate by

ab
3Vij »

2 Aegl 4

T 3
wherer 4, is the distance between ioasandb, andvfj‘b is the
matrix elements; —7;f;. The quantities; andf; are thex, y, - pz D 1 )
or z components of the unit vector connecting the two ions. coop eoo 6 '
In Eqg. (1), |M|? consists of contributions from cooperative
processes, accretive processes, and mixtures of the twwhich is independent of. The constanCq,,will be fitted in
Given the nature of the interacting ions, either the cooperathe Monte Carlo simulations and the analytical solutions that
tive or the accretive process is expected to dominate. In ordetescribe the time dependence of the donor emission inten-
to obtain the transfer rate for these processes, three assunyity.
tions are made. First, all ions of the same species are as- The energy-transfer rate of the accretive energy-transfer
sumed to be energetically equivalent, i.e., line shapes angrocess can be treated analogously. However, since there are
homogeneously broadened. This allows us to separate theo accretive pathways, one where the energy is accrued at
spatial dependence from the spectral part. For the cooperand the other where the energy is accrued,ahe matrix
tive process this leads to elementM for the accretive pathway consists of the sum of

6
a c>a bl The
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two contributions. Upon evaluation of E(l) one may note Xe-lamp as the excitation source. The excitation light was
that quantum interference terms vanish in the orientationatlispersed by a double-grating 0.220 m SPEX 1680-

averaging. This leads to monochromator(1200 I/mm blazed at 300 nm. The light
emitted by the sample was focused on a fiber guiding the
Yacer= Cacey (% + %) (8) light to a monochromator where the emission light was dis-
b c>b \Tholbe  MTbelbe persed by a 150 I/mm gratin@cientific Spectra Pydlazed

at 500 nm with 0.300 m focal length and detected using a

. " . .
whe.reb andg: run .over_all YB* positions n the Iatnce. Princeton Instruments 300i charge coupled device camera.
Again, C,.., will be fitted in the Monte Carlo simulations. Th®* 5D, — 'F, emission was rejected by the use of appro-

The third eqergy-transfer mechanism, phonon-a_sssted €tiate filters. Emission spectra were not corrected for instru-
ergy transfer, is an energy-transfer process in which the e

; " nental r nse. Therefore, the intensity in the IR region of
ergy difference between the transition on the do(idr®") ental response. Therefore, the intensity in the eglon o

o L the spectra is underestimated by a factordfS.
and the transition on the acceptorb®) is dissipated by " Time resolved measurements with an excitation wave-

multiphonon emission. The transfer rajg,(AE) for a pro-  |ength of 489.6 nm were performed with the use of a Lamba
cess creating phonons is givenby Physic LPD3000 tunable dye laser filled with a Coumarine
_ p _ _ 307 dye solution. It is pumped by a Lambda Physic LPX100
Yoo AB) = (M + D (AE = 0)exp(= kAB). © excimer(XeCl) laser. The typical pulse width of this setup is
Here, AE is the energy difference between the energy of the~20 ns?° Time resolved measurements with an excitation
donor and acceptor transitionsy, is the phonon occupation wavelength of 193 nm were performed using an excimer la-
number, andp the minimum number of available phonons ser(TuiLase) filled with an ArF gas mixture as the excita-
required to bridge the energy gayE. The energy-transfer tion source. The pulse duration of this laser is typically
rate , is the (first-orde) energy-transfer rate when energy 10 ns. Emission of 544 nm was detected using a Jobin Yvon
mismatches are absent. The electron-phonon coupling is d&riax 550 spectrometer equipped with a Hamamatsu R928
scribed byx. For an dipole-dipole energy-transfer mecha-PMT and emission around 1000 nm was detected using a
nism, orientational averaging over the transition dipole mo-780 nm cutoff filter in combination with a Si diode. The
ments yieId%, so that the transfer ratg,, can be written as  signal was monitored as a function of time using a Tektronix
2440 digital oscilloscope. .
Yoa= Cpaz 6i, (10) In some cases, saturation effects occurred at short time
a ba 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..2 in

where the sum runs over all Yhions in the lattice. The
parametelCy, will be fitted in the Monte Carlo simulations.

. EXPERIMENT order to correct for the short-time saturation. All measure-
A. Sample preparation ments were performed at room temperature.
Powder samples of ¥l g g9« Tbg.01P O, Were prepared by _ _
common solid-state methods. Stock solutions of*Yand C. Monte Carlo simulations
Y**, both containing 1% of TH, were prepared by dissolv-  For several YB' concentrations in Y ;_,PO,: Th®* 1%

ing rare eartiRE) oxides in concentrated hydrochloric acid. the time resolved T °D,— ’F, luminescence was simu-
The purity of the oxides, as labeled by the suppliers, was 4Ngted using conventional Monte Carlo techniqé®s2 The
(Y203) or 5N (ThyO;) and (YbyOs)). A solution with the  following scheme was used for the simulations.
desired ratio of ¥* to Yb*" was obtained by combining  First, a discrete atom model was created using the )YPO
appropriate amounts of the stock solutions. The rare earthnit cell as inpu® The structure of YPQis tetragonal with
ions in the mixed solution were subsequently precipitated byy=b=6.882 A andc=6.020 A and four RE ions per unit
adding a solution with an excess of oxalic acid. The precipicell. The RE* site hasD,4 symmetry34 The size of the simu-
tate was washed thoroughly to eliminate chloride ions. Heattation box was 8 unit cells (500 RE atompsand periodic
ing the compound to 1050 °C under an oxygen atmosphergoundary conditions were imposed. This means that we con-
converted the oxalates to oxides. The powder obtained wasidered all interactions up to 15.05 A. Second, thé'R&t-
mixed with diammoniumphosphaté0 mol % excessand tice sites were filled randomly with Y6 or Y3* by a speci-
fired again at 1350 °C under a 1:3, N, atmosphere. The fied Yb-to-Y ratio. Substitution of one RE ion by Tb*
white powder obtained was checked for phase purity withgenerated a particular configuration.
x-ray diffraction and found to be single-phase zircon REPO  For each configuratiofi.e., distribution around the Pb
In this way, samples of ¥Y ;e <PO,: Th*" 1% were pre- jon) its single exponential decay sigridt) is given by
pared withx=0, 0.05, 0.15, 0.25, 0.50, 0.75, and 0.99.

I(t) = exd = t(yy + 7)1, (12)

wheret is time, v, is the radiative decay rate of thB, state
Emission and excitation measurements were performedf Tb®* in YPO,, and v, is the energy-transfer rate. The
using a SPEX DM3000F spectrofluorometer with a 450 Wsignal measured in an experiment consists of luminescence

B. Optical measurements
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from an ensemble of T ions. Therefore an ensemble- 3+ 6 7 3+ 2 2
. ; . ) : Tb™ D,—> F Yb" F,, — °F
averaged signal is calculated in the Monte Carlo simulations, 4 J 52 m
0 5 43 21,0
(V) = (exd~tln+ %), (12) €
where() denotes ensemble averaging over 10 000 configu- 'E
rations. With this number of configurations convergence was &,
reached. 2 * 50
For a particular configuration the cooperative, accretive, @ ]
and phonon-assisted energy-transfer rates were calculated ac- 8
cording to £ J
l 0 T T T T
Cooperative: ¥,=Ca2 2 55 55 (133 500 600 700 800 900 1000 1100
i =i il wavelength (nm)
. 1 1 FIG. 3. \Visible/near infrared emission spectrum of
Accretive: %F%EE W+Tr2p , (13D Y 74Ybg2eThy o PO, upon TH*Fy—°D, excitation (489 nn.
1=t A TiTh ) T The spectral region between 900 and 1100 nm is amplified by a
factor of 50.
1
Phonon-assisted: y, = ¢.2, -5, 13¢ - . . :
N Cz ra (139 proved. This iterative process was continued until conver-

gence was reached.
where summation indicésandj refer to all YB** ions in the

lattice. The distance between io@ndj is given byr;;. The
two parameters in Eq$13) are a proportionality constaist
and the parametgn which determines the distance depen- Decay curves for the cooperative model were also calcu-
dence of the interaction. For instance, for a dipole-dipoldated analytically. The procedure was the same as for the first
type of interactionp=3, which converts Eqs(133—(13¢) type of Monte Carlo simulations, except that the probability
into Eqs.(7), (8), and(10), respectively. distribution of the YB* ions was calculated. For a coopera-

Two types of simulations were performed. In the first onetive process this is relatively straightforward since®Th
the distance dependence was fixeqba'B_ In order to study serves two times as the donor of energy. Thus the number of
a particu|ar energy-transfer modek:i was obtained by sub- Yb?’Jr ions as a function of Tb—Yb distance determines the
tracting the decay rate of the Tbluminescence in YPQ  configuration. The probability.., for a particular configu-
(y,) from the decay rate of the #hluminescence in YbPp  ration was calculated according to
This givesy,. The lattice sums in Eq$13) are the same for N
all Tb*> ions in YbPQ. Equations(13) are then solved, Peont= [ ] ———" ——CYI(L —Cyp) ™0, (15)
yielding ¢;. Whenc; and p are known,y,, can be calculated sh (Nsn= Nyp)! Nyp!
for any configuration. Ensemble averaged decay curves wery
calculated for concentrations of Ybranging from 15 to
99%.

A second type of simulation was used to study the dis

tagcetdep;egdence t(')f tlhe energy-ttrans;‘er prpdcﬁehssesl. Here,tH% number of RE sites in the shell ang, is the number of
orger fo study a particular energy-transter mag&e values  yys+jgns i this shell for this particular configuration.
of ¢; andp were varied and ensemble averaged decay curves

were computed for YB concentrations of 99, 75, 50, and
25%. The functiorH, which gives the squared deviation on a IV. RESULTS AND DISCUSSION
log scale for the computed curves to the experimental data
was defined to compare the simulated curves with experi
ments,

D. Analytical solutions

f Eq. (15 the product runs over all shellas defined by
RE-RE peaks in a radial distribution functjosurrounding
the TB* ion. Product elements are elements of a binomial
distribution function.cy, is the fraction of YB* ions, Ngy, is

' To investigate whether energy transfer from?Tto Yb3*
occurs, an emission spectrum upon excitation in th@‘fr[b4
level was recorded. Figure 3 shows the emission sqegctrum of
_ Ybg 25Y 0 74T 0IPOs at room temperature upon F
H=2 2 LinClyy) = In(s(y)]z. (14) —°D, excitation. In the region of 500—700 nm a serigs of
lines is observed while in the 900—1100 nm region an emis-
Here,x denotes the concentration of ¥tions andy stands ~ sion band of much lower intensity appedrmultiplied 50
for a specific data point.andS denote the experimental and times in Fig. 3. The lines in the visible part of the spectrum
the simulated signal, respectively. Starting from an initialare due to T&" 5D4—>7Fj multiplet emissions. They are simi-
value ofc; andp (with a computed set of decay curves andlar to previous measurements on YP@oped with TH*.3°
value forH), a new guess fot; and p resulted in a new set Transitions to different ground state terms withranging
of decay curves and a new value foi If this value de- from 5 to O are clearly resolved in the spectrum. The
creased for the new, andp, the new parameters were ap- Th®* 5D4—>7FG emission line is absent because of the use of

Xy
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Emission wavelength monitored: 1% % Yb” In YbY,, Th,, PO,
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FIG. 4. Excitation spectra of the ¥6°D,—’F, emission FIG. 5. Time-resolved signals of the 31*13L5D4_—>?F4 lumines-
(615 nm, solid ling¢ and the YB* 2F5/2H2F7/2 emission(1000 nm cence (excitation wavelength=489.6 nm, emission wavelength
dotted ling in Y 74Ybg 25Ty 9P Os. =544.0 nm for Yb,Yqg94ThgoiPOs. Every tenth data-point is

shown. The different fractionsof Yb3* in the YBY ¢ g9Thg 0P Os
Osamples are indicated in the figure. Solid lines are single exponen-

a 540 nm cutoff filter. This filter was used to prevent secon L | fits

order TB* emissions in the wavelength region of
900-1100 nm, since these emissions would obscure the descted in previous experiments of YR@oped with TB*.35
tection of YIP* emission lines. The features in this part of the The excitation spectrum when monitoring the3Ylemission
spectrum are attributed to the ¥iFg,— °F,, transitions.  is very similar to the T °D,— 'F, excitation spectrum.
The comparatively large linewidth of the Ybemissions is  The observation of the Pt 7F;— °D, lines in the excitation
probably due to the relatively long wavelengths involved,spectrum of YB* shows that energy transfer from
giving larger width on a wavelength scale for the same widthTb®* to Yb®* is present. No sign of RE impuritigsypically
on an energy scale, and the strong electron-phonon couplirgresent in concentrations lower than 0.02&s observed in
of Yb®" ions3® giving pronounced phonon-induced line either the emission or excitation spectra.
broadening. Now that the occurrence of #b— Yb®* energy transfer
Compared to the TH emission, the intensity of the ¥b  has been established, it is interesting to investigate the
luminescence is weak. This may be due to three reasonsiechanism and efficiency of the energy-transfer process.
First, the response of the grating and the detector are ndthe Dieke diagrams of T and YB* (Refs. 37 and 38
optimal in the IR region, leading to a reduced signal of ashow that only a second-order energy-transfer process can
factor of ~15. Second, concentration quenchiiee migra-  occur between the Pb°D,—F, and the YB*?F,
tion of excitation energy over Y% ions to quenching sit¢s H2F7,2 transitions. Resonant energy transfer from qu
reduces the luminescence quantum yield for a doping corstate of TE* to one YB* is not possible since the ¥hion
centration of 25%. Third, only a small fraction of the ¥b has only one excited multiplefFc,,) around 10 000 crt
ions are excited. Although with 25% Ybdoping concentra- and no transition from the 'Pb5D4 level is situated at this
tion two or more YB" ions are expected to be at close rangeenergy. In addition, unwanted absorptions due to defect
to a TB* ion, an energy-transfer process competes with rastates, impurities, or Y¥ pair states are absent in both ex-
diative depopulation of the 'PE’)E’D4 level. To maximize the citation spectra and therefore alternative resonant energy-
luminescence output of the ¥bions upon excitation in the transfer processes do not interfere. An alternative for an
Th3* 418 levels, one has to consider competition between thenergy-transfer process involving two ¥bions is men-
energy-transfer efficiencgincreasing the Y& emission in- tioned in the literature as phonon-assisted energy
tensity for higher YB* concentration and concentration transfe%22230n the basis of emission and excitation spec-
quenching(decreasing the Y3 luminescence intensity for tra this competing process cannot be excluded. Below we
higher YB** concentration A 25% doping concentration will show that by analyzing transient luminescence curves
gave the highest Y3 emission intensity. phonon-assisted energy transfer can be ruled out.
Excitation spectra of TH and YB* emissions in In Fig. 5 the decay curves of the D, — 'F, lumines-
Ybg 25Y 0.74Tbo.01POs Were recorded to give convincing evi- cence(544.0 nm are plotted for YB* concentrations of 0, 5,
dence for the presence of - Yb®* energy transfer. Fig- 15, 25, 50, 75, and 99%. The Toemission in YPQ: Tb%*
ure 4 shows the wavelength region where the**TB; 1% shows a nearly single exponential decay as expected
—°D, transition is located’%® The solid line depicts the (only radiative decay A monoexponential fit yields a decay
excitation spectrum of the Pb°D,— 'F; emission. The dot- time of 2.3 ms. A decay time between 2 and 3 ms is a typical
ted line shows the excitation spectrum of the®¥#;, value compared to T°D, emission in oxides where the
—?F,,, emission. In both spectra lines are located aroundsite of TB* lacks inversion symmetd/:?22434\When the
485—-495 nm. For the spectrum monitoring the3*l"rlD4 Yb3* concentration is increased, the decay curve decreases
— 'F4 emission, the excitation lines are assigned to the wellmore rapidly and it becomes nonexponential. For
known ‘F¢— °D,, transitions. This absorption was also de- YbPO,: Th®* 1% the fastest decay is observed and the curve
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FIG. 6. Decay curve$RT) of the YI** ?Fg,— °F;, lumines- b) ——
cence as a function of ¥ concentration in YBY g g9-Tbg 0P Os.
The YB** concentrations are indicated in the figure. The’Yhu- 2
minescence monitored in the main figure is after excitation in the 2
Th3* 5D4 level (489 nm). The YB** luminescence monitored in the '-g -l
inset is after excitation into the Yb-O charge transfer band '
(193 nm. >
. . - . . ﬁ
is again nearly single exponential. The faster decline as a E
function of YB** concentration can be explained by the in- 2001 \
troduction of extra decay pathways due to the**¥oping: " aao o\ =no e o
energy transfer from T °D,, to Yb** enhances the 6°D, I8 DOWRO0% 25k 0% .
decay rate. The presence of %hions also explains the non- 0 2 4 .6 8 oo 12
time (ms)

exponential behavior at intermediate doping concentrations
and the single exponential behavior for 99%3Y.At inter- FIG. 7. (@) Luminescence decay curves of the*TED, emis-

mediate doping concentrations the3?’la\_nd the Y*ions are  sion for various concentrations of Yh(see Fig. 5 replotted with
randomly distributed over the RElattice sites. Thus the simulation results. The dots are the experimental results. The solid

environment of every T4 ion is different, leading to a va- |ines are simulated curves using a cooperative dipole-dipole model
riety of transfer rates. At a Yo fraction of 99% the TB"  [Eq. (138]. Dotted lines are simulated curves using an accretive
ions are surrounded by Ybions only, leading to a single dipole-dipole mode[Eq. (13b)]. (b) Simulated decay curves for the
decay component. Therefore the 99%3Yllecay curve in  phonon-assisted dipole-dipole modé&q. (130)]. For both figures
Fig. 5 is again nearly single exponential. Fitting this curvethe YB** concentrations are indicated in the figure. The single ex-
with a single exponential function yields a decay time ofponential decay of the experimental data at 999 tmncentration
0.25 ms. is used to fit the parameter in Eqgs.(13).

Assuming that the radiative rate of the3rBD, emission
does not change when?3Y is substituted for YB, the lifetime of the®Fs,, emission can be measured without inter-
energy-transfer rate in YoP@an be calculated by subtract- ference due to the feeding from b The YB** lumines-
ing the TB* 5D4 radiative decay rate from the decay rate incence of the YbPQTb®* 1% sample shows a markedly
YbPO,. This results in an energy-transfer rate of 3.5faster decrease in intensity than the 5% doped sampje:
X 10 st in YbPO,:Th®" 1%. This is roughly an order of =78 us in YbPQ, and 610us in YPQ,:Tb®* 1% Yb** 5%.
magnitude faster than the radiative decay rate of*Tand  The short luminescence lifetime in the concentrated sample
indicates that the energy-transfer process is efficient. confirms the presence of strong concentration quenching.

Figure 6 shows the time-resolved ¥tduminescence for This explains the low relative intensity of the ¥temission
different YB** concentrations upon excitation into the in the luminescence spectra.
Th3* 5D4 level. The YB* luminescence shows a rise that is  To distinguish between the three energy-transfer mecha-
caused by energy transfer from 3o Yb®*. As the YB*  nisms(cooperative, accretive, and phonon-assisted do-
concentration increases, the rise becomes shorter. This is ater decay curves were compared to the decay behavior pre-
tributed to a faster depopulation of the 3ronors due to dicted by Monte Carlo simulations. Experiments and
the presence of more Yb acceptors. For all samples the simulated results for the cooperative, the accretive, and the
observed rise times are in good agreement with the decaghonon-assisted dipole-dipol@=3) models are shown in
times of the TB* emission, confirming the feeding of the Fig. 7. To obtain the computed curves, the radiative decay
Yb3* excited state by energy transfer from®Tlbo Yb**. The  rate and the energy-transfer rate in YoP@s determined
inset shows the Y8 luminescence after excitation into the from single exponential fits to the decay curves of Y,R@d
Yb-0O charge-transfgiCT) band. Upon excitation in the CT YbPQ, in Fig. 5 were used as input parameters. Therefore,
state of YB*, the ?F;, state is populated directly and the at 99% YB* concentration, the three simulated curves all
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match the experimental curve. However, the cooperative distance (i\)

model matches the experiments for all 3% woncentrations 385760788997 108 114 128 139 150
while the accretive and phonon-assisted energy-transfer 60013 * Analytical calculations
models deviate substantially. At all intermediate®Yizon- — A Monte Carlo

centrations, the decay profiles of the phonon-assisted model @, —— MC result for 10° unit cells]
and the accretive model fall much faster than the cooperative & *

model. This is consistent with the distance dependence in s

Egs. (13) and the fitting of thec's. For intermediate Y& g 400

concentrations, the phonon-assisted model yields a nonradi-
ative decay channel for every Yhion present, resulting in a
relatively fast increase of the decay rate as a function df Yb
concentration. The slowest increase of the decay rate as a
function of the YB* concentration is expected for second-
order mechanisms, since these mechanisms require twb Yb 200 T T v T T T
ions in close proximity to a T4 ion. For every combination
of two Yb®* and one TB*, the cooperative mechanism has included shells
one pathway where the accretive mechanism has two path-
ways. The relative importance of the pathways to the deca¥
rate is not equal. The 17 distance dependence favors the °

¥, to two

260

FIG. 8. The cooperative transfer rate to two>YInearest neigh-
rs (NN) as a function of the number of shells included in the

. simulations and calculations. The stars represent analytical calcula-
shortest pathway, so that the accretive model falls faster th ions and the triangles depict the Monte Carlo simulations. The

the cooperative model. The experl_mental resu_lts C_Iearly ShO\Hashed line represents the value obtained from Monte Carlo simu-
that energy transfer by a cooperative mechanism is the domjzions for a box size of Tounit cells.
nant process.

In our analysis the possibility of upconversion was ne-

glected. This is justified since at doping concentra’tionsprocess are a factor of 460 1% times smaller then typical
) o L ;
higher than~10% energy migration to the different Yb values reported for first-order energy-transfer rates involving

sites will supprefs the upcorlv_ersmn process. after ENe N earest neighbors for which values range betweehah@l
transfer from TB* to two Yb** ions the situation of two 1011 o139-41

excited YB* ions close to TB" will be eliminated by fast

energy migration over the ¥b ions. Analytical calculations including up to eight she(lsom-

The dipole-dipole nature of the energy-transfer mechaParable to a box size of*3dn the Monte Carlo simulations
hisms was tested by varying (and c,), i.e., by using the have been performed for the cooperative mechanism. To ob-
1/y ety . . . .
second type of Monte Carlo simulations described in thd@n information about the convergence distance of the

Experiment section. For the cooperative model the minimunfnergy-transfer process the transfer rate to two nearest-
of H, Eqg. (14), was reached forp=3.1 and c,=2.05 neighbor YB* ions, as obtained by fitting to the decay curve
% 10° A2sL, This results in an energy-transfer rate to two Of the TB"* luminescence in YbPOTb** 1%, is plotted as a
Yb3* ions at nearest-neighb@XN) distance of 2608, The function of included shells in Fig. 8. Here, the stars and
value obtained fop confirms the dipole-dipole nature of the triangles represent, respectively, the calculated and simulated
energy-transfer mechanism. For the accretive and phonorenergy-transfer rate to two nearest-neighbo?*ibns when
assisted model the value &f was much larger for anp  a particular number of shells is included in the calculation.
between 2 and 5, thus ruling out those models. The trend in the data is as expected: when few shells are
We also investigated the relative contribution of the dif-included, the transfer rate to Yb pairs is overestimated due to
ferent models by fitting the decay curvBist)] at different  the neglect of the contribution to the transfer rate from
Yb3* concentrations simultaneously using longer distance Y ions. When more shells are included,
the transfer rate levels off to the Monte Carlo result fof 10
— (1 —y— boxes(dashed horizontal line in Fig.)8As is seen from the
(8= (1 7%= )l cooglt:CarPa) * Xlacat, CorPo) + Y lpalt, Cor o) figure, about 90% of the transfer p%ocesses take place within
(16) a distance of eight shell8.9 A). A box size of 5 unit cells
corresponds to 31 shells. At this point the energy-transfer
in which x andy are the relative contribution of the accretive rate has reached 265'swhich is only 2% larger than the
and phonon-assisted model. As we have fipgd3 for the  value for 1§ unit cells (260 s?). Furthermore, the agree-
cooperative model, our model includes seven fitting paramment between analytical calculation and simulation is excel-
eters(c,, Cp, Ces Pp: Pes X, Y) in Which p, andp, could be either  |ent.

3, 4, or 5. It turns out that this procedure yiekls 10°3 and From the luminescence decay curves in Fig. 5 the energy-
y<1073, which clearly demonstrates that the cooperativetransfer efficiency and the quantum efficiency can be deter-
mechanism is dominant. mined. The energy-transfer efficienay; vo,yp, is defined as

The value fory, to two Yb** nearest neighbors of 260%s  the ratio of TB* ions that depopulate by energy transfer to
is similar to values for the cooperative transfer rates reportet¥b®* ions over the total number of $bions excited. We
by Basievet all® The transfer rates for this second order define the total quantum efficiencio,yy, as the ratio of the
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100 200 According to Eqs(1)—(3) the atomic parameters that deter-
9 1 = mine the cooperative energy-transfer rate are the transition
E 80+ ° 1180 9; dipole moments of the acceptors, the transition dipole mo-
c ) ments of the donor, the energetic location of the virtual
% 60 . 160 % states, and the spectral overlap integral. The proxirtiity
% E energy and the large transition dipole moments of the fully
= 404 {140 "E’ allowed TB* 48— 4f75d transitions enhance the coopera-
"3 3 tive energy-transfer rate. Furthermore, the energetic positions
g 2] ° Ji0 E of the YB** energy levels compared to the 33D, excited
b ° g state provide a good spectral overlap for second-order energy
0+ : , . . 100 transfer.
0 20 % 0 8¢ 100 Materials exploiting Th—Yb cooperative quantum cutting
Yb* concentration (%) 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 material¢see Fig. 3 shows that, although the phys-
number of photons emitte@isible and infrarejito the num-  ics of the energy-transfer process allow for efficient quantum
ber of photons absorbed, assuming that all excitedf ¥ans  cutting, the actual quantum efficiency in the IR is still low. In
decay radiatively. This assumption leads to an upper limit order to obtain a material with an actual quantum efficiency
the quantum efficiency. The actual quantum efficiency isclose to 200%, two drawbacks should be overcome. First,
lower due to concentration quenching. By dividing thedue to the high YB' concentration needed for efficient
integrated intensity of the decay curves of thedownconversion, concentration quenching of theYdmis-
YDB,Y 0.99-Tho 0;PO; samples to the integrated intensity of Sion is a major issue. To overcome this problem, incorpora-
the YPQ,: Th®* 1% curve the transfer efficiency is obtained tion of ions with an excited state at slightly lower energy

FIG. 9. Transfer efficiencyEq. (17)] and quantum efficiency
[Eq. (18] as a function of the Y® concentration in
YbyY 0.99-%Tho.01P Os-

as a function of the Y3 concentration, than the’F,, state of the YB* ion (but still higher than the
band gap of crystalline pimay be used. These ions will
function as traps for the energy in tH&,, state so that

f'x%det migration of excitation energy to quenching sites is sup-

Thrxoeyb = 1 — , (17 pressed. Another possibility is the use of one-dimensional
f losevedt systems in order to localize the energy migratiéri* The
second obstacle is the low absorption cross section for green-
. . to-UV light of Yb/YPO, doped with TB*. The absorption
where | denotes intensity and%Yb stands for the Y§ o5 section may be enhanced in two ways. First, a bulk
concentration. The relat|9n betwgen the transfer efficiency,aterial with a lower band gap may be used so that the host
and the total quantum efficiency is linear and defined as jise|f would absorb part of the solar spectrum, after which
_ 1- ) +2 (19) energy transfer to a Phion should occur. Second, sensitizer
Theeb = THTOLE ™ Thr.xsey The X% Y ions could be used to absorb the desired part of the solar
where the quantum efficiency for the 3tons, 7,1, is also  SPectrum and transfer the excitation energy to g state
set to 1. of Tb** for the Th—Yb downconversion process.

In Fig. 9 the transfer efficiency and the quantum effi-
ciency are plotted versus Ybconcentration. When the ¥b
concentration is increased, the transfer efficiency shows an
increase up to a maximum value of 88% in Inthis paper experimental evidence is presented for coop-
YbPO,: Th3* 1%. For this sample the transfer efficiency may erative energy transfer in Y,_,PO,: Tb®*. Emission, exci-
also be obtained using the fitted decay rates otation, and time-resolved luminescence measurements show
YPO,:Th** 1% and YbPQ:Tb%" 1%, yielding the same the occurrence of energy transfer from fiig, level of T
value. For YbPQ: Tb®* 1% a quantum efficiency of 188% is (around 20 000 ciit) to two Yb** ions, exciting both ions
obtained. This means that depopulation of thé* D, level  from theF,,, ground state to théF,, excited state around
proceeds 88 out of 100 times by excitation of two®Yibns 10 000 cm*. Monte Carlo simulations of the luminescence
to the?F, level. A quantum efficiency of 188% is close to decay curves are a useful tool for the determination of the
the limit of 200% and comparable to the most efficientenergy-transfer mechanism. Under the assumption of coop-
downconversion process known. erative dipole-dipole interaction, the simulated and the ex-

The high efficiency of the energy transfer may seem surperimental luminescence decay curves are in excellent agree-
prising since it involves a second-order energy-transfer proment for all Y** concentrations. On the basis of the very
cess. The factors contributing to this high value are, first, thgpoor agreement between simulation and experiment it is pos-
low probability of competitive processes: the excited state ofible to exclude energy transfer via an accretive dipole-
the donor has a long lifetime and first-order energy transfer islipole mechanism or a phonon-assisted energy-transfer pro-
absent. Second, the cooperative transfer rate should be higtess.

V. CONCLUSION
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In (Y,Yb)PO,: Th®* 1%, the cooperative energy-transfer ergy transfer, the energetically close location of allowed tran-
rate to a pair of nearest-neighbor ¥ions is 0.26 ms. The  sitions on the donor, and a good spectral overlap for second-
corresponding efficiency of the quantum cutting process isrder energy-transfer processes can explain this high
88% in YbPQ:Th3* 1%. This yields an upper limit for the efficiency. For other compounds which meet these criteria,
quantum efficiencyVIS+IR) of 188%, but the actual quan- cooperative energy transfer may be used to obtain efficient

tum efficiency is strongly reduced by concentration quenchguantum cutting as well.

ing of the IR emission from Y#. High concentrations of

Yb®* are needed for efficient cooperative energy transfer

from Tb** to 2 Yb**. To develop a commercially interesting
material, for example, for photon doubling in silicon solar
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