PHYSICAL REVIEW B 69, 235113(2004

Delocalization, thermal ionization, and energy transfer
in singly doped and codoped CaAJO; and Y,0;

Dongdong Jid, Xiao-jun Wang?3* and W. M. Yert
1Department of Physics, University of Puerto Rico, Mayaguez, Puerto Rico 00681, USA
?Key Laboratory of Excited State Processes, Changchun Institute of Optics, Fine Mechanics, and Physics,
Chinese Academy of Sciences, Changchun 130033, People’s Republic of China
3Department of Physics, Georgia Southern University, Statesboro, Georgia 30460, USA
4Department of Physics & Astronomy, University of Georgia, Athens, Georgia 30602, USA
(Received 17 October 2003; revised manuscript received 29 March 2004; published 30 June 2004

Cée** and TI* singly doped and codoped Ca@l; and Y,O5 single crystal fibers were grown using the laser
heated pedestal growth method. Energy transfer frodt @eTh** was studied in these samples. No energy
transfer between Gé and TE* was observed in codoped,®s. This is because electrons excited into the
Ce** 5d states delocalize into the conduction band at a rate that is faster than the interionic energy transfer rate,
whereas the converse is the case for G&Aldoped with C&" (1 at %) and T (1 at %). The energy
transfer rate was determined to be on the order 8fst@ The transfer occurs before the excited electrons can
be thermally promoted into the conduction band. From these results, it can be inferred that the thermal
ionization rate(Wsy) from the lowest 8 excited C&* state at 355 nm is less than®1§* at room temperature,
whereas the delocalization rad/p) into the conduction band is faster than this rate. The location of tRé Th
and Cé" states relative to the valence and conduction band of these two materials has been determined through
photoconductivity measurements.
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I. INTRODUCTION Because of the simple energy level structure (4&)!
configuration, the spectroscopic properties of'Ge various
In practical applications, such as phosphors and solidhosts have been studied extensiVie§pecial emphasis has
state lasers, rare earth ions are frequently used as dopgden placed on the nature of the &ates which are affected
activatorst= The behavior of the active electrons of theseby the symmetry and strength of the crystalline field of the
ions in their excited state is important in determining thehost matrix! For cubic symmetry, thed state will split into
properties of the materials. E and T states. For both YO; and CaAlO; systems, the
The spectra of the rare earth ions are dominated by intrsymmetries of ¥* and C&* sites are lowerthe two Y3*
astate, # to 4f, transitions which generally consist of sharp sites of symmetryC, andCs; and one C# site of symmetry
line spectra largely insensitive to the crystalline hosts. Thes€,),2° causing further splitting of th& and T states. For
properties are inherent to the nature of tHesfiates which  Y,0s;, the & components fall within the conduction band,
are well shielded from external perturbations. Electronsfin 4 while in the case of CaAD; the lowest 8 multiplet lies
states are localized and can be designated to specific impbelow the conduction band. The position of the lowest com-
rity ions. ponent of the B states determines the radiative behavior of
The first set of interconfigurationally allowed states areCe** in a given material. For example, nal8f lumines-
the & states, which are more extensive physically and henceence is observed in )03, while strong broadband transi-
interact more strongly with the surrounding ligands when intions are observed in the Ca compodfid?This is a conse-
a solid. As a consequence, thetd 5d transitions are broad quence of the delocalization of the electron while in the
and can vary in energy considerably. The position of tle 5 conduction band.
states of rare earth ions has been extensively studied spe- Ce* has been established as a luminescence sensitizer for
cially for Ce**.# Because of their extentd5states are sensi- the TB* ion. The energy transfer process leading to the en-
tive to crystalline field changes, and field components can hancement of the T 4f-4f transition originates from the
be energy resonant with the conduction band of the hosimetastable lowestdbstate of the C¥ ion, and under the
Electrons promoted todbstates can become conduction elec-proper conditions, the energy transfer rate can be high
trons under the proper circumstances, resulting in the loss @mough to change the emission dynamics of the donor state.
delocalization of the electrons from the impurity ion. In other In the doubly doped system, interionic energy transfer pro-
words, the impurity ion can be photoionized throughéx-  vides an additional competing mechanism for the de-
citation. Photoionization can be also thermally induced ifexcitation of the C& state. The various mechanisms in-
optically excited states are below the conduction band butolved are schematically depicted in Fig. 1, including direct
sufficiently close to it. If the state in question is emissive,radiative decay back to the ground state, direct and thermally
thermal photoionization competes with the radiative procesinduced photoionizatioiidelocalization, and the process of
and affects the overall luminescence quantum efficiency o$ensitization(energy transfer Typically for rare earth sys-
the staté. tems, the radiative decay rate for d #® 4f transition(Wj) is
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FIG. 2. Emission(solid lineg and excitation(dashed lines
(a) CaAlLO, () Y,03 spectra of the samples. All emissions are recorded upon excitation
at 355 nm. The excitation spectra are monitored at 420, 542.9, and
FIG. 1. Energy diagram ofa) CaAl,0,:Th**,Ce* and (b)  542.9 nm for (a) CaAl,0,:Ce**, (b) CaAl,0,:Tb®", and (c)
Y,05:Th3*, Ce*. Wy is the decay rate of 355 nnd3evel of Ce*,  CaAl,0,: Th®*, Ce**, respectively.
Wi, the energy transfer rate from &eto Tb®*, Wy, the thermal
ionization rate, and\p the delocalization ratésolid lines: oc-
curred; dashed lines: did not ocgur

trometer was used both as the high voltage supply and as the
current detector.

The fluorescence lifetimes were recorded using a Tek-
of the order of 10s7%; the energy transfer rate can be con-tronix 460A digital oscilloscope and a SPEX M500 spec-
trolled by adjusting the concentrations of donor and acceptotrometer upon excitation with a frequency tripled Nd:YAG
i.e., distance between the donors and acceptors. laser(pulse width~7.0 ng. The other optical measurements

In this work, by comparing the dynamic behavior of the such as emission and excitation spectra were taken with a
Cée* excitation in the doubly doped systems and contrastingSPEX FluoroMax spectrofluorimeter. The band gaps gy
the competing de-excitations mechanisms for thesfate, and CaA}O, are determined from the optical absorption to

we find that we can make estimates for the thermal ionizahe 5.6 and 6.2 eV, respectively, using undoped samples.
tion rate(Ws,) and the delocalization rat®Vp) for rare earth

electrons occupying the €estates. The thermal ionization
rate (Wqy,) is analogous to the spin-lattice relaxation rate and . RESULTS AND DISCUSSION
is a measure of the strength of the electron-phonon interac-

tion of the excited 8 states of rare earth ions with the host. A. Energy transfer and thermal onization in CaAl,0;

samples

Figure 2 shows the emissiogsolid) and excitation
Il. EXPERIMENT (dashegl spectra of the CaAD; samples doped with Cé
and TB* individually [Figs. 2a) and 2b)] and jointly [Fig.

The Y,03:Ce*, Y,05:Tb%, Y,05:Tb*,Ce*, and 2(c)]. The doping concentration of the samples was nomi-
CaAl,0;:Ce*, CaAl,0;,:Tb%", CaAl,0,:Th%*,Ce", single nally 1 at% for both dopant ions. The excitation spectra
crystal fibers were prepared by the laser heated pedestalere obtained by monitoring emissions peaks for**Ce
growth (LHPG) method'® Pellets of the starting mixture [420 nm, Fig. 2a)] and TB* [542.9 nm, Figs. @) and 2c)],
were made with the proper mole ratio. The doping concenrespectively. The emission spectra were measured upon ex-
tration is 1 at % for all dopants. The pellets were sintered atitation at 355 nm corresponding to peak of thé Gabsorp-
1200 °C in air in a Linderburg blue tube furnace for 2 h andtion.
were cut and milled into 1-mm square rods wthithout) a For the singly C& doped samples, the excitation spectra
sharp tip to serve as the se@ded. The samples were re- consist of multiplets of the & state. The lowest & state
duced at 1350 °C in a 5° H+N, gas flow. This is necessary peaking at 355 nm lies below the conduction band of
because both CG& and TH* are also stable valence states. CaAl,0,. The excitation spectra of Pbconsist of high lying
The fiber samples were polished into thin slgB80—-300 4f states as well as components of ith Gates.

-um thicknesy along their fiber axis with two parallel end The emission of C¥ in the codoped sample disappeared
surfaces. upon excitation at 355 nm, and the features of‘Caxcita-

Photoconductivity spectra of the samples were measuretion appear in the excitation spectrum of*Ttwhen moni-
at room temperatur€290 K) and at 140 K. Ni meshes tored at TB* 542.9-nm emission. These facts indicate that
served as the electrodes. The light source was an Orignergy transfer from CGé to Tb*" in the codoped sample
200 W Xenon lamp filtered through an ISA Jobin Yvon Spextakes place. The lifetime of the &eemission in the singly
monochromator. The samples were mounted in an electridoped sample is measured to be 35 ns. In the codoped
cally and thermally shielded vacuum cryostat. The appliedsample, it is greatly shortened and is not detectable by using
voltage was about 10000 V/cm. A Keithley 6517A elec- an excitation pulse of 7 ns pulse width; this implies that the
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200 ! ) ! ' ") 283 nm for THE* is estimated to be 0.33 eV. Taking the mea-

i sured band gap value of Ca@l; as 6.2 eV, the ground state

] of Tb®* then can be placed 1.5 eV above the valence band, as
shown in Fig. 1. No photocurrent signals were observed in
the TB* 4f-4f transition region.

________ The Cé* photocurrent spectra are shown in Figb)3 At

0 T room temperature, the €ephotocurrent spectrum agrees

©] with the Cé* excitation spectrum. An interesting observation
&_/\ ] is that the photocurrent intensity is found to be weak while
. . ] the excitation intensity is strong at 355 nm. A possible ex-

200 250 300 30 400 480 500 planation is that thermal ionization occurs at the 355(bth
Wavelength (nm) band, which means that thedsband of Cé" is below the
host conduction band. In addition, the onset of the photocur-
rent spectrum shifts to higher energy at low temperature
(140 K), also indicating that thermal ionization is occurring.
The 5 band at 355 nm is estimated to b®.3 eV below the
host conduction band calculated from the two onset energies
energy transfer ratér,, is ~10° s™ at 1 at % concentration gt two temperatures. Hence, the3Cground state is about
and that is much faster than the Ceemission rate W, 2.3 eV above the host valence bagste Fig. 1. The posi-
which is of the order of 10s™. The energy transfer occurs tions of the other energy levels of the 3fand C&* relative
from the lowest 8 band of C&" (at 355 nm. It depletes the  tg the host band gap can then be determined by these optical
population of lowest C¥ state rapidly and reduces the prob- transition energies as determined by spectroscopy.
ability of thermal promotion to the conduction band. Details  The photocurrent of the codoped sample is similar to the
will be discussed in the section below. Ce* singly doped samples. The Tbphotocurrent is too
Photoionization depends largely on the relative position ofyeak to be detected in these samples. The photocurrent be-
the impurity energy levels to the host band gap. Photoconhayior at lower energies of the &e5d level is very inter-
ductivity measurements are helpful in determining the impu-esting; it is clearly much weaker than that of the singly
rity band positions relative to the host band gap, and ingoped sample. This indicates that energy transfer frodt Ce
studying the thermal ionization of the excited state electrons,g T3+ is occurring and that the electron population at tde 5
A phOtocurrent is observed as the electrons from impuritie%tate is being reduced qu|ck|y Because of thiS, fewer elec-
reach the conduction band. The photocurrent spectra are CQfpns are available to be promoted to the conduction band
related to the excitation spectra of the electrons in the conthrough jonization. The thermal ionization raéy, of the
duction band. If the excited states lie below the conductiornsjectrons in the & 5d band is slower than the energy trans-
band, then the photocurrent spectra will depend on the theter rate\w; (~10° s72).
mal ionization raté\r, that is given in form of Based on the discussion aboWy, can be estimated in
ABIKT. (1) betweenW, (10’ s™* or greater for singly doped é8 and
Wr,. The frequency factos can then be estimated to be of
whereAE is the energy deference between conduction banthe order of 1& s, while the frequency factor of thermal
and the excited states below asds a frequency factor, detrapping process; in a similar host CaAlO, has been
similar to that defined for thermal quenchiHy. found to be 1895711518 which is very different from thes
If thermal ionization is involved, the excitation spectra, value in CaA}O;.
and the photocurrent spectra will have some differences. The
photocurrent of the excited states below the conduction band
will be weaker than the excitation spectra, because fewer
electrons are being promoted to the conduction band. THC There is no C& emission is observed in )05.1° The
thermal dependence of the ionization process is such that @b excitation and emission spectra are shown in Fig).4
lower temperatures the onset of the photocurrent signal shift§he strong 4-5d transition of TB* is found at 310 nm,
to higher energies, and hence the energy splitting can behile f-f transitions are observed at 492, 542.9, 590, and
determined by using the two onset energies at two temper@®30 nm, respectively. Gé and TI* were also codoped in
tures. Y ,05, and their emission and excitation spectra are shown in
The photoconductivity spectra of the €eand TB*  Fig. 4b). The emission and excitation spectra of the*'Tb
singly- and codoped Caf®, samples are shown in Fig. 3. singly doped and codoped with €esamples are identical
Tb®* ions generate very weak photocurrent in the sample, aand imply that there is no energy transfer fron?Ce Tb**
shown in Fig. 8a). A photocurrent peak of T is found at in this host. There is no absorption observed around 390 nm
283 nm and is assigned to the lowestdiates of TB*. From  [that appears in the photocurrent spectrum in Fig)]5n the
the onsets at two temperaturdgl0 and 290 Kin Fig. 3and  excitation spectrum when monitoring ¥bemission.
assuming the photocurrent proportional to thermal ionization Photocurrent spectra of all three samples are shown in
rate and emission intensity at the same wavelength, the emfig. 5. The photocurrent of Ph5d states at 310 nm is
ergy difference between the conduction band add&nd at quenched at low temperature because this state is below the

(b)

Intensity (pA)

FIG. 3. Photoconductivity spectra of the Ca®} samplesi(a)
CaAl,0,:Tb®; (b) CaAl,0,:Cée*; (c) CaAl,0;:Th3*, Ce* (solid
lines: 290 K; dashed lines: 140)K

Wy, =se

B. Energy transfer and delocalization in Y,03
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In general, the energy transfer rate fron?Ci® Tb** is of
the order of 18-1® s™%. The Cé&* to Tb** energy transfer is
mostly due to a dipole-dipole interaction which depends on
the donor-acceptor distan&é>1/R). Under the same dop-
ing concentration, the distand®between C& and TBE" is
smaller in Y,0O3 than that in CaAlO,, so that the energy
transfer rate between €eand TB* should be greater in
Y05 than in CaAlO-; the latter rate was estimated of the
order of 10 s™* at 1 at % doping concentratigit is far less
than the quenching concentratjdil The reason for the ab-
sence of energy transfer in,®; is that all the 8 compo-
nents are in the conduction band and the delocalization
Wavelength (nm) rate is much faster than the energy transfer rate, Wg,,
o o o _ >W;(~10° s7%). Once the electrons are excited to the 5
FIG. 4. Emission(solid lines and excitation(dashed lines  giates from the ground state, they delocalize to generate pho-

spectra of the samples. Both emissions are recorded upon excitati%Currerlt instead of engaging in the transfer of energy to
at 310 nm and both excitation spectra are monitored at 542.9 NP3+ 1 yi,eld emission

(@) Y,05: Tb** and(b) Y,04: Th3*,Cé.
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IV. CONCLUSION
conduction band. The onsets of photocurrent signals éf Th _
are found at 324 nni290 K) and 306 nm(140 K) as shown we haa\ie +stud3|$d Jwo  sets  of .sar;lples,
in Figs. §a) and §b). It follows that the § band of TH* at ~ C8ALO;: Tb*'/Ce*/Tb*, Ce and  Y;05:Tb™/
310 nm is estimated 0.25 eV below the,(¥; conduction %;fj.Tb f’t%é .'I(;he efrlire)gy_}ranifetrhragg\gr,(;rom ((j:i (;O
band. Using the measured band gap value #yas 5.6 eV, IS of the order of 2Ps ~In bo 507 and Y;0,
the ground state of T can be placed at 1.3 eV above the systems. The T and Cé* ground-state positions relative to

hosts’ band gap were determined by photoconductivity mea-
Y20, valence band. In the codoped sample, phOtocurren§urement. Tgepﬁj ground state is l.)'/SF;nd 1.3eV ab0\¥e the

peaks from both T and Cé" are observed in Fig.(B) at CaAl,0; and Y,0; valence band, respectively. The €e

room temperature. The €ephotocurrent peak is found at ground state is 2.3 and 2.8 eV above the G&Aland Y,0,

390 nm. The C¥ 5d bands are all in the conduction band, valence band, respectively.

and its ground state is hence about 2.8 eV above $@;Y  The thermal ionization process of the®Cen is observed

valence bandsee Fig. 1. ~in CaAl,0;. A competition between thermal ionization and
The C&" emission is quenched by electron delocalizationenergy transfer is observed and allows us to estimate various

in Y,05 because all thecbbands are above the host conduc-rates. Thermal ionization of thed5electrons of C¥ at

tion band. These delocalized electrons relax to the bottom a855 nm is dominated by the energy transfer process from

the conduction band. The &eemission ratdV, is normally  Ce** to Tb** in CaAl,0,. The thermal ionization raté/Ny,)

10" s™, so that the delocalization raWp, in Y,0; must be  at 355-nm 8l level at 290 K in CaAJO” is estimated in the

faster than 10s™* in order to quench the G&emission. range ofWy,(~10° s73) > Wy~ Wy(~107 s79).

. . . . . Delocalization of the 8 electrons of C& ions in Y,0; is

10 iTb @) a dominant process in the de-excitation. The energy transfer
324 from Cé€" to Tb** is quenched by the delocalization of the
Z 0 / 5d electrons of C¥ in Y,0O; The delocalization, energy
£ 10 (b) transfer, and radiation rates are found to have the following
2 {Tb 306 relationship:Wp > W (~10° s73) > W,(~10 s7%).
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