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Temperature dependent spectroscopic studies of the electron delocalization
dynamics of excited Ce ions in the wide band gap insulator, Lu »SI0g
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Electron delocalization processes of optically excited states 8f @apurities in Ly,SiOs; were
investigated by means of a temperature and spectrally resolved photoconductivity study. By
monitoring separately the strength of the photocurrent resulting from excitation into each of the
Cée** 5d absorption bands, over a broad temperature region, three different delocalization processes,
namely direct photoionization, thermal ionization, and tunneling, have been identified. The relative
probabilities and temperature dependencies of each of these processes are discussed. The observed
exponential temperature increase in the photocurrent, which spans six orders of magnitude, allows
for the exact placement of the lowest energy IBvels of the C&" ions within the band gap. For
Lu,SiOs;:Ce**, the lowest 8 state is determined to be 0.45 eV below the conduction band edge.
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Electron delocalization processes involving optically ex-lated luminescencé€PSL) excitation spectra were corrected
cited transition metal (8) or lanthanide (4) impurity ions  for the spectral intensity distribution of the excitation source.
in wide band gap insulators play a central role in determining  Lu,SiO;:Ce** has been studied extensively since its
the utility of insulating materials in various technical appli- successful use as a scintillating material in positron emission
cations, such as in scintillators, phosphors, and tunable soli@mography scannefs?8 It is useful to compare PC spectra
state lasers. For thedSexcited states of lanthanides, delocal- wjth the absorption, excitation, and luminescence spectra.
ization can result in the total quenching of the luminescencggih absorption and luminescence properties are dominated
and appears to be directly related to the precise location qu the vibronically broadeneiXe]4fL«5d? transitions lo-
the exited @l states relative to the intrinsic bands of the 5jized on the C& ion. As an impurity in LySiOs, C&™

crystalline host _One way of Ioca_tlng the 'mpu”t}’ '0N " jons reside in both of the two crystallographically-distinct Lu
ground state relative to the conduction b4Q) edge is to sites’ The CE€™ ions residing on the smaller Lu sites (e
deduce the photoionization threshold energy from the onset

a3 g ) Show efficient B1—4f emission around 370 nm upon exci-
of photoconductivity These onsets, however, are inher-_ ,. . o
oo ; . - tation into any of the crystalline field components of thet 5
ently difficult to define and can be easily misinterpreted. In

this letter, we show that, instead of using the photoionizationexcmd_mamfo'(isee Fig. _l.a)]. L“’T"”‘?SC?_”CG from the ions
ccupying the larger Lu sites (geis significantly quenched

threshold energy, the energy level structure of the impurit)P
ion can be determined with more precision using the tem@t room temperature and appears as a weak shoulder on the

perature dependence of thermal ionization from the lowegPng wavelength side.of the §tr9ngerlcmﬂission[s§e Fig.
5d state to the CB edge. 1(b)]. The corresponding excitation spectrum of this shoulder

A 10x10x0.5 mm Ce-doped LiSiOs crystal was displays, besides the intrinsic Ced states, additional
mounted between two 90% transparent nicke| mesh e|e&%‘re|ated 4 —5d transitions; the most intense of these is
trodes and two sapphire plates. Photocurrents were measuré@noted by the vertical dashed line in Figbjl and the
with a femtoampere stability using a Keitley 6517A elec-transitions to the lowestd level of the Ce and Cg ions
trometer. 1000 V was applied across the electrodes using tt&ppear as a distinct doublet. The photoconductiyRL)
stabilized voltage supply of the same electrometer. Temperapectrum[Fig. 1(c)] also shows this doublet structure; the
ture control was achieved by using a cold finger, liquid ni-lowest energy PC band is located at the same energy as the
trogen, a cartridge heater, a thermocouple, and a proportionae, excitation band. It can therefore be concluded that, in
integral differential controller. Tunable monochromatic light contrast to the luminescence and the excitation properties
was provided by a 300 W cw xenon lamp and a 0.15 mMthat are dominated by the Céons, the PC properties show
monochromator. PhotoconductivitPC) and photostimu-  contributions from both types of & ions. At room tem-
perature, all localized #—5d transitions on C& undergo
3Electronic mail: vdkolk@iri.tudelft.nl delocalization processes which lead to photoconductivity;
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FIG. 3. Temperature dependence of the strengths of the individual PC bands
in Ce-doped LySiOs;. The inset shows the relevant energy levels and the
associated delocalisation procesgégdirect ionization;(2) thermal ioniza-

tion from the lowest 8 level; (3) formation of the Ce-bound excitori4)
thermal dissociation of the Ce-bound exciton; 46H5d— 4f radiative or
nonradiative relaxation.

FIG. 1. PSL excitation and emission spectra of @ms (a) and Ce plus

Ce, ions (b) in Lu,SiOs. The photocurrent excitation spectruu) is fitted
with 6 Gaussianga,b,c,d,.). to estimate the strengths of the PC bands as-
sociated with absorption into the different States. All spectra were re-
corded at 293 K.

e has been interpreted as representing the energy from the
" ground state to the CB edge. By this method, a value of
5 eV was estimated for the Ceon in Lu,SiOs.! Besides
e fact that onsets are difficult to determine accurately and

20 K. At low temperatures and as expected, a significan onsistently, our data demonstrate that the direct transition

photocurrent can only be observed upon excitation into the ™ 'Fhe. grqunq state to the CB is not ObS‘?T"ed’ instead,
higher energy B states(bands ¢ and d When the tempera- photoionization is always preceded by a transition to a local-
ture is raised, excitation into the lowest energg States ized statg of the impurity ion. .

(bands a and )balso begins to induce a photocurrent. The The rich nature of the spectroscopic features of our data

temperature dependence shown in Fig. 2 was reported pre\;g_llows dfor a f?:r more _deta|tled analtyS|s ?;] thettemrt)lfra';u[ﬁ
ously and has been attributed to the ionization df<$%ates ependence. For a given temperatureé, the strengtn ot the

located within the conduction band and to a thermally stimy Photocurrent resulting from th? excitation into each of t!d? °
lated process involving d states located just below the con- bands(the PC bandswas estimated by a Gaussian fitting

duction band. In previous studies on this and on other dopedprocedure, as exemplified in Fig(c). The var|at|9n with
insulators®S the onset of the photocurrent at low temloera_temperature of the strengths of these PC bands is plotted on

an Arrhenius diagram in Fig. 3.
The temperature dependencies of the strengths of the

the origin and temperature dependence of these process
will be considered next.

Figures Za) and Zb) display PC spectra as a function of 3.
temperature between 133 and 433 K, in incremental steps

Energy [eV] lowest energy PC bands of both Ce idbands a and)bare
a0 51 48 41 36 31 practically identical and are represented by a single curve
433K (a/b) in Fig. 3. The functional form of this dependence may

be approximated by, + C,- exp(—AE; /KT). Below 225 K,
the exponential terr, - exp(—AE; /KT) is insignificant com-
pared to the temperature independent contributi@n)(
which we assign to an electron tunneling process to adjacent
Cée*" ions. Above 225 K, the photocurrent shows an expo-
nential increase over six orders of magnitude which is due to
thermally stimulated ionization processes from the lowest
Cée** 5d state to the CBprocess 2, Fig.)3 From a fit of the
a andb data, an activation energy afE;=0.45+0.02 eV is
found, which we interpret as the energy separation between
the CB bottom and the lowest €e5d state. We note that
the activation energies for the Cand Cg ions have the
same value, indicating that the lowest States for these ions
are located at the same energy below the CB bottom.

The temperature dependence of the strengths of the
higher lying PC bands; andd, arising from excitation into
the higher lying %© states resonant with the CB, is

FIG. 2. Photocurrent excitation spectra of,Bi0s:Cé** between 133 and More complicated, and can be well fitted ©3+C,

433 K. Note that they-axis scale units of Figs.(8) and Zb) are the same. - eXp(—AE; /kT)+C,-exp(—AE,/kT). Above room tempera-
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ture, curvesc and d have essentially the same slope asunaffected in this temperature rangee Fig. 3. Clearly no
curvesa andb, indicating that the same energy barrleE;  signature of any luminescence temperature quenching pro-
controls their temperature dependence. This is attributed toess is present in the PC data. The thermal ionization process
the fact that pumping into the higherd5levels predomi- seems to have a negligible effect on the population of the 5
nantly results in the population of the lowedl fevel, from  states so that the thermal ionization rate, even at the highest
which the same ionization processes describedChy- C, measured temperatu(é33 K), must still be smaller than the
-exp(—AE, /kT) occurs. In addition, a direct ionization pro- 5d—4f relaxation rate. Since the €e radiative rate is
cess(process 1, Fig. Boccurs from the higher & levels  known,~10° s, this allows us to put an upper limit to the
(C}). Together, these two processes give a temperature invalue of s of 10'* s, This rate is comparable with the
dependent ternC;=C,+C; . If this temperature indepen- values found fots from thermoluminescence studibs.

dent contribution is subtracted, curvésand d (Fig. 3) are Finally from curves ¢ and d in Fig. 3 we note that the
obtained that clearly reveal an additional exponential terndirect ionization process(which gives rise to the
[C,-exp(—AE,/kT)] reflecting a second thermally stimu- temperature-independent componésin turn 3—4 orders of
lated process with a smaller energy barri#E,=0.08 eV.  magnitude weaker than the thermal ionization process at 433
Since this temperature dependence is absent in the case f The weakness of the direct photoionization process may
excitation to the lowest & level, this process can be ex- be related to the fact that the process results in the generation
plained as the formatiofprocess 3, Fig. Band subsequent of a single hot electron into the CB with a kinetic energy of
thermal dissociatioriprocess 4, Fig. 3of a Ce-bound exci- the order of 1 eV and with a concomitant amount of momen-
ton, 0.08 eV below the CB bottom. This exciton, tum. Since single photons have little or no momentum, the
Cée** +electron in the CB, appears in the course of the relaxsmall probability of direct photoionization may reflect the
ation of an electron from the levels in the CB: before theabsence of momentum conservation in the process.

electron becomes strongly bound to®Cen the lowest 5l

state, a short-lived weakly bound state with a higher energ¥_ . ;
is formed involving Cé" and CB states. This can explain ional Science Foundation. The authors thank P. Dorenbos

the observed smaller thermal activation barrier of 0.08 evand M. J. Weber for providing the €& doped LySiOs
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