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Thermally stimulated electron delocalization and luminescence quenching
of Ce impurities in GdAIO 3
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A combined photoconductivity and luminescence quenching study, both temperature and spectrally resolved,
has revealed the role played by electron delocalization in luminescence quenching ain@aerities in the
wide band-gap inorganic insulator GAAJOThe anticorrelation found between the temperature behavior of
photocurrent and luminescence intensity strongly suggests that luminescence quenching and photoconduction
are intimately related by the same process, i.e., thermal stimulated ionization of optically exditexters:
Ce**— Ce**+electron. Quantitative modeling of experimental data using rate equations, however, reveals a
0.05-eV smaller activation energy for luminescence quenching than for photocurrent generation which indi-
cates that quenching predominantly proceeds via the formation of a Ce bound exciton at the originally excited
Ce ion. A second quenching process, dominant below 230 K, seems mediated by energy transfeffiden Ce
the G&* sublattice to C& centers resulting in hole conductivity via a charge transfer excitatioft* Ce

—Ce*+hole.
DOI: 10.1103/PhysRevB.71.045121 PACS nuni®er78.55—m, 71.55-i, 72.80.Sk, 32.80.Fb
. INTRODUCTION Il. EXPERIMENTAL TECHNIQUES

In a large number of laser, phosphor, scintillator and, elec- A5 x5x0.3-mn? sized 0.2% C¥ doped GdAIQ single
troluminescence materials, the excitetisfates of lanthanide crystal was used in the combined photoluminesce(iig
ions play a crucial role, either as pumping or as emittingand photoconductivityPC) study. The apparatus used in the
states in the luminescence process. The awareness is growipg and PC study consists of a 150-W Hamamatsu CW Xe
that the energy of these states with respect to the delocalizggmp coupled to an ARC VM502 vacuum monochromator
states of the conduction bari@B) can strongly affect the 554 3 custom built vacuum sample chamber. A Janis VPF-
efficiency of the luminescence process through direct or therz g |iquid-nitrogen cryostat, a Lakeshore 331S temperature
mally stimulated ionization of the excited lanthanide Ions. . ontroller, a thermocouple, and a cartridge heater allowed for

erqggsexec)i(t%?ircl)wegtg tgrcﬁ?tg%?;elt'keh(igz(l)égggg’e'#qgg}gﬁ'temperature control between 77 and 800 K. Emission spectra
’ y P were recorded in photon counting mode using a Macam

excited-state absorption, or thermoluminescence have beg; monochromator and a cooled photomultiplier tube.

used to determlne_ these energ(_e_ee, _for ex_ample, Refs. 1 Photocurrents were recorded in a similar way as described
and 2) An alternative way 10 position Impurity energy levels earlie® with the difference that the nickel mesh electrodes
relative to the bands of the crystalline host is by means of And the sapphire cover plates were replaced by transparent

photoconductlvny.study. Pgdr?rﬁ and 'V'CC'“Fé. and co- . 5-nm-thick Pt/Pd electrodes, sputter deposited using a Cress-
workers systematically studied photoconductivity properties

- i : " ington argon sputter coater. Some of the optical, lumines-
of doped wide band-gap insulators. They positioned groun%{;ence, and scintillator properties of GdAl@ere described

states of lanthanide ions with respect 1o the CB bottom b>Eaarlier in relation with its potential use as a scintillalfor>
deriving the ionization threshold energies from persisten

photoconductivity spectra. Later RauRast al, Yen, and ll. RESULTS AND DISCUSSION
Happek et al. concluded from photoconductivity studies that
whenever all 8 states are located in the CB no luminescence
can be observed. They also observed strong temperature de-
pendence of photocurrents whenever the excited states were Figure 1 compares the absorption, photoluminescence ex-
located close to but below the CB bottom and related that teitation, and photocurrent excitation spectra recorded at 293
thermally activated ionization of the excited impurities. VanK. The absorption spectrurfdotted ling shows a tail at
der Kolk® et al. further explored this temperature dependencewvavelengths longer than 325 nm. Verwéissigned this ab-

to accurately position thedbexcited states, instead of thé 4 sorption feature to C%& centers since its strength was found
ground state, of C¢ in Lu,SiOs. In cases where the tem- to be related to the Gé& concentration that could be varied
perature behavior of the photocurrent was discufs3&dnly by changing the reducing or oxidizing nature of the synthesis
a (qualitative relation was suggested with luminescencdiring atmosphere. Since this tail is also seen in the photo-
guenching. Surprisingly, the temperature dependence of phaurrent spectrunidashed lingit can be concluded that the
tocurrent intensity was never directly compared with the lu-corresponding excitation process leaves mobile charge carri-
minescence intensity in a single study. In this work an almosers in the valence ban@/B) and therefore most likely cor-
one-to-one relation between luminescence quenching anespond to a VB-Ce** charge-transfe(CT) transition.
photoconductivity of GJAIQ: Ce** is reported and discussed At higher energy, spectral features of all spectra in Fig. 1
in terms of a semiquantitative model. are dominated by the interconfigurational 3G&Xe]4f!

A. Room-temperature absorption, photoluminescence, and
photocurrent properties
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FIG. 1. Absorption spectrur(Abs), photoluminescence excita- FIG. 3. Photocurrent excitation spectra of a 0.3-mm-thick

tion (PL) spectrum, and photocurre(®C) excitation spectrum of a GdAIO;:0.2% Cé&* crystal between 80 and 380 K in steps of 20 K.
0.3-mm-thick GdAIQ:0.2% Cé" crystal recorded at 293 K. The The inset demonstrates how it was corrected for the contribution of
PL excitation spectrum was obtained using a 0.07% doped crushdtie CT transition.
crystal.

» ) ) ) _doublet is much faster than relaxation from doublet to triplet.
—[Xe]5d! transitions. Their energies as observed in previ-excitation of higher energy triplet levels within the GBee
ous studies?'“are indicated in Fig. 1 by vertical lines. Note Fig. 2(b)] may therefore not necessarily result in autoioniza-
that the bands at 310, 290, and 277 nm, hereafter referred {n but can also result in relaxation to the lowest enerdy 5
as triplet states for convenience, and the bands at 245 angate. A comparison between absorption, PL-, and PC-
230 nm(referred to as doublet stajeare not fully resolved.  excitation spectra can therefore only give a first estimate of
The distinction between the triplet and the doublet states cangyeg| positions relative to the CB.
however, clearly be made. The triplet and the doublet are pegpite the fact that the lowest energy &ate is antici-
both observed in absorptiofulotted ling with about equal pated below the CB it is, although with reduced intensity,
intensity. The PL excitation spectrum, on the other hantgpserved in the room-temperature photocurrent spectrum.
(solid line), only reveals the triplet states and shows doubletrpig points to a thermally stimulated ionization process
states of practically zero intensity. The PC excitation specyhich will be discussed in the next section.
trum (dashed ling displays the opposite behavior, that is,

doublet states of high intensity and triplet states of lower
intensity. B. Temperature-dependent photocurrent properties

A logical explanation of these intensity differences would  The temperature dependence of the photocurrent excita-
be that the doublet states are located in the CB, so that optjiony spectrum between 80 and 380 K, presented in Fig. 3,
cal excitation of these states is followed by autoionizationngeed confirms a thermally activated ionization process. The
and a corresponding photocurrent. lonization is not necessagripiet states have low intensity at low temperature but rap-
ily accompanied by luminescence quenching but can still bgyly gain intensity towards higher temperature. At 380 K,
followed by radiative recombination at another Ce ion. Theyipjet intensity has become approximately equal to that of
low doubled intensity in the PL-excitation spectrum shownthe doublet. A closer inspection of the PC spectra reveals that
in Fig. 1 convincingly demonstrates that in the case ofyyo temperature regions can be distinguished. At low tem-
GdAIO;, CB electrons are not retrapped by‘Cins to give  perature PC intensity changes only moderately with tempera-
5d'— 4f! emission. Apparently nonradiative recombinationy,re. while at higher temperature changes are more pro-
has a much higher probability. A sketch of the corresponding,ounced. The intensity of the lowest energg State as
level scheme, with the doubled states above and the triplgjhserved in PC spectra was estimated by subtracting the dark

states below the CB bottom, is shown in Figa)2 ~ conductivity and the contribution of the CT band as indicated
Itis interesting to consider an alternative interpretation ofy the inset of Fig. 3.

the intensity differences discussed above. It is likely that

intraconfigurational relaxation within the triplet or within the
C. Temperature-dependent photoluminescence properties

a) b) I In order to decide if and to what extent ionization results
5y —— — in luminescence quenching, the temperature dependence of
- the photoluminescence intensity was calculated from the in-
cB cB __'i: tegral of the emission spectra. Figure 4 displays these emis-
E sion spectra between 80 and 420 K. The typical 5
— 4f CE'[%F,,%F,),] doublet emission can be observed.

The spectral shape is, however, slightly deformed. On the
FIG. 2. Sketch of the possible locations off &nergy levels high-energy side the shape of the emission spectra is affected

relative to the CB bottom based on absorption, excitation, and phoby reabsorption in the crystal. On the low-energy side, non-
tocurrent spectra of GJAI0.2% Cé&* recorded at 293 K. Cée**-related emission with a poorly defined spectral shape is
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Wavelength [nm] nature of the two processes will be discussed.
310 340 370 400 430 460 490 Although the temperature dependencies of PL and PC in-
tensity below 230 K can be approximated by a linear fit in

- [ 80K the Arrhenius diagram with a slope of 0.01 eV, it is not likely
5.1 that process Il is controlled by a thermally activated process.
£ 7| 420K An activation energy of 0.01 eV is considerably smaller than
% 4 f typical pho.non en_ergies of 0.1 eV in ionic lattices. In addi-
g Z \ tion, close inspection of PL data below 230 K reveals a small

deviation from perfect Arrhenius behavior which is not ex-
Z pected for a thermally activated process. Instead it is more
20 37 35 32 30 27 25 likely that the temperature dependence of process Il origi-
Energy [eV] nates from C& — Gd®* energy transfer. Such transfer is usu-
o _ally followed by energy migration over the &dsublattice to
Gdillg.-o 2";'/ Céﬁm'ss'orl‘b SpeCt;aO 8f420"’:<_ 0'3'mmf't2k:)'°}'<‘ certain quenching cented$. This C&*— (Gf*),— X type
3 e M crystal between 80 an In steps of ' of energy transfer is commonly observed in Gd compounds
upon Cé* excitation into the lowest energydSstate. The inset . - 17 .

. ; i . . . nd is known to be very efficiedt:!’ The first transfer step
displays the integrated luminescence intensity as a function o S B i . :
temperat rom Ce* to G&* in GdAIO; was indeed observed in an

perature. . L
earlier scintillation decay study. The second transfer step

_ was studied in a TH co-doped GdAIQ: Ce* crystallt
observed. In order to estimate the temperature dependence asp Ce**— (Gd*),,— X energy transfer can only result in

accurately as possible, a double Gaussian fit was adopted b[%otoconduction

: : L if the final transfer step involves charge
only between the dotted vertical lines shown in Fig. 4. Thet(ansfer. Since it was already established that the CT transi-

resulting tempe_rature depend_ence sh_own in the inset revqun, VB— Cé* resulted in mobile holes, the final transfer
that PL quenching proceeds via two different processes sepgfep may very well be a Gti°P — S transition in which the

rated by a plateau around 230 K where the PL intensity ig angition energy is used to promote an electron from the VB
relatively insensitive to temperature change. to Cé* (VB — Ce).

The temperature dependence above 230 K is interpreted
as a thermally activated ionization process in which the ac-
The temperature dependence of PL and PC, upon excitdivation energy barrieAE corresponds to the gap between

tion into the lowest energydbstate, is summarized in the the lowest energy Cé5d state and the bottom of the con-
Arrhenius diagram(Fig. 5 by filled squares and filled duction band:® Since it is our intention to model this ther-
circles, respectively. From this figure two things are evidentmally activated proces@rocess ) it must be isolated from
First, there are two different processes active inthe influence of process Il, therefore experimental data were
GdAIO;:Cée** leading to ionization and luminescence fitted between 250 and 80 K, extrapolated to higher tempera-
guenching. One of therfprocess ) dominates above 230 K ture, and subtracted from the original PL and PC data. Figure
while the other onéprocess Il is dominant below this tem- 5 shows the extrapolated fi(glotted line$ describing the
perature. Second, since the slopes of the PC and PL curvéamperature dependence due to process Il only. The resulting
are identical but of reversed sign, photoconduction and lumidata (open symbols that are obtained after subtraction of
nescence quenching must have a common cause. Below, tHee fits from the original datéilled symbolg, describe the
temperature dependence due to the thermally activated pro-

D. Arrhenius diagram

Temperature [K] cess(process ) and will be used in the model presented
o858 & 8 8 below.

'é s - E. A model for the temperature dependence of PL and PC
§ et 3 o The model anticipated to fit the experimental PL and PC

..... - -u-u—u—a . . . . . . .
g | D'0-0-0—0—0——p———0H data is schematically summarized in Fig. 6. Optical excita-
E o Pi%eeg | tion (c;,), radiative recombination(c,;), and thermally
5 é: o\ .\.\-..\‘_ stimulated. ionization(c,3) between thg ¢ ground ;ta’Fe,
aels § il the 5 excited state, and the conduction band are indicated
e | \o | by straight arrows(cs;) represents the probability of nonra-

diatively recombination between thermally excited CB elec-
trons and C#& ions, either at the originally excited Ce ion or
at a different Ce ion. As discussed in Sec. lll A, recombina-

FIG. 5. Temperature dependence of the photocurrent intensitfion proceeds nonradiatively. This is expected when the for-
(filled circles and the integrated G&5d— 4f luminescence inten- Mation of a Ce bound excitofindicated by the dashed line
sity (filled squaresupon excitation into the lowest energyCéd  has a lower energy than the €éd state.
state. Dotted lines represent extrapolated fits to the data between 80 A quantitative description of the schematic model de-
and 250 K. The open symbols are obtained after subtraction of thpicted in Fig. 6 is expressed by the following differential
fits from the original data. equationgDE’s) or rate equations:

20 40 60 80 100 120 140
1KT [eV]
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FIG. 6. Schematic representation of the proposed model relating 20 40 60 80 100 120 140
luminescence quenching and photoconduction in3*@eped KT V']
GAAIOs. FIG. 7. Calculated temperature dependence of the photocurrent
intensity and the luminescence intensity upor?‘Cexcitation be-
Ny =—Cyp+ Ny +Cpy-Ny+Czp- N3, tween 80 and 600 K. Solid line$,=10'* Hz, AE=0.2 eV, andr
=20 ns. Dashed lines;=10" Hz, AE=0.3 eV, andr=20 ns. Dot-
Ny =Cyp- Ny — (Coy + Cpa) - Ny, ted lines:f,=10", AE=0.2 eV, andr=20 us.
— _— . .
N3 =Ca3 M2~ Ca1° Ny, 1) Results of such calculations between 80 and 600 K are

in which n; and n, are the fractions of G& ions in the 9givenin Fig. 7. It shows the general temperature behavior of
ground state and in thed5excited state, respectively; ~ PL and PC intensity upon excitation into the lowest energy
equals the number of electrons in the CB and at the samad state of C&*. The solid lines are calculations using typical
time the number of C¥ ions, n’ =dn/dt. The constant co- Values:f,;=10" Hz, AE=0.2 eV, andr=20 ns. At low tem-

efficientsc;;(s™) are given by perature PL has maximum intens(l'yr!ite(_j by the_ excitati_on
o rate since loss of intensity due to ionization is practically
c1p=107°, Ce" excitation rate, absent. At high temperature the situation is reversed and PC
has maximum intensity since the ionization rate is orders of
c1=5x 10", Ce" decay ratg7=20 n3, magnitude higher than the radiative decay rate. Only an ex-

periment operating in the temperature region near the cross-
Co3=fo- € F*T, thermally stimulated ionization rate,  over point(the point where PC and PL have equal intensity
indicated by the open circle, will display a clear anticorrela-
C3;= 10'%  electron—C#& recombination ratér= 0.1 n3. tion between PL and PC intensity. Outside this region either
) PL or PC has a detectable change with temperature and one
may be inclined to conclude that PL and PC intensity are
fo, AE, andk are the attempt frequency, the energy differ-unrelated. Note how the crossover point is affected when the
ence between the lowest energy*@Gel state, and the CB decay time is changed to a value of 2§ more typical for
and Bolzmann’s constant respectiveby, is equal to the 4f — 4f transition(dotted lineg instead of 20 ns. It is there-
product of the photon flux=10's™* cm™?) and the absorp- fore not unlikely that luminescence quenching from certain
tion cross sectiori=107'° cn¥) and the illuminated surface 4f levels (like the °D, level of TB** in ZrO,) due to ioniza-
area.cz; is determined by the lifetime of the electrons in the tion can be observed as well. WhAE is changed to 0.3 eV
CB that can only be estimated. Note tlegt andc,, strongly  (see dashed lingsot only the crossover point but also, as
affect the magnitude of the PL and PC intensity. They do notexpected, the slopes are affected. Figure 7 not only related
however, affect the temperature dependence and possible €€ intensities with PL intensities, it also makes clear that
rors in their values therefore have no consequences for thienization energy barriers and thus the position of impurity
discussion below. energy levels can be determined with an accuracy signifi-
For a given set of numerical values of the constant coefeantly smaller than 0.1 eV. Figure 7 also directly gives the
ficients, the three coupled DE’s can be solved numericallyqguantum efficiency(QE) of ionization. For example, the
for ni(t), using initial valuesny(0)=1, ny(0)=0, andnz(0)  solid line in Fig. 7 gives a 50% QE for thermal ionization at
=0, to obtain steady-state valuéakingt sufficiently large  about 200 K and a QE close to 100% at room temperature.
for ny, ny,, andn;. The temperature dependence of the pho-Using the 5l intensity ratios as observed in PC excitation
tocurrent and photoluminescence are finally calculated bgpectra, the QE for autoionization frond States located in
using the relations the CB can be found as well.
In Fig. 8 the model is fitted to the experimental data taken
from Fig. 5 (open symbols The best fit(solid line) to
the PC experimental datésquares was obtained using
fo=1.5x 102 Hz and AE=0.34 eV. It can therefore be
and solving the DE’s repeatedly for all temperature values ofoncluded that the lowest energyd Sstate of Cé&' is
interest. positioned 0.34 eV below the CB bottom. For these values,

PCo ng, photocurrentarb. unitg,

PL o cy; Ny, photoluminescenc@rb. unitg,  (3)
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e g ST°"‘P°’3‘“’°[K1 o independent of the C& concentration. This is in contradic-
¥ S = tion to the nature of the photoconductivity that is assumed,
7€ : i.e., a C&"— Cée" CT transition. One must not forget, how-
5 1 ever, that the number of ¢eions that are intrinsically
e’ . present in the crystaN;) exceeds the number of Eeions
z Measured data . ()that are optically generatdal;) by several orders of mag-
£ ¢ 0 photo-current 1 nitude. The change in the total number of*Céng+N,) ions
= O photo-luminescence . . .
g Calculated data . can therefore be neclected in good approximation. Indeed,
g e’ TiEZSi‘;‘, :g 1 whencs;-ng is replaced byc, -n3-(n3+Ny) in the rate equa-
. . R L tions the same PC temperature dependence is calculated.
20 40 60 80 100 120 140 Note thatn; is equal to the number of optically generated
VKTV Cé** ions and, within this model, also to the number of CB

FIG. 8. Calculatedsolid and dashed lingsind measuretsym- electrons.

bols) temperature dependence of the photocurrent intensity
(squarep and the integrated G&5d— 4f luminescence intensity IV. CONCLUSIONS

(circles. . . . .
Luminescence quenching of &an GdAIO; is due to two

however, a noticeable mismatch between the measuredifferent processes involving ionization. One dominates be-
(circles and calculated PL datolid line) becomes appar- low 230 K and corresponds to a €e- (Gd*),— X energy
ent. To simultaneously fit both PL and PC data it is necessarfransfer.X are quenching centers that, at least partly, consist
to allow for different activation energies for luminescenceof Ce" ions. The other quenching process dominates above
guenching and photocurrent generation. When a smaller a@30 K and corresponds to thermally activated ionization of
tivation energy of 0.29 eV for PL quenching is chosen a goodexcited Cé* centers. A fit by a model describing the tem-
fit to the PL data is obtaine@ashed ling A slightly smaller  perature dependence of the PL and PC intensity rev@als
activation energy for luminescence quenching than for phothat the emitting 8 state of C&" is positioned 0.34 eV below
tocurrent generation suggests that luminescence quenchitige CB bottom(ii) a 0.05-eV smaller activation energy for
takes place predominantly at the excited®Cin. In that  PL quenching than for PC generation, &iid) that lumines-
case the formation of a bound exciton does not involve the&ence quenching predominantly proceeds at th¥ ©e that
complete removal of an electron from €eand will there-  was excited.
fore cost less energy. In the case of ionization the electron
ha§ to overcome the Coulomb attraction of*Cevhich re- ACKNOWLEDGMENT
quires more energy.

We finally wish to note that the model presented assumes This work was supported by the Dutch Technology Foun-
that the electron-C'& recombination rate, equal @;-ng, is  dation(STW).
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