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Pronounced structure in x-ray excited luminescefeL) has been observed in dilute Th-doped
Y,03 (Y,05:Th) nanocrystals. This effect affords a means to assess different energy transfer
mechanisms in the nanocrystals and also an opportunity for novel device applications. Sharp jumps
and oscillations are found in the XEL output with the incident x-ray energy around the absorption
edges of Y and Th. When compared with a bulkO¢:Tb sample, these effects are attributed to
some unique electronic and optical properties of doped nanocrystals related to quantum confinement
of charge carriers, and the main features can be explained by a proposed model of multichannel
energy transfer. Extended x-ray absorption fine structure techniques have also been employed to
study the effect of size variation and chemical doping on the local structuregdnand Y,O5:Th
nanocrystals. The local environment surrounding Y and Tb in the nanocrystals is compared with that
in the respective bulk material. The results indicate that Th impurity atoms substitute for Y sites in
bulk Y,0,, while doping in the nanocrystals is complicated by the large fraction of surface atoms
and local disorder. ©1998 American Institute of Physids$s0021-897¢8)00610-(

I. INTRODUCTION luminescence. During the course of the present experiment,
we have found element-specific absorption-edge features in

Sm_all crystalline par'ucles exh|p|t many novel physical the x-ray excited luminescend&XEL) spectrum, showing
properties not found in bulk materials. These nanocrystalsed e iUmps” when the incident x-rav enerav is at the ab-
(quantum dotsare of considerable interest for both techno- ge Jump . . Y ay .

sorption edges of either the activat@id) or Y atoms in the

logical applications and fundamental studies. Of particulag . -
: host. These observations allow us to compare the efficiency
interest are the doped nanocrystdienceforth referred to as

DNC), as demonstrated by Bhargaeaal. that Mn-doped of different dpwn-cpnversmn paths in various .samples W!th
) - ; different particle sizes. The results also provide useful in-
ZnS nanocrystals show high efficiency of photoluminescence.

(PL) and ultrafast electron-hole recombination ratdadore Sights into the underlying mechanisms responsible for some

recently, an increase in PL efficiency with reduced articlenovel optical and electronic properties.
Y y b It is believed that these intriguing optical and electronic

size in Tb-doped YO, nano crystal phosphcfré has also .Rroperties of DNC are closely related to the local environ-
been reported. Novel physical behavior can be expected i . ; )
ment surrounding the impurity atoms. In order to explore the

these systems as the particle size is reduced to become COM=" | proverties of DNC phosphors for device applications. a
parable with some characteristic lengths such as the elec- prop phosp bp '

tronic de Broglie wavelength, the effective Bohr radius physical understanding of the local structural changes from

. . . . ... _bulk to nanoparticles is an important prerequisite. Since the
around the impurity centers, or the exciton radius. In addition .

. small host particle and the dopants do not have long-range
to these commonly known quantum size effects, however

the excited states of the localized atofesg., Tb in ,0,) order, conventional x-ray diffraction techniques are not use-

. ful for structural investigation. To this end, extended x-ray
can be strongly modulated as a result of quantum confine

. : . absorption fine structuréEXAFS) spectroscopy, a tool for
ment in the nanoparticleseferred to as quantum confined short-range order studies, is well suited for this task. In the

atom§) ' Wh'(.:h can lead to ghanges in the overlap of wave resent work, EXAFS technique is employed to investigate

functions with other atoms in the quantum dots. Due to thi .

modulation effect of quantum confinemént, the impurity he local structures around Th and Y atoms in bo_th undoped
’ and Tbh-doped ¥O; nanocrystal phosphors. In addition, bulk

states in a DNC can interact more efficiently with the hos 0. and Y.0.-Tb materials are also studied for compari-
than in the bulk, leading to significant changes in the elec- 2”3 2-s P

. o L son.
tronic energy structure and transition probabilities.

In contrast to ZnS:Mn nanocrystals which emit yellow L. EXPERIMENT
photoluminescence, phosphors of Th-doped nanocrystals of
Y,0; with size distribution ranging from 30 to 50 A can Sol-gel processing techniques were used to synthesize
down-convert absorbed x-ray or ultraviolet photons to greerY ,05:Tb nanocrystals:*€First, metallic sodium was reacted
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FIG. 1. Experimental setup for x-ray excited luminesce(XEL) experiments.

with iso-propanol quantitatively resulting in sodium iso- EXAFS at the YK edge and Th., edge, respectively. For
propoxide. The latter was reacted with yttrium and terbiumthe need of model compounds and also for the sake of com-
chlorides to obtain yttrium and terbium iso-propoxides. Yt-parison, EXAFS spectra of bulk ;0; and bulk Y,03:Tb
trium and terbium iso-propoxides were combined in azeotrosamples were also obtained in the same experiment. To study
pic distillation of butanol to exchange the iso-propoxide tothe effect of Tb doping and that of decreased particle size of
butoxide groups. A fivefold excess ofbutanol was used. the Y,0; host, we have made a comparison of th&edge
The resulting yttriumn-butoxide was used as a stock solu- EXAFS of a DNC Y,05:Th sample with a bulk ¥O5;:Th and
tion and was combined with yttrium butoxide which was with an undoped nanocrystab®;. A well-established back-
prepared separately to vary the Th-dopant concentration iground subtraction and correction method was used to ex-
the nanocrystals. Th-doped®; nanocrystals were prepared tract the EXAFS y functions from the raw experimental
with various ratios of yttrium and yttrium-dopant precursors.data®® The y functions were then weighted witk® and

The size distribution of the DNC particles ranges fromFourier transformed into real space for detailed
25 to 55 A as determined by transmission electron microseomparisort:*?For a quantitative analysis of the local struc-
copy (TEM). All these samples showed relatively high PL tures, the experimental data were analyzed and compared
efficiency in the green, attributed D ,—’F5 transition of
Tb*! ion. The Tb content in the nanocrystals was found to be
1-5 at % using energy dispersive x-ray spectroscopy. The
XEL and EXAFS experiments were performed at beamline
X3B1 of National Synchrotron Light Source at Brookhaven oL i
National Laboratory using a custom-built visible photon col-
lection setup(Fig. 1) and a conventional fluorescence mode
of detection, respectively. All measurements were made at
room temperature.

The intensity of XEL output was measured as a function
of incident x-ray energy near the Tbedges and X edge

Sample A

Sample B
for a series of ¥O5:Th DNC phosphorgsamples A—C, pro-
cessed under slightly different conditioress well as a bulk
Y ,05:Th sample. All these samples were thin films deposited
on glass slides. As shown in Fig. 1, a piece of Pb-doped glass semple

transparent to visible light but opaque to x rays was em-
ployed to reject the scattered and fluorescent x rays from the
sample. A mirror was used to reflect the visible light at 90°
into a photomultiplier. This mirror also served the purpose of
eliminating possible residual x rays passing through the up-
stream Pb-doped glass. A filter was placed in front of the //Jvioib,/
photomultiplier to reject possible blue to ultraviolet photons.

The XEL SpeCtra near. the le edgeS and the X edge are 74I00 ‘ 76|00 . 78|00 ‘ 80I00 . 82100 . 84|00 . 86I00 . 8800
normalized to the prejump intensities at 7.5 and 17 keV as

shown in Figs. 2 and 3, respectively.

We ha\_/e inVGStigated the local structqres around Y Eln(#IG. 2. X-ray excited luminescence near Tbedges. Curves have been
Tb atoms in %0O5:Tb DNC phosphors using fluorescence shifted vertically for the sake of clarity.

Normalized Photoluminescence (| /1 preTh L )

Photon Energy (eV)
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FIG. 3. X-ray excited luminescence near K edge. Curves have been FIG. 5. Weighted TH.; edge EXAFSy functions. Fine line: experimental;
shifted vertically for the sake of clarity. coarse line: theoretical.

with theoretical calculations by an improved curve fitting IIl. RESULTS AND DISCUSSION
method>1~13 The EXAFS x functions and theoretical _ , . .
curves obtained from curve fitting are shown in Figs. 4 and 5 AN 'lnterestlng outgome of the x-ray absorption experi-
and the corresponding Fourier transforms are shown in Figgf1entS is the ob_serva_tlon of pro_nounced green XEL output
6 and 7 for YK and Tbi, EXAFS, respectively. The pa- when the D_NC is excited by incident x rays with energy at
rameters obtained from this fitting process are listed in Tabléhe absorptlpn edges of Tb and Y. leesg measurements were
| for the local structures around the Y atoms and in Table ”made by using the setup illustrated in Fig. 1 and the results
for the local structures around the Th atoms. are shown in Figs. 2 and 3. The 542 nm green light output,
characteristic of transitions fromf& manifolds of TH",

Bulk Y203

Bulk Y203:Tb

Bulk Y203

Nanocrystal Y20 A

k3y (arb. units)

BukY_O_:Tb
273
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FIG. 4. Weighted YK edge EXAFSy functions. Fine line: experimental; FIG. 6. Fourier transform of YK edge EXAFSy functions. Fine line:
coarse line: theoretical. experimental; coarse line: theoretical.
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TABLE I. Local structures around Y for samples obtainedhfry K EX-
o AFS curve fitting. Underlined values were kept constant during fitting. Co-
‘ v ordination number ) and interatomic distancesRj of bulk Y,O; are
A Y calculated from x-ray diffraction data edited by Wyck¢te Ref. 1§ and
o2 is a Debye—Waller factor serving as a measure of the local disorder.
£
8 R o? AE, A
§ Sample Atom N (A) (10°A?3) (ev) (A) &
= Bulk Y0s. O 45 227 4 -02 5 08
g Bulk Y203:Tb 0 1_5 & 10 -2
3 Y 6 351 4 -5
L« O 15397 48 2
° Y 6 402 6 2
g Bulk Y,0; :Th O 41 227 4 1 508
= O 15 233 12 -18
g Y & 351 6 -4
= O 15397 136 -—10
Nanocrystal Y,0,:Tb Y 6 4.02 9 1
Nanocrystal ¥O;. O 57 233 9 5 5038
Nanocrystal ¥O;:Tb O 7.8 2.31 10 2 508
1 1 1 1
0 2 4 6 8 10
R(A) nanoparticles? This result is also similar to that found in the
. 5
FIG. 7. Fourier transform of Tl ; edge EXAFSy functions. Fine line: ZnS:Mn Sy,Sterﬁ' y . o
experimental; coarse line: theoretical. The ratio of the “XEL edge jump” signal to the mono-

tonic increasing background signal is about 70 times higher
in the DNC samples than that in the bulk materials, as shown

shows sharp “XEL edge jumps” as well as EXAFS oscilla-
tions similar to those found in the usual x-ray fluorescence
However, a significant difference in the XEL output was
found between the nanocrystals and bulk material. This i
illustrated in Fig. 8. The conversion of x-ray excitation to
visible XEL could involve two distinct pathgi) direct ab-
sorption of incident photons by the activat@opanj atom
which gives rise directly to the Th-activator edge jumps, anq‘sace of nanoparticles. This is also consistent with lidurdge
(ii) absorption of incident photons by the host material aton}
(Y) followed by an energy transfer to the activator which
causes the hoglY) edge jump. Following the x-ray excita-
tion, the absorbed energh¢) may subsequently be emitted
via the usual x-ray fluorescence procéssnoted byhr’ and
hy” for photons originated from the host or the activator
respectively, and it may also be down-converted to creat
photoexcited charge carriers in the band stai@a the
dotted-line path thereby giving rise to the observed visible
light output(dash-dotted line pajithrough electron-hole re-
combination.

Although x-ray fluorescence can propagate through
distance larger than the size of the nanopatrticles, the phot

exm_ted carriers are neverthelgss confined within the smalle 3 51 and 4.02 A from the central x-ray absorbing Y atoms,
particle boundaries. Due to this effect of quantum confine-

the host to the activator Tbh atonga the “host” path illus-
trated in Fig. 8. Such a background reduction is particularly

esults of Y shown in Fig. 3 where the ratio of “edge jump”
to the background in the bulk sample at tieedge of Y is

spite the presence of far-reachingkw fluorescence. These

'ferent contributions to the XEL output arising from the dif-
Cterent x-ray energy down-conversion paths.

studied by EXAFS. The Fourier transforms of theKYedge
EXAFS y functions for four different samples are shown in

%toms. For the bulk XO5 and Y,053:Tb samples, the second

ment, it is expected that energy transfer via excited carriers
in DNC will depend on patrticle size and is rather different

from that in the corresponding bulk material. This is cONnsiS-TABLE Il. Local structures around Tb for each sample obtained fronL.Thb-
tent with the observation that PL efficiency inG®5:Th in- EXAFS curve fitting. Underlined values were kept constant during fitting.
creases with decreasing particle sizes. The width of the

2
4175d absorption pand has been observed as a function of Sample Atom N (2) (10-12 A2) ﬁjf)’ (g) <
the nanoparticle size. The broadened absorption band and
subsequent transfer of charges to t1i8 gtate are believed to Bulk Y20;:Tb © 6 237 02 -1 10 063
be responsible for the enhanced PL efficiency. The size of i g i'g; (2)‘3 7_125
nanoparticles was measured using TEM. The efficiency Waganocrystai yo,:Tb 0 8.4 2.42 7 _5 0.63

found to vary as 1?2, whereD is the mean diameter of
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in Fig. 2. This enhanced ratio in DNC can be attributed to a
reduced background signal. The severe reduction of the
background signal in DNC is due to enhanced nonradiative
- contribution of the surface. The smallness of the size of DNC
hinders the energy transfer from the x-ray absorbing atoms in

ignificant for the Th-activator atoms residing near the sur-
about three times higher than that in the DNC samples de-
observations therefore allow us to assess the relatively dif-
The local structures around Y and Tb atoms have been

Fig. 6. The first peak is due to the nearest-neighbor oxygen
ind third peaks arise from other Y atoms located at distances

respectively. In view of the close curve fitting agreement of
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FIG. 8. Schematic illustration of the proposed energy transfer model for x-ray excited luminescence from DNC phosphors.

the EXAFS data with theoretical calculations, these resultsieighbor peak, could be attributed to the distortion of local
are consistent with the known structure of bulkOg. The  structures as a result of reduced size in the nanocrystals.
presence of Y-neighbor peaks in bulk,Q5:Tb at inter- However, Tb doping in ¥O3; nanocrystals does result in an
atomic distances similar to those in bulkQj indicates that increased coordination number of the nearest-neighbor oxy-
doping the bulk ¥O; host with a small amount of Tb does gen shell(from 5.7 to 7.8 around the Y atomsésee Table)l
not change the local environment surrounding the Y atoms, Table Il presents the structural parameters around Th
as expected. Other peaks at distances larger than 4.5 A aaéoms obtained from curve fitting the EXAFS resifgs. 5
mainly caused by Fourier transform processing, thereforand 7. Bulk Y,O5:Tb has a larger nearest neighidb—0O)
they are not reliable for structural analysis. It is noteworthydistance(2.37 A) than the nearest-neighb6Y—0) distance
that the Y-neighbor peaks are absent in both nanocrystah undoped bulk YO, (2.27—-2.33 A. The second peak in
samples of YOz and Y,O53:Th. This can be explained by the Fig. 7 arises from two unresolved Y-neighbor shells around
fact that an increasing fraction of Y atoms are located neaffb, similar to those resolved Y-neighbor shells around Y in
the nanoparticle surface as the particle size decreases. Fandoped bulk ¥O; shown in Fig. 6. From a comparison of
these Y atoms, the location of neighboring atomic shells athe local structures around Tb in bulk,®5:Tb with the
an interatomic distance greater than the nearest-neighbsimilar local structures around Y in undoped bulkO¥ (see
oxygen shell could become highly disordered, thereby resultTables | and Il, Figs. 6 and)/it can be concluded that Tb
ing in a diminished EXAFS signal. A similar interpretation atoms can indeed substitute for Y sites in bullO¥, while
can also be applied to Fig. 7 which shows the local structureaccompanied only by a slight local structural distortion
around Tb atoms in bulk and nanocrystals ofO¥:Tb. In  around the dopant atoms.
the bulk, there are near-neighbor peaks due to oxygen and Y; For a comparison of the firdbxygen peak around Tb
on the other hand, the Y peak disappears in the nanocrystatetween bulk and nanocrystals 0505:Tb, it is clear that
as a result of loss of coordination of the Y atoms or increasedb doping in the nanocrystals results in not only a longer
disorder in the nanopatrticles. Tb—O bond length2.42 A), but also an increased oxygen
The structural parameters around Y atoms obtained fronsoordination of 8.4see Table ). A comparison of the first
curve fitting the EXAFS resultéFigs. 4 and pare shown in  peak around Y(Table ) and that around TlTable Il) in the
Table I. A comparison of the firdioxygen peak in Fig. 6, Th-doped nanocrystals also shows that the local environment
between the bulk and nanocrystabQ%; samples, shows a surrounding Tb suffers a significant distortion compared to
slight shift of the peak to a higher interatomic distance in thethe local structures around Y. The nanocrystals also show
nanocrystals which can be related to local structural distorlarge disorder, indicated by the relatively higher values of
tion and disorder. The oxygen peak for the nanocrystalshe Debye—Waller factos? (a measure of local disordein
might actually arise from an unresolved composite peak conthese samples. It is conceivable that Tb doping in the nanoc-
sisting of two somewhat disordered oxygen near-neighborystals is more complicated than in the bulk as a result of
shells(corresponding to oxygen shells at 2.27 and 2.33 A inreduced particle size and higher degree of local disorder. In
bulk Y,0O3). The apparent larger oxygen coordination num-view of the results obtained thus far, we assert that Th dop-
ber (5.7) for the first peak is also consistent with the exis-ants in the nanocrystals of ,®; neither preferentially oc-
tence of a composite oxygen shell in the nanocrystals. Thisupy the Y siteqas in the bulk material nor can they all
apparent change in local Y—O bond length and oxygen coreside on Y sites deep in the center of the nanoparticles. The
ordination, together with the disappearance of the Y-nanocrystals may have a rather distorte®Ystructure, and
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Tb impurities can substitute somewhat randomly for Y sitesy sites in bulk Y,03:Tbh. The structures in nanocrystals of

in the small particles, probably with a significant fraction both Y,04 and Y,O;:Tb can become more complicated due

residing on the surface Y sites. to the large fraction of surface atoms and higher degree of
As a parenthetical remark, we have compared theocal disorder, although the EXAFS spectra around thi€ Y

present EXAFS results with our previous studies of Mn-edge and T edge appear similar. No Y-Y and Th-Y peak

doped nanocrystals of ZnS using MK edge EXAFS can be discerned from the nearest-neighbor oxygen peak in

measurements.The Mn activators were found to occupy the respective nanocrystals. This result is different from that

mostly deep Zn sites well inside the ZnS:Mn nanocrystals, asf our previous study of MK edge EXAFS on ZnS:Mn

manifested by the presence of the second and third neighbofanocrystals in which most of Mn dopant atoms occupy deep

ing shells in the Fourier transform. A capability to examinezn sites well inside the nanoparticles.

the location of impurity atoms is very useful for studying the
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