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Pronounced structure in x-ray excited luminescence~XEL! has been observed in dilute Tb-doped
Y2O3 (Y2O3:Tb) 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 Tb. When compared with a bulk Y2O3: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 structures in Y2O3 and Y2O3:Tb
nanocrystals. The local environment surrounding Y and Tb in the nanocrystals is compared with that
in the respective bulk material. The results indicate that Tb impurity atoms substitute for Y sites in
bulk Y2O3, while doping in the nanocrystals is complicated by the large fraction of surface atoms
and local disorder. ©1998 American Institute of Physics.@S0021-8979~98!00610-0#
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I. INTRODUCTION

Small crystalline particles exhibit many novel physic
properties not found in bulk materials. These nanocrys
~quantum dots! are of considerable interest for both techn
logical applications and fundamental studies. Of particu
interest are the doped nanocrystals~henceforth referred to a
DNC!, as demonstrated by Bhargavaet al. that Mn-doped
ZnS nanocrystals show high efficiency of photoluminesce
~PL! and ultrafast electron-hole recombination rates.1,2 More
recently, an increase in PL efficiency with reduced parti
size in Tb-doped Y2O3 nanocrystal phosphors3,4 has also
been reported. Novel physical behavior can be expecte
these systems as the particle size is reduced to become
parable with some characteristic lengths such as the e
tronic de Broglie wavelength, the effective Bohr radi
around the impurity centers, or the exciton radius. In addit
to these commonly known quantum size effects, howe
the excited states of the localized atoms~e.g., Tb in Y2O3!
can be strongly modulated as a result of quantum confi
ment in the nanoparticles~referred to as quantum confine
atoms!, which can lead to changes in the overlap of wa
functions with other atoms in the quantum dots. Due to t
modulation effect of quantum confinement,5–7 the impurity
states in a DNC can interact more efficiently with the h
than in the bulk, leading to significant changes in the el
tronic energy structure and transition probabilities.

In contrast to ZnS:Mn nanocrystals which emit yello
photoluminescence, phosphors of Tb-doped nanocrysta
Y2O3 with size distribution ranging from 30 to 50 Å ca
down-convert absorbed x-ray or ultraviolet photons to gre
5400021-8979/98/83(10)/5404/6/$15.00
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luminescence. During the course of the present experim
we have found element-specific absorption-edge feature
the x-ray excited luminescence~XEL! spectrum, showing
‘‘edge jumps’’ when the incident x-ray energy is at the a
sorption edges of either the activators~Tb! or Y atoms in the
host. These observations allow us to compare the efficie
of different down-conversion paths in various samples w
different particle sizes. The results also provide useful
sights into the underlying mechanisms responsible for so
novel optical and electronic properties.

It is believed that these intriguing optical and electron
properties of DNC are closely related to the local enviro
ment surrounding the impurity atoms. In order to explore
novel properties of DNC phosphors for device applications
physical understanding of the local structural changes fr
bulk to nanoparticles is an important prerequisite. Since
small host particle and the dopants do not have long-ra
order, conventional x-ray diffraction techniques are not u
ful for structural investigation. To this end, extended x-r
absorption fine structure~EXAFS! spectroscopy, a tool for
short-range order studies, is well suited for this task. In
present work, EXAFS technique is employed to investig
the local structures around Tb and Y atoms in both undo
and Tb-doped Y2O3 nanocrystal phosphors. In addition, bu
Y2O3 and Y2O3:Tb materials are also studied for compa
son.

II. EXPERIMENT

Sol-gel processing techniques were used to synthe
Y2O3:Tb nanocrystals.3,4,8First, metallic sodium was reacte
4 © 1998 American Institute of Physics
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FIG. 1. Experimental setup for x-ray excited luminescence~XEL! experiments.
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with iso-propanol quantitatively resulting in sodium is
propoxide. The latter was reacted with yttrium and terbiu
chlorides to obtain yttrium and terbium iso-propoxides. Y
trium and terbium iso-propoxides were combined in azeo
pic distillation of butanol to exchange the iso-propoxide
butoxide groups. A fivefold excess ofn-butanol was used
The resulting yttriumn-butoxide was used as a stock sol
tion and was combined with yttrium butoxide which w
prepared separately to vary the Tb-dopant concentratio
the nanocrystals. Tb-doped Y2O3 nanocrystals were prepare
with various ratios of yttrium and yttrium-dopant precurso

The size distribution of the DNC particles ranges fro
25 to 55 Å as determined by transmission electron micr
copy ~TEM!. All these samples showed relatively high P
efficiency in the green, attributed to5D4–7F5 transition of
Tb31 ion. The Tb content in the nanocrystals was found to
1–5 at % using energy dispersive x-ray spectroscopy.
XEL and EXAFS experiments were performed at beaml
X3B1 of National Synchrotron Light Source at Brookhav
National Laboratory using a custom-built visible photon c
lection setup~Fig. 1! and a conventional fluorescence mo
of detection, respectively. All measurements were made
room temperature.

The intensity of XEL output was measured as a funct
of incident x-ray energy near the TbL edges and YK edge
for a series of Y2O3:Tb DNC phosphors~samples A–C, pro-
cessed under slightly different conditions! as well as a bulk
Y2O3:Tb sample. All these samples were thin films deposi
on glass slides. As shown in Fig. 1, a piece of Pb-doped g
transparent to visible light but opaque to x rays was e
ployed to reject the scattered and fluorescent x rays from
sample. A mirror was used to reflect the visible light at 9
into a photomultiplier. This mirror also served the purpose
eliminating possible residual x rays passing through the
stream Pb-doped glass. A filter was placed in front of
photomultiplier to reject possible blue to ultraviolet photon
The XEL spectra near the TbL edges and the YK edge are
normalized to the prejump intensities at 7.5 and 17 keV
shown in Figs. 2 and 3, respectively.

We have investigated the local structures around Y
Tb atoms in Y2O3:Tb DNC phosphors using fluorescen
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EXAFS at the YK edge and TbL1 edge, respectively. Fo
the need of model compounds and also for the sake of c
parison, EXAFS spectra of bulk Y2O3 and bulk Y2O3:Tb
samples were also obtained in the same experiment. To s
the effect of Tb doping and that of decreased particle size
the Y2O3 host, we have made a comparison of the YK edge
EXAFS of a DNC Y2O3:Tb sample with a bulk Y2O3:Tb and
with an undoped nanocrystal Y2O3. A well-established back-
ground subtraction and correction method was used to
tract the EXAFSx functions from the raw experimenta
data.9,10 The x functions were then weighted withk3 and
Fourier transformed into real space for detail
comparison.11,12For a quantitative analysis of the local stru
tures, the experimental data were analyzed and comp

FIG. 2. X-ray excited luminescence near TbL edges. Curves have bee
shifted vertically for the sake of clarity.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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with theoretical calculations by an improved curve fittin
method.9,11–13 The EXAFS x functions and theoretica
curves obtained from curve fitting are shown in Figs. 4 an
and the corresponding Fourier transforms are shown in F
6 and 7 for Y-K and Tb-L1 EXAFS, respectively. The pa
rameters obtained from this fitting process are listed in Ta
I for the local structures around the Y atoms and in Table
for the local structures around the Tb atoms.

FIG. 3. X-ray excited luminescence near YK edge. Curves have bee
shifted vertically for the sake of clarity.

FIG. 4. Weighted YK edge EXAFSx functions. Fine line: experimental
coarse line: theoretical.
loaded 23 Dec 2010 to 140.114.136.40. Redistribution subject to AIP licens
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III. RESULTS AND DISCUSSION

An interesting outcome of the x-ray absorption expe
ments is the observation of pronounced green XEL out
when the DNC is excited by incident x rays with energy
the absorption edges of Tb and Y. These measurements
made by using the setup illustrated in Fig. 1 and the res
are shown in Figs. 2 and 3. The 542 nm green light outp
characteristic of transitions from 4f 8 manifolds of Tb31,

FIG. 5. Weighted TbL1 edge EXAFSx functions. Fine line: experimental
coarse line: theoretical.

FIG. 6. Fourier transform of YK edge EXAFSx functions. Fine line:
experimental; coarse line: theoretical.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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shows sharp ‘‘XEL edge jumps’’ as well as EXAFS oscill
tions similar to those found in the usual x-ray fluorescen
However, a significant difference in the XEL output w
found between the nanocrystals and bulk material. This
illustrated in Fig. 8. The conversion of x-ray excitation
visible XEL could involve two distinct paths:~i! direct ab-
sorption of incident photons by the activator~dopant! atom
which gives rise directly to the Tb-activator edge jumps, a
~ii ! absorption of incident photons by the host material at
~Y! followed by an energy transfer to the activator whi
causes the host~Y! edge jump. Following the x-ray excita
tion, the absorbed energy (hn) may subsequently be emitte
via the usual x-ray fluorescence process~denoted byhn8 and
hn9 for photons originated from the host or the activat
respectively!, and it may also be down-converted to crea
photoexcited charge carriers in the band states~via the
dotted-line path!, thereby giving rise to the observed visib
light output~dash-dotted line path! through electron-hole re
combination.

Although x-ray fluorescence can propagate through
distance larger than the size of the nanoparticles, the ph
excited carriers are nevertheless confined within the sm
particle boundaries. Due to this effect of quantum confi
ment, it is expected that energy transfer via excited carr
in DNC will depend on particle size and is rather differe
from that in the corresponding bulk material. This is cons
tent with the observation that PL efficiency in Y2O3:Tb in-
creases with decreasing particle sizes. The width of
4 f 75d absorption band has been observed as a functio
the nanoparticle size. The broadened absorption band
subsequent transfer of charges to the 4f 8 state are believed to
be responsible for the enhanced PL efficiency. The size
nanoparticles was measured using TEM. The efficiency
found to vary as 1/D2, where D is the mean diameter o

FIG. 7. Fourier transform of TbL1 edge EXAFSx functions. Fine line:
experimental; coarse line: theoretical.
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nanoparticles.14 This result is also similar to that found in th
ZnS:Mn system.15

The ratio of the ‘‘XEL edge jump’’ signal to the mono
tonic increasing background signal is about 70 times hig
in the DNC samples than that in the bulk materials, as sho
in Fig. 2. This enhanced ratio in DNC can be attributed to
reduced background signal. The severe reduction of
background signal in DNC is due to enhanced nonradia
contribution of the surface. The smallness of the size of D
hinders the energy transfer from the x-ray absorbing atom
the host to the activator Tb atoms~via the ‘‘host’’ path illus-
trated in Fig. 8!. Such a background reduction is particular
significant for the Tb-activator atoms residing near the s
face of nanoparticles. This is also consistent with ourK edge
results of Y shown in Fig. 3 where the ratio of ‘‘edge jump
to the background in the bulk sample at theK edge of Y is
about three times higher than that in the DNC samples
spite the presence of far-reaching YKa fluorescence. These
observations therefore allow us to assess the relatively
ferent contributions to the XEL output arising from the d
ferent x-ray energy down-conversion paths.

The local structures around Y and Tb atoms have b
studied by EXAFS. The Fourier transforms of the YK edge
EXAFS x functions for four different samples are shown
Fig. 6. The first peak is due to the nearest-neighbor oxy
atoms. For the bulk Y2O3 and Y2O3:Tb samples, the secon
and third peaks arise from other Y atoms located at distan
of 3.51 and 4.02 Å from the central x-ray absorbing Y atom
respectively. In view of the close curve fitting agreement

TABLE I. Local structures around Y for samples obtained from Y K EX-
AFS curve fitting. Underlined values were kept constant during fitting. C
ordination number (N) and interatomic distances (R) of bulk Y2O3 are
calculated from x-ray diffraction data edited by Wyckoff~see Ref. 16!, and
s2 is a Debye–Waller factor serving as a measure of the local disorde

Sample Atom N
R

~Å!
s2

(1023 Å 2)
DE0

~eV!
l

~Å! S0
2

Bulk Y2O3. O 4.5 2.27 4 20.2 5 0.8
O 1.5 2.33 10 22
Y 6I 3.51 4 25
O 1.5 3.97 48 2
Y 6I 4.02 6 2

Bulk Y2O3. :Tb O 4.1 2.27 4 1 5I 0.8
O 1.5 2.33 12 218
Y 6I 3.51 6 24
O 1.5 3.97 136 210
Y 6I 4.02 9 1

Nanocrystal Y2O3.. O 5.7 2.33 9 5 5I 0.8
Nanocrystal Y2O3. :Tb O 7.8 2.31 10 2 5I 0.8

TABLE II. Local structures around Tb for each sample obtained from TbLI

EXAFS curve fitting. Underlined values were kept constant during fittin

Sample Atom N
R

~Å!
s2

(1023 Å 2)
DE0

~eV!
l

~Å! S0
2

Bulk Y2O3. :Tb O 6I 2.37 0.2 21 10 0.63
Y 6I 3.51 0.3 215
Y 6I 4.09 2 22

Nanocrystal Y2O3. :Tb O 8.4 2.42 7 25 0.63
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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FIG. 8. Schematic illustration of the proposed energy transfer model for x-ray excited luminescence from DNC phosphors.
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the EXAFS data with theoretical calculations, these res
are consistent with the known structure of bulk Y2O3. The
presence of Y-neighbor peaks in bulk Y2O3:Tb at inter-
atomic distances similar to those in bulk Y2O3 indicates that
doping the bulk Y2O3 host with a small amount of Tb doe
not change the local environment surrounding the Y ato
as expected. Other peaks at distances larger than 4.5 Å
mainly caused by Fourier transform processing, theref
they are not reliable for structural analysis. It is notewort
that the Y-neighbor peaks are absent in both nanocry
samples of Y2O3 and Y2O3:Tb. This can be explained by th
fact that an increasing fraction of Y atoms are located n
the nanoparticle surface as the particle size decreases
these Y atoms, the location of neighboring atomic shells
an interatomic distance greater than the nearest-neig
oxygen shell could become highly disordered, thereby res
ing in a diminished EXAFS signal. A similar interpretatio
can also be applied to Fig. 7 which shows the local structu
around Tb atoms in bulk and nanocrystals of Y2O3:Tb. In
the bulk, there are near-neighbor peaks due to oxygen an
on the other hand, the Y peak disappears in the nanocry
as a result of loss of coordination of the Y atoms or increa
disorder in the nanoparticles.

The structural parameters around Y atoms obtained f
curve fitting the EXAFS results~Figs. 4 and 6! are shown in
Table I. A comparison of the first~oxygen! peak in Fig. 6,
between the bulk and nanocrystal Y2O3 samples, shows a
slight shift of the peak to a higher interatomic distance in
nanocrystals which can be related to local structural dis
tion and disorder. The oxygen peak for the nanocrys
might actually arise from an unresolved composite peak c
sisting of two somewhat disordered oxygen near-neigh
shells~corresponding to oxygen shells at 2.27 and 2.33 Å
bulk Y2O3!. The apparent larger oxygen coordination nu
ber ~5.7! for the first peak is also consistent with the ex
tence of a composite oxygen shell in the nanocrystals. T
apparent change in local Y–O bond length and oxygen
ordination, together with the disappearance of the
loaded 23 Dec 2010 to 140.114.136.40. Redistribution subject to AIP licens
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neighbor peak, could be attributed to the distortion of lo
structures as a result of reduced size in the nanocrys
However, Tb doping in Y2O3 nanocrystals does result in a
increased coordination number of the nearest-neighbor o
gen shell~from 5.7 to 7.8! around the Y atoms~see Table I!.

Table II presents the structural parameters around
atoms obtained from curve fitting the EXAFS results~Figs. 5
and 7!. Bulk Y2O3:Tb has a larger nearest neighbor~Tb–O!
distance~2.37 Å! than the nearest-neighbor~Y–O! distance
in undoped bulk Y2O3 ~2.27–2.33 Å!. The second peak in
Fig. 7 arises from two unresolved Y-neighbor shells arou
Tb, similar to those resolved Y-neighbor shells around Y
undoped bulk Y2O3 shown in Fig. 6. From a comparison o
the local structures around Tb in bulk Y2O3:Tb with the
similar local structures around Y in undoped bulk Y2O3 ~see
Tables I and II, Figs. 6 and 7!, it can be concluded that Tb
atoms can indeed substitute for Y sites in bulk Y2O3, while
accompanied only by a slight local structural distorti
around the dopant atoms.

For a comparison of the first~oxygen! peak around Tb
between bulk and nanocrystals of Y2O3:Tb, it is clear that
Tb doping in the nanocrystals results in not only a long
Tb–O bond length~2.42 Å!, but also an increased oxyge
coordination of 8.4~see Table II!. A comparison of the first
peak around Y~Table I! and that around Tb~Table II! in the
Tb-doped nanocrystals also shows that the local environm
surrounding Tb suffers a significant distortion compared
the local structures around Y. The nanocrystals also sh
large disorder, indicated by the relatively higher values
the Debye–Waller factors2 ~a measure of local disorder! in
these samples. It is conceivable that Tb doping in the nan
rystals is more complicated than in the bulk as a result
reduced particle size and higher degree of local disorder
view of the results obtained thus far, we assert that Tb d
ants in the nanocrystals of Y2O3 neither preferentially oc-
cupy the Y sites~as in the bulk material!, nor can they all
reside on Y sites deep in the center of the nanoparticles.
nanocrystals may have a rather distorted Y2O3 structure, and
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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Tb impurities can substitute somewhat randomly for Y si
in the small particles, probably with a significant fractio
residing on the surface Y sites.

As a parenthetical remark, we have compared
present EXAFS results with our previous studies of M
doped nanocrystals of ZnS using MnK edge EXAFS
measurements.9 The Mn activators were found to occup
mostly deep Zn sites well inside the ZnS:Mn nanocrystals
manifested by the presence of the second and third neigh
ing shells in the Fourier transform. A capability to exami
the location of impurity atoms is very useful for studying t
DNC system. For device applications, in order to reduce
nonradiative energy dissipation near the surface of nano
ticles, it is important to prepare DNC phosphors with t
activators located deep inside the nanoparticles. We h
thus demonstrated that EXAFS is a unique tool well sui
for this type of material characterization.

IV. CONCLUSION

Our x-ray excited luminescence data show pronoun
changes and a significant difference between bulk and n
crystal Y2O3:Tb at the TbL edges, but only a moderat
difference at the YK edge. An energy transfer model
proposed to interpret these results. In connection with
EXAFS results, it is conceivable that a large fraction of
dopants occupy the sites near the nanoparticle surfac
Y2O3:Tb, whereby the energy transfer from the irradiat
Y2O3 host to the surface Tb atoms can be hindered du
nonradiative energy losses. The sharp jumps at the TL
edges of the nanocrystals could be utilized for potential
vice applications.

Local structural changes in Y2O3 host material caused b
reduced particle size and the effects of Tb doping
Y2O3:Tb nanocrystals have been studied by using the E
AFS technique. The effects of quantum confinement a
chemical doping were examined around the YK edge and
Tb L edge on bulk and nanocrystal samples of Y2O3 and
Y2O3:Tb. Our results show that chemical doping with dilu
Tb in the bulk does not affect the average Y2O3 structure,
while reducing particle size to nanometers can cause sub
tial changes in the material. The average Y–O bond len
can increase and the Y sublattice may become highly di
dered as a result of increased fraction of Y atoms residing
the surface sites in the nanocrystals. Tb doping can also
crease the average coordination number of oxygen aroun
atoms in the nanocrystals. The EXAFS data also indicate
local structure around Tb in bulk and nanocrystal Y2O3:Tb is
similar to the local environment surrounding Y with som
built-in local lattice distortion due to different ion sizes b
tween Y and Tb. We conclude that Tb dopants substitute
loaded 23 Dec 2010 to 140.114.136.40. Redistribution subject to AIP licens
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Y sites in bulk Y2O3:Tb. The structures in nanocrystals o
both Y2O3 and Y2O3:Tb can become more complicated du
to the large fraction of surface atoms and higher degree
local disorder, although the EXAFS spectra around the YK
edge and TbL edge appear similar. No Y–Y and Tb–Y pea
can be discerned from the nearest-neighbor oxygen pea
the respective nanocrystals. This result is different from t
of our previous study of MnK edge EXAFS on ZnS:Mn
nanocrystals in which most of Mn dopant atoms occupy d
Zn sites well inside the nanoparticles.
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