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a b s t r a c t

Lu2O3:Eu3+ (CEu = 5 at.%) nanopowders with different particle morphology were produced via co-
precipitation method using oxalic acid (H2C2O4), ammonium hydrogen carbonate (NH4HCO3) and urea
((NH2)2CO) as precipitants. Lu2O3:Eu3+ films with the thickness in 20–200 �m range and relative density
ccepted 27 July 2010
vailable online 6 August 2010

eywords:
u2O3:Eu3+

o-precipitation

of 50–68 ± 2% were fabricated from the powders synthesized by painting technique. Lu2O3:Eu3+ scintil-
lation films were characterized by SEM, XRD and luminescent spectroscopy under X-ray excitation. It
was shown that films X-ray luminescence intensity depends on the oxide/polymer ratio, particle mor-
phology and film thickness. The most effective X-ray luminescence and film homogeneity was obtained
with 20 �m thick luminescent films fabricated using 100 nm spherical Lu2O3:Eu3+ nanoparticles.

© 2010 Elsevier B.V. All rights reserved.
hosphors
-ray luminescence

. Introduction

Active development of high-resolution X-ray imaging tech-
iques requires new detectors with micrometer or even submi-
rometer spatial resolution. Oxide scintillators are considered as
romising materials for high-resolution digital imaging due to high
-ray stopping power, excellent chemical stability, high conversion
fficiency and high radiation hardness. Traditionally, Bi4Ge3O12
1], CdWO4, Y2Si2O7 [2] single crystals and optical ceramics [3–5]
re used to convert X-rays into visible light. Despite excellent
-ray stopping power of bulk detectors, to achieve high spatial
esolution they should be thinned and pixilated into arrays of
ixels, thus resulting spatial resolution is limited by the pixel
ize (typically dozens of microns). Powder scintillation screens
nd thin scintillating films produced by a variety of methods
re another class of materials for high-resolution X-ray detectors.
3Al5O12:Ce, Lu3Al5O12:Ce [6,7] and Lu2SiO5:Tb films [8] grown
y the liquid phase epitaxy have excellent scintillation charac-
eristics and spatial resolution. However, film fabrication requires
igh quality single crystalline substrate and utilization of toxic
uxes. Dense Y2O3, Gd2O3 and Lu2O3 scintillating films possess-

ng high scintillation yield can be produced via sol–gel process

9,10], but this technique is limited in terms of film thickness (hun-
reds of nanometers). This disadvantage was overcome in Ref. [11]
here GdTaO4:Tb3+ transparent crack-free thick films were fab-

icated, though their scintillation properties were not presented.

∗ Corresponding author. Tel.: +38 057 341 0415; fax: +38 057 340 9343.
E-mail address: yavetskiy@isc.kharkov.ua (R.P. Yavetskiy).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.07.199
Thus, relatively simple painting technique is still considered as
a promising method for creation of close-packed powder X-ray
screens. Improved spatial resolution of conventional screens can
be achieved using nanocrystalline phosphor particles. For exam-
ple, scintillation screens based on nanocrystalline Gd2O2S:Pr shows
enhanced resolution and higher detection efficiency compared to
commercially available phosphors with larger particles size when
they are exposed by soft X-rays [12], that is very important for
X-ray microscopy and other applications that require submicron
resolution.

Just recently, a number of nanocrystalline and submicron-sized
phosphors for detection of X-rays were reported: GdAlO3:RE3+

(RE = Eu or Tb) [13], Lu2SiO5:Ce [14,15], YTaO4:Tb [16], HfO2:Eu
[17] and Lu2O3:Eu3+ [3]. Among them, europium-doped lutetium
oxide Lu2O3:Eu3+ is one of the most dense scintillation material
(� = 9.44 g/sm3), possessing high X-ray to light conversion effi-
ciency (approximately 80% of CsI:Tl) and high effective atomic
number Zeff = 63. Thus only thin layers of Lu2O3:Eu3+ phosphors
are required to complete absorption of X-rays decreasing the mul-
tiple scattering of light on the powdered scintillator grains. Sharp
emission in the red region of the spectrum (with a maximum at
∼611 nm) allows one to use Lu2O3:Eu3+ screens in combination
with a-Si:H and CCD arrays.

Scintillation performance of X-ray screens is known to be greatly
influenced by phosphor powder properties, namely crystallinity,

dispersity, size and morphology of particles. Nanopowders with
spherical particles and low agglomeration degree are required for
obtaining of close-packed films with high light yield and neg-
ligible light scattering. These nanopowders can be more easily
consolidated in 2D close-packed structures, and provide improved

dx.doi.org/10.1016/j.jallcom.2010.07.199
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:yavetskiy@isc.kharkov.ua
dx.doi.org/10.1016/j.jallcom.2010.07.199
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cintillation characteristics in comparison with films prepared
rom powders with undefined morphology. Despite a number of

ethods were employed to synthesize nanocrystalline Lu2O3:Eu3+

hosphors [18–23], to our best knowledge there are no reports on
u2O3:Eu3+ X-ray screens prepared using nanocrystalline powders.
his work presents results on fabrication and characterization of
u2O3:Eu3+ close-packed films based on nanopowders obtained by
ifferent wet chemical methods.

. Experimental

.1. Synthesis of Lu2O3:Eu3+ nanopowders

The precursors were produced via direct strike co-precipitation method from
utetium and europium metal nitrates using oxalic acid (H2C2O4, OA), ammonium
ydrogen carbonate (NH4HCO3, AHC) and urea ((NH2)2CO) as precipitants. Commer-
ial high-purity oxides (Lu2O3, 99.995%, Stanford Materials Corp., and Eu2O3, 99.99%,
ldrich-APL) were dissolved in concentrated nitric acid with subsequent evapora-

ion of acid excess. The europium content was 5 at.% with respect to lutetium in
ll the experiments. Typically, 0.1 M Lu1.95Eu0.05O3 diluted solution was prepared
y dissolving of nitrate mixture in deionized water. Then 1 M NH4HCO3 or 0.6 M
2C2O4 solution was added to the rare earth mother solution under constant stir-

ing to form precipitant. The precipitation was carried out at room temperature; the
rip rate was 2 ml/min. For urea homogeneous precipitation, the urea solution was
dded to 0.5 M mixed rare earth solution (Lu3+/urea molar ratio was 5 × 10−4). After
eing homogenized under constant stirring for 2 h, the mixture was heated to 90 ◦C.
fter reacting at 90 ± 1 ◦C for 2 h, the suspension was cooled down to room temper-
ture. Then, the precipitant was aged for 24 h, washed several times with deionized
ater and ethanol, and dried in air at 25 ◦C for two days. To obtain Lu2O3:Eu3+

anocrystalline powders the precursor was finally calcined at 1200 ◦C for 2 h in an
ir atmosphere.
.2. Film preparation and characterization

Close-packed Lu2O3:Eu3+ films on glass substrates were obtained by paint-
ng technique that is traditionally applied for photographic film formation [24].
he metal patterns were used to prepare films with dimensions of 5 mm × 5 mm,
0 mm × 20 mm, 50 mm × 50 mm and selected thickness in 20–200 �m range.

Fig. 1. SEM images of Lu2O3:Eu3+ nanopowders obtained with H2C2O4 (a), NH4HC
nd Compounds 507 (2010) L26–L31 L27

The solution of nitrocellulose in butyl acetate (5%) was used as a binder. The
oxide/polymer ratios in the obtained films were 35/65, 50/50 and 80/20 by weight.

The morphology of initial nanopowders and morphology of Lu2O3:Eu3+ films
formed were studied by means of scanning electron microscopy (SEM) with a JSM-
6390 LV (JEOL, Japan) and transmission electron microscopy (TEM) using a TEM-125
(SELMI, Ukraine) microscope. The film thickness was determined from the SEM data.
The X-ray diffraction (XRD) of the powder was examined on a DRON-2.0 diffractome-
ter (Fe K� radiation, � = 1.93728 Å). The X-ray luminescence spectra of Lu2O3:Eu3+

nanopowders and films were obtained by SDL-2 (LOMO, Russia) automatic complex.
Luminescence was excited by a REIS-E X-ray source (Cu-anticathode deceleration
radiation with the energy E ∼ 30 keV), operating at U = 30 kV and I = 30 �A. For radi-
oluminescence measurements, the nanopowders were compacted in one batch in
pellets of 10 mm in diameter under pressure of 100 MPa. Radioluminescence spectra
were measured in the transmission geometry. The X-ray luminescence homogene-
ity over the film flat area was analyzed using a “Kristall” stand with W-anticathode,
U = 90, 110 kV, I ≈ 70 �A.

3. Results and discussion

3.1. SEM and TEM observations of obtained Lu2O3 powders

Wet chemical methods are known to produce particles with
highly homogeneous distribution of activator ions. The morphol-
ogy of nanocrystalline particles strongly depends on the precipitant
type [25]. Lu2O3:Eu3+ (CEu = 5 at.%) powders obtained through
different wet chemical routes demonstrate different morpholog-
ical features after calcination. Fig. 1 shows the SEM picture of
Lu2O3:Eu3+ powders prepared with OA, AHC and urea as precip-
itants. All powders were calcined at T = 1200 ◦C in order to obtain
the highest luminescence yield [18]. The temperature of 1200 ◦C

was chosen because it is the upper limit of morphological stabil-
ity of AHC and urea-precipitated Lu2O3:Eu3+ powders. Annealing
of the powders at higher temperature, despite increase of lumi-
nescence yield, results in sintering of adjacent particles together
that substantially reduces the particles packing density. Lu2O3:Eu3+

O3 (b) and (NH2)2CO (c) as precipitants after calcination at 1200 ◦C for 2 h.
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owders obtained with oxalic acid consist of plate-like aggregates
ith average size of 1–3 �m (Fig. 1a). It is hard to distinguish by SEM

he size of primary crystallites forming each plate. Powders pro-
uced by AHC are more dispersed and only slightly agglomerated
Fig. 1b). The particle size determined by SEM is of about 100 nm.
he optimization of homogeneous precipitation conditions [18]
llows one to obtain near-monodisperse Lu2O3:Eu3+ crystalline
pheres (10% of standard deviation in size distribution) of 100 nm
n diameter (Fig. 1c). The particles do not agglomerate, because the
elatively high synthesis temperature of precursor provides ther-
al agitation in the reaction mixture and promotes destruction of

he bonds between particles. However, calcination at 1200 ◦C which
s required for maintaining of high luminescence yield, results in
ittle aggregation and loss of ideal spherical morphology due to sin-
ering of adjacent particles. Despite this fact, Lu2O3:Eu3+ powders
roduced by urea precipitation have the most favorable morpho-

ogical characteristics for creation of close-packed homogeneous
lms. Obviously, the utilization of monodisperse nanospheres pro-
ides more uniform packing of the particles in the film and higher
ensity in comparison with nanopowders with irregular morphol-
gy. The higher packing density, the lower film thickness is required
o absorb X-ray radiation; consequently, the higher spatial resolu-
ion can be obtained.

Fig. 2 shows TEM images of Lu2O3:Eu3+ powders precipitated
y AHC. Particles have near spherical form and diameter of about
00–150 nm in the good agreement with SEM data (Fig. 1b). The
elected area diffraction (SAED) pattern in Fig. 2b corresponding
o diffraction from several Lu2O3:Eu3+ particles (shown in Fig. 2a)
emonstrates only individual point reflections. This indicates that
ach particle is a single crystal.

.2. X-ray diffraction analysis of Lu2O3:Eu3+ powders

The crystalline structure of the powders was investigated by
RD analysis. All the powders obtained belong to well-formed
ubic Lu2O3 structure reported in the standard JCPDS card 12-
728. Lu2O3:Eu3+ lattice parameters calculated for the all powders
tudied are slightly higher than that for undoped Lu2O3 due to iso-
orphous substitution of Lu3+ (ionic radius 0.84 Å) by the bigger

u3+ ion (ionic radius 0.96 Å) [26]. The diffraction peak widths give
nformation about the size of crystallites in Lu2O3:Eu3+ powders.
he average crystallite size (L) of powders was calculated from XRD
ine broadening with the Sherrer’s formula. The crystallite sizes
etermined for OA, AHC and urea-derived powders are 80.5, 71.5
nd 107 nm, correspondingly. The huge difference between parti-
le size determined by SEM and crystallite size determined by XRD
ethods for OA particles means that every micron-sized particle

bserved by SEM is a dense aggregate of nano-sized primary parti-
les. The observed differences in the crystallite size can be related
o different decomposition temperatures of each precursor used.
he highest L value obtained for urea-precipitated nanopowders
vidences the better crystallinity of particles and is favorable to
btain better luminescent properties. The average crystallite size
f Lu2O3:Eu3+ nanopowders precipitated by urea is comparable
o the particle size determined by SEM, that indicates the perfect
rystalline structure.

.3. Lu2O3:Eu3+ films characterization

Previously grinded Lu2O3:Eu3+ powders mixed with nitrocel-
ulose solution in butyl acetate were used for film preparation.

mooth homogeneous Lu2O3:Eu3+ films of different sizes and thick-
ess in 20–200 �m range were obtained by painting technique.
he compositions of Lu2O3:Eu3+/polymer were 35/65, 50/50 and
0/20 by weight. Fig. 3 presents the typical SEM images of film
urfaces obtained using different Lu2O3:Eu3+ powders. The films
Fig. 2. TEM image of Lu2O3:Eu3+ nanopowders obtained with NH4HCO3 (a) and
SAED pattern from the several particles (b).

thickness is 200 �m, size 20 mm × 20 mm and Lu2O3:Eu3+/polymer
ratio is 80/20. SEM reveals that morphology of initial nanoparti-
cles generally retains in films deposited on the glass substrate. As
one can see, the relatively simple and low cost painting technique
permits to control the size and the thickness of phosphor layer on
the substrate and provides fabrication of uniform and close-packed
Lu2O3:Eu3+ films. The films prepared from much concentrated sus-
pension (Lu2O3:Eu3+/polymer weight ration of 80/20) have higher
density essential to better scintillation efficiency.

Lu2O3:Eu3+ nanopowders with different morphology were
coated onto glass substrate to form smooth homogeneous films.
The relative density of Lu2O3:Eu3+ films studied was estimated
by geometrical method. That means film density is equal to

mass/volume ratio (the film thickness was estimated from SEM
data). For 20 �m coated phosphor films, the packing densities
were 60 ± 2, 50 ± 2 and 68 ± 2% for OA, AHC and urea-precipitated
Lu2O3:Eu3+ nanopowders. This result correlates with morpholog-
ical peculiarities of Lu2O3:Eu3+ nanopowders. Spherical, smooth,
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and OA phosphor films. This is attributed to spherical form, absence
of particles agglomeration and higher packing density of urea-
derived phosphor films (Fig. 4c). Additionally, spherical form of the
phosphor particles minimizes light scattering effect on the film sur-
Fig. 3. The morphology of films surfaces obtained from Lu2O3:Eu

nd non-agglomerated particles with narrow size distribution are
ecessary for preparation of close-packed high-filled films. The
ighest density value of 68% obtained with Lu2O3:Eu3+ urea-
erived nanoparticles is higher than theoretical one for random
lose-packed spheres (that is, 64% density) [27]. The micron-sized
articles (produced with AO) also form dense film, probably, due
o low specific surface area and, consequently, low interaction of
articles in suspension. The aggregated nanopowders produced
ith AHC have the lowest packing density due to agglomeration

f initial phosphor powder. The fine powder cause huge fric-
ion forces between particles during deposition, which impede
ormation of dense homogeneous microstructure. Thus, painting
echnique ensures production of smooth, homogeneous, and close-
acked phosphor films with controllable thickness and morphology
hen fine spherical particles are used.

.4. Luminescence of Lu2O3:Eu3+ films under X-ray excitation

Luminescence efficiency of scintillation films is a function of
any parameters, such as film thickness, density, and a type of

he phosphor powder used. The luminescence spectra were mea-
ured for all Lu2O3:Eu3+ powders and films under X-ray excitation.
he influence of powder type on luminescence yield of Lu2O3:Eu3+

as estimated. The luminescent spectra of the powders are sim-
lar to the films fabricated from these powders. Therefore, only

uminescence spectra of Lu2O3:Eu3+ films are presented in Fig. 4.
hey consist of group of lines in � = 550–750 nm spectral region
orresponding to 5D0 → 7FJ, (J = 0–4) transitions of Eu3+ ions. The
D0 → 7F2 electric dipole hypersensitive transition with the maxi-
um at 611 nm is dominant. The emission spectrum of Lu2O3:Eu3+
ders precipitated by H2C2O4 (a), NH4HCO3 (b) and (NH2)2CO (c).

coincides better with the spectral sensitivity characteristics of CCD
arrays, as compared to commercial GOS:Tb3+. This means that
light produced with Lu2O3:Eu3+ scintillator can be more effec-
tively registered by detection system. The urea-precipitated coated
nanophosphors possess higher scintillation yield, compared to AHC
Fig. 4. Normalized room-temperature X-ray luminescence spectra of Lu2O3:Eu3+

films obtained from nanopowders precipitated by H2C2O4 (a), NH4HCO3 (b) and
(NH2)2CO (c). The inset: Luminescence intensity of Lu2O3:Eu3+ films (c) vs. their
thickness.
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ig. 5. The topogram of X-ray luminescence intensity of Lu2O3:Eu3+ screen obtained
sing 100 nm spheres.

ace. High degree of agglomeration and non-spherical form lead to
ecrease luminescence intensity (Fig. 4a and b). Light output of the
creens significantly depends on size of particles in the powder.
ypically, the larger particle sizes, the screens with higher light
utput are produced. It seems to be surprising that 1–3 micron-
ized Lu2O3:Eu3+ powders demonstrate lower scintillation yield
ompared to 100 nm nanopowder. However, XRD data show that
A produced phosphor particles consist of primary 80 nm crystal-

ites. This size is smaller that for urea-derived nanospheres. Thus,
uminescence response of Lu2O3:Eu3+ screens strictly depends on
he primary particle size—the higher crystallite size, the higher
cintillation yield is achieved.

The luminescence spectra of Lu2O3:Eu3+ films obtained from
anospheres with different Lu2O3:Eu3+/polymer ratio differs only
y integral intensity. The most effective luminescence is observed
or high-filled Lu2O3:Eu3+ film with the Lu2O3:Eu3+/polymer ratio
f 80/20. Increase of the polymer content leads to decrease of pack-
ng density and luminescence intensity. The same behavior was
ound for all types of nanopowders. Thus Lu2O3:Eu3+/polymer ratio
f 80/20 is optimal to obtain Lu2O3:Eu3+ film with high scintilla-
ion yield. The fabricated films with different phosphor/polymer
atio were not heat-treated, because heat treatment can lead to
ecrease of film adhesion to substrate. Thus luminescent prop-
rties of films can be influenced by polymer, which can reduce
uminescent intensity for the film with lower phosphor/polymer
atio. However, organic binder in high-filled luminescent films pro-
ects the phosphor particles from interaction with air atmosphere
ithout significant lowering of scintillation response. Lumines-

ence efficiency and spatial resolution of screens also depends
n their thickness. Different detector application requires dif-
erent phosphor layers thicknesses. Fig. 3, inset, presents the
ependence of Lu O :Eu3+ films luminescence intensity on their
2 3
hickness. It was shown that for all types of powders film thick-
ess decrease promotes luminescence increase. The thicker the
lm, the less light it transfers to the detection system. Therefore,
u2O3:Eu3+ films with 20 �m thickness and Lu2O3:Eu3+/polymer

[
[

[

nd Compounds 507 (2010) L26–L31

ratio of 80/20 are more effective for high-resolution X-ray scintil-
lation screens.

Uniform distribution of phosphor particles in the film vol-
ume is essential for the preparation of highly efficient scintillation
screen. Homogeneity of X-ray luminescence intensity over the film
area is a crucial parameter for testing the scintillation material.
Fig. 5 presents the representative distribution of X-ray inten-
sity obtained with Lu2O3:Eu3+ urea-derived phosphor film. The
topogram demonstrates that profitable structural and morpho-
logical features of phosphor particles promote effective X-ray
luminescence as well as homogeneous distribution of lumines-
cence intensity over the film flat area.

4. Conclusions

The close-packed scintillation films based on Lu2O3:Eu3+ pow-
ders with different morphology were fabricated by painting
technique. The influence of morphology, composition and film
thickness on X-ray luminescence intensity was studied. It was
shown that 20 �m thick screens with Lu2O3:Eu3+/polymer ratio of
80/20 produced from urea-derived nanophosphors show the most
efficient X-ray luminescence. Homogeneous distribution of X-ray
intensity over the Lu2O3:Eu3+ film area makes this film a poten-
tial candidate for creation of efficient high-resolution scintillation
detectors of X-rays.
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