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Sol-gel method has been used to fabricate homogeneous, transparent LUZO:,’:EU?’Jr
(Eu®* =5 at. %) films with thickness in the 100-300 nm range on sapphire substrates.
The film morphology and structure has been studied by atomic force microscopy, scanning
and transmission electron microscopy. The formation conditions of monolayer homogene-
ous films with average crystallite size of 20 nm have been determined. The luminescent
properties of Lu203:Eu3+ films depending on annealing temperature have been studied.

30/Ib-T€Ib METOAOM Ha CAan(@UPOBBIX IOJJIOKKAX IIOJYYEHBI OIHOPOIHBLIE, IIPO3PAUHbIE
ILIeHKH Lu203:Eu3+ (Eu®* = 5 ar. %) ¢ ToamuHol B guamasone 100—-300 um. Mopdoorus u
CTPYKTypa IIJIEHOK OBIJIM HCCJIEJOBAHBLI C IIOMOIIBI0 ATOMHO-CHUJIOBOI'O MHKPOCKOIIA, CKAHU-
pyMouieil W IPOCBeYMBAIOIIEH 9JeKTPOHHON MuKpockomnuu. OupeneneHbl yCaoBUs (PopMUpPO-
BAHWUS OJHOCJONHBIX, I'OMOTEHHBIX IIJIEHOK CO CpemHuM pasmepoMmM KpucraaauroB 20 HM.
W3ydeHbl JIOMUHECIIEHTHBIE CBOMCTBA IJIEHOK Lu203:Eu3+ B B3aBHCHMOCTHU OT TeMIIepaTyphl
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1. Introduction

Nowadays oxide scintillation materials
are considered as promising materials for
digital medical imaging and radiography
[1]. Traditionally, CSI:TI, B|4Ge3012, CdWO4
in the single crystalline form are used to
convert X-rays into visible light. However,
mass fabrication of bulk materials requires
high energy and material consumption dur-
ing crystal growth and machining processes,
and is very expensive. During last two dec-
ades optical ceramics was introduced as an
alternative for single crystalline X-ray de-
tectors [2]. The modern technology of trans-
parent ceramics production represents a
multistage process that demands utilization
of special hot pressing equipment [3]. Pro-
duction of large area ceramics of high opti-
cal quality is a significant challenge. More-
over, to improve contrast and spatial resolu-
tion transparent ceramics should be
pixilated into arrays of pixels [3], and re-
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sulting resolution of scintillation ceramics
will be limited among other factors by the
pixel size (typically tens of microns).
Scintillation powdered screens and thin
scintillating films are another class of mate-
rials for detection of X-rays. For example,
micron sized Gdy,0,S:Tb3* (GOS:Tb3*) pow-
ders are widely used for highly efficient
X-ray screens for medical diagnostics [4, 5].
Europium doped lutetium oxide Lu2032Eu3+
is a new oxide inorganic scintillator which
was introduced as one of the most perspec-
tive material for X-ray detectors due to ex-
cellent scintillation properties, chemical sta-
bility as well as high light conversion effi-
ciency (approximately 80 % of Csl:Tl) [3],
high density (9.4 g/sm3) and effective
atomic number Z,., = 63 [6, 7]. Sharp emis-
sion in the red region of the spectrum (with
a maximum at ~611 nm) allows one to use
Lu,O5:Eu3* screens in combination with a—
SiiH and CCD arrays. Lu,O5Eu3* scintilla-
tion films was prepared by different tech-
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niques [8, 9]. Large area screens based on
micron sized Lu,O5Eud* powders possess a
light yield comparable with commercial
GOS:Tb3* screens, but somewhat lower spa-
tial resolution [9]. Improved spatial resolu-
tion of scintillation screens can be achieved
with submicron or nanosized powders. For
example, nano-crystalline film phosphors
can show not only enhanced resolution [10],
but also higher detection efficiency com-
pared to commercially available phosphors
with larger particle size when they are ex-
posed by soft X-rays [11], what is very im-
portant for X-ray microscopy and other appli-
cations that require submicron resolution.

To obtain thin films or coatings of high
optical quality with submicron spatial reso-
lution, the uniform thickness of phosphor
across the surface of the film is necessary.
The structure of the layer should also be
smooth and free from pores and cracks [10,
12]. Sol-gel technology is one of the most
promising approach to obtain homogeneous,
transparent films with controlled thickness
and homogeneous distribution of activator
in the phosphor lattice [13, 14]. Moreover,
this technology requires much lower synthe-
sis temperatures compared to classical solid-
phase method [15]. The aim of this study is
to obtain and characterize Lu2032Eu3+ mono-
layer films with submicron thickness by
simple spin-coating technique.

2. Experimental

Lutetium nitrate, europium nitrate
(C(Eud") =5 at. %) and ecitric acid were
used as starting reagents in sol-gel process
[7, 16]. Stoichiometric amounts of nitrates
were dissolved in 2-methoxyethanol with ad-
dition of citric acid. Ratio of metal cations
to the citric acid anions (Me3*/Cit™) was
1:2. After complete dissclution of the pre-
cursor, formaldehyde was added as a dry-
ing-control chemical additive (DCCA) (by
2 % of the total solution volume). To obtain
Lu203:Eu3+ monolayer films the sapphire
substrate was coated by 0.3 ml of the pre-
pared suspension using spin-coating
method. The concentration of rare-earth
ions in the solution was 0.5-2.9 mol/l. The
substrate rotation speed was 2000 rpm. The
precursors deposited on the sapphire sub-
strate were annealed in air in the 7 = 600
1200°C temperature range for 2 hours in
order to form crystalline films. We used
sapphire as a substrate due to its unique
properties (high temperature resistance,
toughness, chemical resistance and high
transparency in a wide spectrum range)
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[17]. In addition, good matching of oxides
lattices will minimize thermal stresses dur-
ing film formation.

The morphology of films was analyzed by
means of scanning electron microscopy
(SEM) with a JSM-6390LV (JEOL, Japan)
and transmission electron microscopy (TEM)
using EM-125 (Selmi, Ukraine) operating at
accelerating voltage of 100 kV. The films
thicknesses were determined from the SEM
data. Atomic force microscope (AFM)
SolverPRO was used to examine the smooth-
ness of the films. Excitation and lumines-
cence spectra in the range 200-800 nm
were determined using a combined fluores-
cence spectrometer FLS 920 with a time
resolution.

3. Resultls and discussions

To obtain thin, homogeneous and trans-
parent films, we used suspensions obtained
by sol-gel technique. The Lu203:Eu3+ films
were formed on sapphire substrates by spin-
coating technique. Sol-gel method provides
a high degree of homogenization of the in-
itial components due to the complete disso-
lution of precursors in the starting solu-
tion. Crack and pore formation during dry-
ing process is one of the most serious
problems in sol-gel processing of thin film.
The pore size and liquid vapor pressure can
be controlled by adding DCCA to the mixed
metal-alkoxide solution. Ethylene glycol
(HOCH,CH,0OH) and formaldehyde are often
used as DCCA [18]. Furthermore, to obtain
transparent uniform films the order of re-
agents adding into suspension is extremely
important. Direct mixing of starting mate-
rials (nitrates, citric acid and DCCA) with
the solvent results in the rapid formation of
monolithic gel. An increase in the synthe-
sis time leads to gel solidification. In this
regard, DCCA (formaldehyde) was added di-
rectly into the sol after several hours of
mixing of the main components. Figure 1
shows the effect of DCCA addition on the
morphology of the surfaces of Lu,O5Eud*
films. As can be seen, the films obtained
without DCCA are porous (Fig. la), while
the addition of DCCA promotes formation
of a homogeneous crack-free and pore-free
films (Fig. 1b).

Concentration of rare earth ions in solu-
tion which determine the solution viscosity
is one of the main parameters affecting the
uniformity of the film. High concentration
of the rare earth ions in solution (C =
2.9 mol/1) leads to the formation of cracks
(Fig. 2a). This is due to the presence of two
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Fig. 1. SEM images of Lu203:Eu3+ sol-gel film prepared without DCCA (a) and with DCCA (b) and
annealed at T = 800°C for 2 h.
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Fig. 2. SEM images of Lu203:Eu3+ sol-gel films obtained from solution containing different concen-
trations of rare earth ions: C = 2.9 mol/l (a); C = 1.4 mol/l (b) and C = 0.5 mol/l (¢). The inset in
Fig. 2b shows the cross section of Lu203:Eu3+ film.

liquids of different nature in the reaction
system. These liquids increase the surface
tension of the solvent (2-methoxyethanol)
and, consequently, increase the capillary
forces during drying. Decrease the rare
earth ions concentration up to C=
1.4 mol/1 and more (accompanying by sub-
sequent solution viscosity decrease) leads to
formation of a homogeneous films (Fig. 2b).
Utilization of less concentrated solutions
leads to the formation of thinner films in
which some pores of 1-3 um are presented
after annealing. The pores formation can be
caused by surface heterogeneity of the sub-
strate due to faulty polishing of substrate
or non-uniform drying of the film during
deposition. However, it should be noted that
deposition of the same amount of solution
with different rare earth ions concentra-
tions affects the thickness of resulting
films. The film thickness was determined by
scanning electron microscopy. The thickness
of the monolayer Lu,O5:Eud* sol-gel film de-
pends on concentration of rare earth ions in
solution and has a value in the 100-300 nm
range (Fig. 2b, inset).
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Fig. 3a show appearance of Lu2032Eu3+
sol-gel film. The film was transparent; the
measured in-line absorption coefficient was
higher than 75 % in the visible wavelength
range. The high transparency is very favor-
able for achieving high luminescence yield
and homogenous distribution of the lumi-
nescence over the film surface. The AFM
image of Lu,O5Eu3* sol-gel film (Fig. 3b)
demonstrates practically ideal smooth film
topology for the sample annealed at 800°C.
This allows one to consider sol-gel films as
promising materials for modern X-rays digi-
tal imaging and radiography with submi-
cron resolution.

The microstructure of Lu203:Eu3+ sol-gel
film was studied by TEM. Fig. 4 shows the
fragment of Lu,OEud* film scraped away
from the sapphire substrate. The film con-
sists of near monodispersed close-packed
nanocrystallites with average size of 10-
20 nm. We have not measured the film den-
sity, however typical relatively densities for
sol-gel film lie within 90-95 % range from
the theoretical value [19, 20]. Some residual
pores of 5 nm in diameter were observed
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Fig. 3. As-prepared monolayer Lu203:Eu3+
sol-gel film annealed at T = 800°C for 2 h (a)
and AFM image of the film surface (b).

between the nanocristallites. Extremely
small size of residual pores (much smaller
than the visible light wavelength) is one of
the main factors governing the optical
transparency of the obtained films. For ex-
ample, some nanostructured ceramics with
pore size smaller than 10 nm also possess

optical transparency [21, 22]. The selected
area diffraction pattern in Fig. 4b verifies
the polycrystalline structure of Lu2032Eu3+
sol-gel film.

The photoluminescence spectrum of sin-
gle-layer Lu,O5Eud* (5 at. %) sol-gel film
consists of group of lines corresponding to
5Dy—"F; (J = 0—4) transitions in Eu3* ions.
This confirms that activator ions enter into
crystal lattice of lutetium oxide in the tri-
valent state (Fig. 5). The luminescence
maximum observed at A =611 nm corre-

sponds to 5Dy—>7F, electric dipole transi-
tions in europium ions. The photolumines-
cence excitation spectrum for the emission
line at L = 611 nm is presented by a wide
band with a maximum at 213.5 nm and less
intense and less pronounced band in the
225—-265 nm wavelength range. The excita-
tion band placed at 213.5 nm corresponds to
band-to-band excitation of impurity lumi-
nescence, because the fundamental absorp-
tion of Lu,Oj starts at 5.5 eV (226 nm)
[23]. The excitation band at 225-265 nm
wavelength range is Eu3*—02~ charge trans-
fer band. The high excitation efficiency of
impurity luminescence of Lu,OEud* films
is a consequence of efficient energy transfer
processes from lattice to luminescence cen-
ters (europium ions) via hole recombination
mechanism [24]. Lu2032Eu3+ in the nano-
crystalline form is known as a material that
possesses multiplication of electronic excita-
tions. The photonic multiplication starts at
the energies of 2—4 E_ due to generation of
secondary electron-hole pairs by hot carri-
ers. This leads to increase of luminescence
vield of Eu3*-centers [24]. The multiplica-

Fig. 4. The microstructure (a) and SAED pattern (b) of Lu203:Eu3+ film annealed at T = 800°C.
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Fig. 5. Normalized room-temperature excita-
tion (I) and luminescence (2) spectra of
monolayer Lu2031Eu3+ sol-gel film annealed at
T = 800°C for 2 hours.

tion of electronic excitation in Lu,O4Eud*
nanocrystals in the Av > 14 eV energy range
is one of the reasons for their use as effec-
tive scintillators or phosphors with quan-
tum yields higher than 1.

The luminescence spectrum of europium
ions in Lu2032Eu3+ sol-gel films is almost
the same as for the bulk material [25]. How-
ever, the luminescence yield strongly de-
pends on the size of crystallites, especially
under high energy excitation. This is due to
significant contribution of surface states to
the relaxation of high energy excitation in
nanocrystalline phosphors and films. The
perturbed surface states are responsible for
creation of a "dead” surface layer which
leads to non-radiative losses on the surface
defects and to a decrease in luminescence
quantum efficiency [26]. Fig. 6 shows nor-
malized  photoluminescence yield of
Lu203:Eu3+ sol-gel films vs. annealing tem-
perature. The temperature increase is ac-
companied by photoluminescence intensity
rise which is probably connected with in-
crease of average size of nanocrystallites.
However, reaching the temperature of
1200°C leads to degradation of photolumi-
nescence yield.

This fact is probably connected with in-
tensification of diffuse mass transport proc-
esses, resulting in formation of non-uni-
form by the composition (Lu,_Eu,),05
phase with Eu3* ions concentration gradient
inside the individual nanocrystallite, as it
was recently shown for SiO,/(Lu,_Eu,),05
core-shell heterostructures [25]. As a result,
luminescence of europium ions which have
migrated to the crystallite surface will be
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Fig. 6. Emission intensity of Lu203:Eu3+ sol-gel
films as a function of annealing temperature.

quenched, thus leading to decrease of pho-
toluminescence intensity of films annealed
at 1200°C. The degradation of luminescence
yield with annealing temperature was re-
cently observed for Y203:Eu3+ films [27]. It
should be noted that photoluminescence
spectra of Lu,O5Eu3* sol-gel films remain
the same even for the annealing tempera-
ture of 1200°C indicating no solid-phase in-
teraction on the "sapphire substrate —
(Lu;_yEu,)»03 nanocrystalline film" inter-
face.

4. Conclusions

Homogeneous single-layer Lu,O5Eu*
(5 at. %) films with submicron thickness
have been obtained by sol-gel process. The
physico-chemical conditions for obtaining a
crack-free film by sol-gel processing has
been determined (concentration of rare
earth ions in the 0.5-1.4 mol/] range, addi-
tion of DCCA). The film annealed at T =
800°C consist of near monodisperse close-
packed nanocrystallites with diameter of
10-20 nm. The obtained Lu,O5Eu3* films
are transparent and demonstrate ideal
smooth surface. The dependence of lumines-
cence intensity of Lu,O5Eud* film on an-
nealing temperature has been studied. The
obtained results indicate that transparent
nanocrystalline Lu,O5 Eu3* sol-gel films are
promising materials for high-resolution de-
tectors of X-rays.
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30Jb-Te€JIb METOJ OTPUMAHHS
nposopux Lu,05:Eud* nairox
H.B.Bab6aeécovka, O.C.Besxpoénuil, Il.B.Mameiiwenko,
O.M.Bosx, P.Il1.Aseyvruii
30JIb-TeIb METONOM Ha candipoBUX TiZKJIaAKaX OTPUMAaHO OLHOPiAHiI, mposopi maiBKU
Lu203:Eu3+ (Eu®* =5 ar. %) 8 ToBmuHO© B sianasoni 100-300 mm. Mopdouorio Ta cTpyK-
TYypy IUIIBOK OyJi0 DOCJifKEeHO 3a AOIIOMOI'0OI0 aTOMHOCHUJIOBOI'O MiKPOCKOIA, CKAHYIOYOi Ta
IPOCBiuyoUOl eneKTPOHHOI MiKpocKomii. Busnaueno ymMmoBu (POPMyBaHHS OJHOIIAPOBUX, I'0O-
MOTeHHMX ILIiBOK 3 cepexuim posmipom Kpucramitis 20 um. BuBueno siomimecienTHi Biac-
THUBOCTL ILIiBOK LUZOS:EUS+ B 3aJIEKHOCTI Bij Temmeparypu Biamauy.
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