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Laser melting of photoluminescent „Y0.92Eu0.08… 2 O3 films
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Fluorescent red-emitting (Y0.92Eu0.08) 2 O3 films were deposited on sapphire substrates by the
metallorganic chemical vapor deposition technique. The films were weakly luminescent in the
as-deposited condition. The as-deposited films were composed of nanocrystals embedded in
columnar grains. A KrF laser with ultraviolet 共⫽248 nm兲 pulses at a fluence level between 0.9 and
2.3 J/cm2 was applied to different regions of the film. Increasing the energy fluence density initially
increased the photoluminescence intensity but decreased it at the highest level. Transmission and
scanning electron microscopy verified that surface melting and ablation occurred at all fluence
levels. Computational modeling of the laser melting and ablation process predicted that a significant
fraction of the film is removed by ablation at the highest fluence levels, thereby decreasing the
photoluminescence intensity of the films due to the significant amount of material removed.
© 2001 American Institute of Physics. 关DOI: 10.1063/1.1404428兴

I. INTRODUCTION

deposition, processing, and optoelectronic and/or structural
characterization of oxide luminescent films, including
(Zn1⫺x Mnx ) 2 SiO4 , 13 (Y1⫺x Eux ) 2 O3 , 14 and Zn1⫺x O. 15 The
as-deposited films are nanocrystalline and weakly luminescent. However, highly crystalline, large grain size films are
required to maximize the luminescence emission
intensity.13,15 This occurs only under postdeposition annealing at high temperatures (⬎1000 °C), thereby restricting the
use of rapid thermal annealing or conventional furnace annealing due to substrate/film interactions.12,16 In addition,
substrates are limited to quartz or sapphire, undesirable substrates for commercial applications.
Synthesis of luminescent thin films has been performed
by several methods such as rf magnetron sputtering,17,18 metallorganic chemical vapor deposition 共MOCVD兲19–21 and
pulsed laser deposition.22–24 The fabrication processes usually require substrate temperatures ⬎500 °C to produce
共poly兲crystalline films that are subsequently subjected to
postdeposition, high temperature annealing.
Decreasing the fabrication temperature and time for film
deposition has been the goal for many scientists. Laser processing of luminescent thin films has many advantages over
standard heat treatment methods. The substrate is not exposed to elevated temperatures, the processing times and impurity diffusion are reduced and laser treatment is an extremely fast clean process, free of heater elements and

Surface modification of materials can be achieved by the
absorption of an intense laser pulse to obtain materials not
accessible by other processing techniques. When a high intensity ultraviolet 共UV兲 pulsed photon beam is absorbed by
the surface, the energy is transferred to heat in less than 1 ps.
This can be used to melt and subsequently solidify the irradiated area and/or to simply alter the surface structure of the
solid. Laser surface modification has been used to fabricate
novel microstructures and alloys,1 obtain a micromachined
morphology,2 enhance chemical reactions and modify the
surface chemistry of novel nanostructured thin films.3,4
Pulsed excimer lasers have been used to crystallize
and
amorphous
amorphous
ferroelectric
films5,6
7–10
and induce grain growth in silicon
semiconductors
through melting and solidification.11 The improvement of luminescent intensity in red-emitting luminescent films via laser melting has also been investigated.12
Luminescent thin films are materials that emit photons
共IR-UV兲 when excited by an external energy source, such as
an electric field, photons or electrons. These films have application for flat panel displays and as biological, chemical
and thermal sensors. Several articles been published on the
a兲

Author to whom correspondence should be addressed.

0021-8979/2001/90(8)/3919/6/$18.00

3919

© 2001 American Institute of Physics

Downloaded 24 Mar 2005 to 128.54.57.173. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

3920

Hirata et al.

J. Appl. Phys., Vol. 90, No. 8, 15 October 2001

FIG. 1. SEM micrographs of the 共a兲 as-deposited (Y1⫺x Eux ) 2 O3 , 共b兲 after one pulse at 0.9 J/cm2 , 共c兲 after one pulse at 1.4 J/cm2 and 共d兲 after one pulse at
2.3 J/cm2 .

contaminants usually found in conventional furnaces. Additionally, the substrates would not have to withstand high temperatures, thereby opening other materials choices, including
polymers.
In a previous article we reported that one laser pulse at a
fluence of 1.02 J/cm2 was enough to melt the surface of a
(Y1⫺x Eux ) 2 O3 film and repeated pulses caused ablation of
the material. The laser processing melted the as-deposited
film, which smoothed and densified the film. Moreover, the
photoluminescence 共PL兲 emission intensity of the laser
melted (Y1⫺x Eux ) 2 O3 films was improved by 122% over
that of the as-deposited film.12
The objective of this work was to apply a high energy
共UV兲 laser pulse at different fluence densities to films of
(Y1⫺x Eux ) 2 O3 to examine the microstructural and luminescence properties of the treatment. Additionally, it was the
goal to compare the physical observations to a computational
model of the laser melting and ablation process.

II. EXPERIMENTAL TECHNIQUES

(Y1⫺x Eux ) 2 O3 films were grown by MOCVD on heated
sapphire under similar conditions as described in a previous
article.14 A Lambda-Physik KrF excimer 共⫽248 nm兲 laser
with 25 ns pulse width was applied to the surface of the
as-deposited films. A homogenizer was used to produce a
rectangular beam (6⫻9 mm2 ) resulting in an energy fluence
density that was adjusted to range between 0.9 and 2.3
J/cm2 . Different regions of the film were used for each application of the laser. The morphology of the as-deposited
and laser-irradiated samples was analyzed with a scanning
electron microscope 共SEM兲 operated at 20 kV. Crosssectional analysis was performed utilizing a field emission
transmission electron microscope 共TEM兲 operated at 300 kV.
The TEM cross-sectioned samples were prepared by gluing
two samples together face to face 共to protect the area of
interest and at the same time to increase the number density
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FIG. 2. TEM cross-sectional micrographs of 共a兲 an as-deposited
(Y1⫺x Eux ) 2 O3 film and 共b兲 a laser-melted area with a fluence density of 1.4
J/cm2 .

of crystals in the thinned area兲. PL measurements were taken
under ambient conditions by exciting the as-deposited and
laser-melted regions with ⫽250 nm UV photons and then
collecting the emission spectra 共in the range of 300–700 nm兲
in transmission mode. A 250 m fiberoptic cable connected
to an Acton Research spectrograph attached to a thermoelectrically cooled Princeton Instruments charge coupled device camera collected the spectra.
The thermal profile, melt and ablation depths as a function of time were calculated using a finite difference simulation program called SLIM, the simulation of laser interaction
with materials.25 The output to this program is the solution to
a one-dimensional heat flow problem. This is a reasonable
approximation due to the short pulse duration of the laser
that yields thermal gradients perpendicular to the surface orders of magnitude higher than the gradients parallel to the
surface. The input data to the program are: thickness of the
film, melting and vaporization temperature of the film, temperature dependent thermal conductivity of the film and substrate, temperature dependent heat capacity of the film and
substrate, temperature dependent reflectivity 共solid and liquid兲 of the film, heats of melting and vaporization of the film,
and adsorption coefficient for the solid, liquid and vapor. The
laser energy pulse was input as a square pulse with a 25 nm
width. The energy was varied for each fluence level. The film
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FIG. 3. Lattice fringe image of the interface between the as-synthesized
(Y1⫺x Eux ) 2 O3 film and the sapphire substrate.

and substrate were considered semi-infinite, the number of
nodes was 100, the time iteration interval was 40 ps and the
program was allowed to melt the substrate, if sufficiently
high temperatures were reached.

III. RESULTS AND DISCUSSION

The as-deposited films were weakly luminescent with
the characteristic red/orange emission of (Y1⫺x Eux ) 2 O3 .
The composition was previously determined to be x⫽0.08 by
Rutherford backscattering.12 Figure 1共a兲 shows the SEM micrograph of an as-deposited film. The surface appears
smooth and has a grain size of ⬃2–3 m composed of nanometer sized crystallites. Figure 1共b兲 shows the film after
the application of one laser pulse at 0.9 J/cm2 . The micrograph shows there was some thermal cracking and melting as
observed at the grain boundaries. Porosity has also been induced at the grain boundaries from laser ablation, as the
ejecta can be observed on the surface around the pores. As
shown in Fig. 1共c兲, after one pulse at 1.4 J/cm2 , a larger
fraction of melting is observed. The grain boundaries are no
longer evident and the nanocrystallites have increased in size
and spheriodized. It appears that a significant fraction of the
surface has melted. An increase in the amount of ablated
material is also detected. After one pulse at 2.3 J/cm2 , the
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surface is considerably rougher than at the lower fluence levels and large solidification voids can be observed, as shown
in Fig. 1共d兲.
Figure 2共a兲 shows a cross-sectional TEM view corresponding to an as-deposited film. The film is composed of
columnar crystallites of the order of 0.2–0.3 m width and
⬃2 m long 共the thickness of the film兲. It is seen that some
of the columnar grains grow independently, resulting in a
small separation between crystallites. Figure 2共b兲 shows a
TEM micrograph of the laser-melted area that was exposed
to a fluence density of 1.4 J/cm2 . It is clearly observed that
the columnar ‘‘peaked’’ surface in Fig. 2共a兲 has disappeared
and the film is smoother and denser. The laser-melted areas
appear to retain some growth orientation due to the unidirectional solidification. The grain width is smaller, indicating
that the film solidified rapidly.
Figure 3 shows a TEM lattice fringe image of the interface between the as-synthesized film and the sapphire substrate. It can be seen that the columnar grains are grown after
a quasicrystalline layer of (Y1⫺x Eux ) 2 O3 is formed at the
initial stage of the MOCVD deposition. The quasi-crystalline
region is either amorphous 共crystallite size ⬍0.5 nm兲 or corresponds to crystallites that are oriented, with respect to the
electron beam, in such a way that no Bragg reflection occurs
for this particular sample orientation. Lattice fringes of the
film show different crystallographic directions, indicating the
film is polycrystalline. In corroboration, the diffraction pattern from this area shown as an inset to Fig. 4 also shows the
polycrystalline characteristics of the film. The ring-type diffraction pattern with certain intensity enhancement along the
rings indicates that the film is composed of Y2 O3 with some
preferred growth directions. The diffraction rings were identified and were matched to both cubic26 and monoclinic27
Y2 O3 . Monoclinic Y2 O3 is a metastable phase, thought to be
stabilized under ambient conditions by the Gibbs–Thompson
effect as nanocrystalline particles.28 Rings a–c match the
planar distances given for the cubic, whereas rings d–f correspond to the monoclinic structure.
PL measurements of the laser processed films at different
fluences are shown in Fig. 4. The characteristic 611 nm feature of cubic (Y1⫺x Eux ) 2 O3 is seen along with the 628 nm
feature identified as monoclinic (Y1⫺x Eux ) 2 O3 . 28 In the asdeposited state, the emission intensity is very weak, and the

FIG. 4. Photoluminescent emission spectra of the as-deposited and laser
processed (Y1⫺x Eux ) 2 O3 film.
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FIG. 5. Change of the ratio cubic/monoclinic luminescent intensity in
(Y1⫺x Eux ) 2 O3 films with laser irradiation.

monoclinic feature is more intense than the one for the cubic
structure. After the application of 0.9 J/cm2 , the emission
intensity increased for both the cubic and monoclinic features. The highest emission intensity occurred for 1.4 J/cm2 ,
where the cubic feature is significantly higher than the monoclinic feature. An increase to 2.3 J/cm2 decreased the emission intensity, which was unexpected, since the emission intensity was initially increasing with higher fluence levels.
Laser irradiation increased photoluminescence at 611 nm
共cubic contribution兲. The increase in the surface temperature
caused melting of the Y2 O3 film and it converts part of the
monoclinic into the cubic phase because cubic is the stable
phase at high temperatures.12,14 The change of the ratio of
cubic/monoclinic luminescent intensity with laser irradiation
is illustrated in Fig. 5. It can be observed that the luminescence contribution of the cubic phase is improved as the
fluence density is increased.
Figure 6 shows the calculated melt and ablation depth
profiles by the SLIM program for three energy fluence lev-

FIG. 6. Calculated melt and ablation depth profiles by the SLIM program
for different fluence levels. Solid symbols represent the melt depth, open
symbols represent ablation depth.
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TABLE I. Input parameters for the SLIM program. Data taken from Ref. 29.
Al2O3
共substrate兲

Y2O3
共film兲

2323
3253
4400
18 912

2693
4603
2220
43 499

48.6 T ⫺0.894
0.0476

6.86 T ⫺0.823
0.0103

7.15⫻10⫺4 T⫺1.18⫻105 T ⫺2
⫹4.26
5.9

7.29⫻10⫺4 T
⫺1.96⫻104 T ⫺2 ⫹2.31
4.27

5⫻104
5⫻104

5⫻104
5⫻104

Property
Melting temperature 共K兲
Evaporation temperature 共K兲
Heat of melting (J/cm3)
Heat of vaporization (J/cm3)
Thermal conductivity 共W/cm K兲
Solid
Liquid
Heat capacity (J/cm3 K)
Solid
Liquid
Absorption coefficient (cm⫺1)
Solid
Liquid
Reflectivity (J/cm3 K)
Solid
Liquid

els: 0.9, 1.4 and 2.3 J/cm2 . The input data29 are given in
Table I. A 400-nm-thick film was modeled. The melt depth
共solid兲 symbols and ablation depth 共open symbols兲 are
shown as a function of time. A fluence of 0.9 J/cm2 shows a
melt depth maximum to be 280 nm. This increases to 330 nm
at 1.4 J/cm2 and to 400 nm at 2.3 J/cm2 . This indicates that
melting should have been observed for all the fluence levels
used in this experiment, and is corroborated by the SEM
micrographs shown in Fig. 1. The ablated depths are shown
as the open symbols. Negligible ablation occurs at a fluence
density of 0.9 J/cm2 . At 1.4 J/cm2 , almost 80 nm of the film
was removed while at 2.3 J/cm2 , approximately 150 nm of
the film was removed. As the volume of material melted
increases, the PL emission intensity increases due to an increase in density of the solidified regions and the reduction
of nanocrystallites. However, as the melted volume increases, the amount of material removed by ablation also
increases. Thus, there is a trade-off between maximizing the
PL intensity by increasing the volume of melted material and
decreasing the PL intensity by material ablation.

IV. CONCLUSIONS

Luminescent films of (Y0.92Eu0.08) 2 O3 were synthesized
by chemical vapor deposition from organometallic precursors onto heated sapphire substrates. Laser melting of the
films was achieved with a 248 nm KrF excimer laser with a
pulse width of 25 ns and at fluences between 0.9 and 2.3
J/cm2 . The laser pulse melted the as-deposited film that increased the photoluminescent emission intensity. The photoluminescent emission intensity increased with higher fluence
levels, however significant ablation occurred at the highest
fluence level. Direct observations with transmission and
scanning electron microscopy performed on films verified
that melting and ablation occurred at all fluence levels. Computational modeling of the laser melting and ablation process
predicted that a significant fraction of the film is removed by

0.2
0.2

ablation at the highest fluence levels, thereby decreasing the
photoluminescence intensity of the films at the highest fluence level.
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