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Abstract

Terbium doped ZrO, cathodoluminescent and photoluminescent films have been prepared by pneumatic spray
pyrolysis deposition process. Different substrate temperatures, doping concentrations and the flows of solution in
the start spraying solution were studied. It is observed that the crystallinity of the films depends on the substrate
temperature during deposition of the films. For substrate temperatures lower than 400°C, the deposited films are
amorphous, whereas for substrate temperatures higher than 400°C the crystalline structure of the prepared material
presents the metastable tetragonal or cubic phases. Preliminary measurements on cathodoluminescent emission are
presented. In the case of photoluminescence, the excitation and emission spectra were obtained; for an excitation
wavelength of 250 nm, all the photoluminescent spectra show peaks located at 489, 548, 588 and 620 nm. Concentration
quenching of the cathodoluminescence and photoluminescence occurs at activator concentration greater than 1.17 and
1.96 atomic percent (a/o), respectively. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 78.60.Hk; 78.55.Hx; 81.15.Rs
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1. Introduction refractive index, hardness and corrosion barrier
properties [1-8]. Relatively little research has been

Zirconium oxide has attracted much attention in done in the area of luminescent properties of the
technology and science because of its low thermal zirconia in the form of powders and single crystals
conductivity, high melting temperature, high [9-16]; and the information about zirconia lumi-

nescent films is practically non-existent [17].
—_— i Cathodoluminescence is an important techno-
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important microcharacterization tool for the
analysis of luminescent materials.

Nowadays, luminescent thin films have a wide
range of applications, such as flat panel displays,
cathode-ray picture tube screens, AC plasma
panels and electroluminescence devices [18-20].
For these applications, it is necessary to be
able to deposit good quality coatings emitting in
the three basic colors (blue, red and green). A
worldwide interest exists in the development
of multicolor thin film electroluminescent devices.
Rare earth elements have been recognized as
most important dopants for multicolor electro-
luminescent devices since LUMOCEN (Lumines-
cence From Molecular Centers) devices were
reported [21]. The potential of the rare earth ions
to provide the three basic colors needed in a full
color device has led to intensive study of the
doping of II-VI compounds with rare earths
during the past few years [22]. The studies began
with the ZnS matrix and were later extended to
alkaline earth sulfides. Rare earth ions have
efficient visible emissions in 4f shell, which is
insensitive at great extent to the influence of
surroundings due to the shielding effect of
the outer 5s and Sp orbitals [23]. Compared to
powder phosphors, thin luminescent films offer
advantages such as better thermal stability, good
adhesion to the substrate, no out-gassing problems
and possess uniform properties across the covered
area.

Zirconia thin films have been prepared by
several techniques [24-27]. Spray pyrolysis techni-
que is relatively simple and probably the least
expensive technique suitable for deposition over
large areas. This technique has been successfully
used in the deposition of luminescent thin films of
materials such as ZnO:Tb [28], ZnO:In [29],
Al,O3:Tb [30], ZnS:Mn [31], Al,O5: CeCl; [32],
ZnO: Li [33], etc.

The present work reports, for the first time, to
the authors best knowledge, the cathodolumines-
cent (CL) characteristic emission of Tb doped
ZrO, films as well as the photoluminescent (PL)
characteristics of this material deposited by the
pneumatic spray pyrolysis deposition process. The
role that some deposition parameters play on these
characteristics is also reported.

2. Experimental details

Pneumatic spray pyrolysis technique was used
to prepare terbium doped zirconium oxide films.
The experimental arrangement for this technique
has been presented elsewhere [34]. In this process,
a solution containing the materials to be deposited
is sprayed through a spraying nozzle over a hot
substrate. The solvents in the solution are vapor-
ized when the mist of the solution gets in touch
with the hot substrate leaving a solid coating on
the substrate. The substrate is placed on a
resistance heated stage and the nozzle is located
approximately 25cm above the stage, all enclosed
in an exhaust hood. The spraying solution
was 0.05M solution of zirconium oxichloride
(ZrOCl, - 8H,0, Merck) in deionized water. Dop-
ing with Tb was achieved by adding TbCl; - 6H,O
to the spraying solution in the range from 1 to 20
atomic percent (a/o) in relation to the Zr content
in this solution. The gas flow (filtered air) was 101/
min and the solution flow was varied from 4 to
16 ml/min. The substrate temperature during
deposition was in the range from 250°C to
500°C; the substrates used were Corning 7059
glass slides. The deposition time was 5min. The
thickness of the films studied was approximately
Sum as measured by a Sloan Dektak IIA
profilometer. CL measurements were performed
in a stainless steel vacuum chamber with a cold
cathode electron gun (Luminoscope, model ELM-
2 MCA, RELION Co.). Samples were placed
inside the vacuum chamber and evacuated to
<10 Torr. The electron beam was deflected
through a 90° angle to bombard the luminescent
material normal to the surface. The emitted light
from the sample was coupled into an optical fiber
bundle leading to a Perkin-Elmer LS50B fluores-
cence spectrophotometer. The excitation and
emission PL spectra were obtained using the
spectrophotometer cited above. All PL spectra
were obtained at room temperature and 250 nm
light was found to be suitable as excitation source
for the PL measurements. The crystalline structure
of the deposited films was analyzed by X-ray
diffraction, using a Siemens D-5000 diffractometer
with wavelength radiation of 1.5406 A (Cu k).
The chemical composition of the films was



M. Garcia-Hipdlito et al. | Journal of Luminescence 93 (2001) 9-15 11

measured using EDS (Energy Dispersive Spectro-
scopy) with a Leica-Cambridge electron micro-
scope Mo. Stereoscan 440 equipped with a
beryllium window X-ray detector. The standard
used for the EDS measurements was the Multi-
element X-ray Reference Standard (Microspec)
Serial 0034, part No. 8160-53.

3. Results and discussion

As mentioned above, the thicknesses of the
studied films were in all cases approximately 5 pm.
The structural characteristics of Tb doped ZrO,
coatings deposited by spray pyrolysis method are
illustrated in Fig. 1, where X-ray diffraction
patterns for ZrO,:Tb (20 a/o in solution) at four
different substrate temperatures, 350°C, 400°C,
450°C and 500°C, are shown. The zirconia coat-
ings remain in the amorphous state when depos-
ited at substrate temperatures up to 400°C, but
when the substrate temperature is increased above
this value various peaks associated with a meta-
stable tetragonal or cubic of zirconia phase
appear. When increasing substrate temperature,
the growth of zirconia with a preferential (111)
direction normal to the films surface is promoted
and sharper diffraction peaks at high substrate
temperatures indicate that a fast sintering process
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Fig. 1. X-ray diffraction patterns for terbium doped zirconia

films (20a/o, in the spraying solution) at four different

deposition temperatures, 350°C, 400°C, 450°C and 500°C.
(T =tetragonal zirconia, C = cubic zirconia).

is taking place in this temperature range, leading
to an increase in the crystallite size (decreased peak
width).

EDS measurements were performed on films
deposited on (100) n-type silicon single crystals
substrates in order to evaluate the oxygen content
in the coatings. The obtained results are shown in
Tables 1 and 2. Table 1 summarizes the relative
chemical content of oxygen, zirconium, terbium
and chlorine present in the films as a function
of the content of the TbCl; inserted into the spray-
ing solution. A reduction of the relative content
of oxygen and zirconium and, furthermore, an
increase in the relative contents of terbium and
chlorine is observed when the doping concentra-
tion rises. The substrate temperature, in this case,
was 500°C. Table 2 presents results similar to those
in Table 1 but as a function of the substrate

Table 1

Atomic percent content of the oxygen, zirconium, terbium and
chlorine in the films as measured by EDS for different TbCl;
concentrations in the spraying solution. In this case, the
substrate temperature was 500°C

TbCl; concentration Oxygen Zirconium Terbium Chlorine
in the spraying
solution (a/o)

0 60.04 39.21 00.00 00.75

1 59.03 39.71 00.43  00.83

3 58.88 39.11 00.96 01.05

5 58.11 39.46 01.17  01.26
10 57.71 38.65 01.96 01.68
20 57.07 37.14 02.78  03.01
Table 2

Atomic percent content of the oxygen, zirconium, terbium and
chlorine in the films as determined by EDS for different
substrate temperatures. In this case, the TbCl; concentration in
the spraying solution was 10a/o

Substrate
temperature (°C)

Oxygen Zirconium Terbium Chlorine

250 46.21 43.15 04.11 06.53
300 47.44 42.90 03.85 05.81
350 50.53 42.05 03.16 04.36
400 52.79 41.38 02.80 03.03
450 55.48 40.01 02.23 02.28
500 57.71 38.65 01.96 01.68
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Fig. 2. Room temperature PL emission from zirconia film
doped with Tb. The characteristic peaks associated with
radiative transitions between the electron energy levels of the
rare earth activator involved are shown. The inset shows the
excitation spectrum. The optimal wavelength obtained for
excitation was 250 nm.

temperature, keeping constant the doping concen-
tration (TbCl;, 10a/o) in the starting solution.
In this case, we observe an increase in the content
of oxygen and a reduction in the content of
zirconium, terbium and chlorine as the substrate
temperature increases. In both cases (Tables 1 and
2), the solution flow was 8 ml/min.

Typical PL emission spectrum for Tb doped
zirconia film is shown in Fig. 2. It is possible to
distinguish four emission bands centered at 489,
548, 588 and 620 nm which correspond to transi-
tions between the levels " Dy—’Fg, " Ds—'Fs, Dy
—7F, and ’D4—"F;, respectively, from trivalent
terbium ion. The inset shows a typical excitation
spectrum; here it is possible to observe that
radiation with the wavelength of 250nm is the
optimum in order to excite PL emission from the
prepared material. The excitation spectra show a
broad band; surely, owing to charge transfer
transition (CTT) of the Tb® " ion. In these cases,
the films were prepared at the substrate tempera-
ture of 500°C, the concentration doping was 10a/o
in the spraying solution and the solution flow was
8 ml/min.

Fig. 3 shows plots of CL spectra measured
under steady-state excitation with an accelerating
beam voltages from 4 to 12kV. The observed
emission spectra consist of four bands character-
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Fig. 3. CL spectra of ZrO,:Tb films as a function of the
electron acceleration voltage.
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Fig. 4. CL spectra for Tb doped ZrO, films as a function of
the activator concentration, under 12kV electron accelerating
potential.

istic of the trivalent terbium ion, occurring within
the 4f shell (f-f transition). In this case, the higher
electron accelerating voltage produces the best
emission intensity. We did not use electron
accelerating potentials higher than 12kV to avoid
radiation damage to the samples. The CL spectra
as a function of activator concentration in the
spraying solution are shown in Fig. 4, under 12kV
electron accelerating potential. A concentration
quenching of the CL emission is shown. The
maximum intensity emission is obtained for 5a/o
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of terbium ions in the spraying solution. In rare
earth activated luminescent materials, the opti-
mum activator concentration occurs at different
values for different types of excitation, e.g.,
cathode-ray excitation, host photoexcitation and
direct activator photoexcitation [35]. The concen-
tration dependence curves of luminescent materi-
als excited by cathode rays are almost identical to
the curves obtained for host photoexcitation,
except for the fact that the optimum concentration
under cathode-ray excitation is always lower [36].

Impurities adsorbed at the surface of lumines-
cent materials, as well as surface defects often
become quenchers and may, by quenching
the emission near the surface, produce a ‘“‘dead-
voltage layer”. The thickness of this layer must
be exceeded by the incident electrons to excite
luminescence in the deeper active region. In the
case of rare earth activators, the migration of
excitation by resonant energy transfer between the
rare earth activators can be so efficient in such a
way that it may carry the energy to a distant killer
existing at the surface of the luminescent material.
Thus, the aggregation of activator impurities at
high concentration may change some activators to
quenchers and induce the quenching effect [37].
Other effects relative to quenching of luminescence
are: (a) thermal quenching, due of the local
heating, by energetic electrons, of the luminescent
material, (b) saturation of luminescent centers,
whereby the majority of the centers are already in
excited states, leaving an insufficient quantity of
available centers in the ground state free to accept
energy from the excited carriers [37,38] and (c)
Auger effect which produces ejection of electrons
leaving the luminescent centers de-excited [39]. The
exact mechanism of the luminescence quenching
for this case is still unclear and needs additional
investigation.

Fig. 5 shows the 548nm emission intensity
behavior as a function of the deposition tempera-
ture. The PL emissions rise when increasing the
deposition temperature, probably due to an
improved crystallization of the host material, as
shown by X-ray diffraction measurements in this
range of deposition temperatures, and to the
reduction of chlorine left in the sample. Both
effects will produce a better incorporation and
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Fig. 5. The PL emission intensity for the main peak centered
at 548nm for Tb doped zirconia films as a function of the
deposition temperature. The excitation wavelength was 250 nm.

distribution of the rare earth ions as an atomic
impurity in the host film, which will result in an
increase of the PL emission as the deposition
temperature is increased. In this case, the value of
concentration impurities, in the spraying solution,
was 10a/o and the flow of spraying solution was
8 ml/min. In accordance with the observed ten-
dency, films deposited at substrate temperatures
higher than 500°C would have a more intense
emission; however, films deposited at substrate
temperatures higher than 500°C (550°C and
600°C) resulted in a material that was powdery,
porous and non-adherent to the substrate. This is
probably due to a sudden evaporation of the
solvent because at those relatively high tempera-
tures the chemical reaction is carried out in the
vapor phase in a nearby region to the substrate,
producing in this way, only a fine powder (which
falls on the substrate) and not a solid film.

The dependence of PL intensity on the 548 nm
peak for Tb doped zirconia films, as a function of
concentration impurities, is shown in Fig. 6. The
emission intensity as a function of the relative
doping concentration shows a maximum at 10a/o
of TbCl; in the spraying solution (1.96a/o as
measured by EDS); here a concentration quench-
ing is observed [40,41]. The deposition temperature
in this case was 500°C and the flow of the spraying
solution was 8 ml/min.
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Fig. 6. The PL emission intensity for the main peak for Tb
doped zirconia films as a function of the activator concentration
in the spraying solution, under an excitation wavelength of
250 nm.

Fig. 7 shows the dependence of the intensity of
the PL emission (peak centered at 548nm ) as a
function of the spraying solution flow. An optimal
value of the solution flow (8 ml/min) can be
observed. Considering values of the solution flow
lower than 8ml/min, it could happen that the
mixture (solution plus carrier gas) is rich in air and
less mass arrives at the substrate surface. This
mixture is more easily evaporated and species
related to terbium could be evaporated together
with air. This process will produce a terbium
deficient film. With regard to the values of the
solution flow higher than 8 ml/min, we have more
abundance of mass arriving on the substrate,
which can produce clusters not completely pro-
cessed, probably rich in chlorine and not well
crystallized. This could originate a quenching of
the PL emission similar to the case described
above (concentration quenching). The other pro-
cess conditions were fixed at optimal conditions.

4. Conclusions

Green CL and PL emissions from pneumatic
spray pyrolysis deposited zirconia films doped with
Tb have been observed. The X-ray diffraction
measurements of these films show that its crystal-
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Fig. 7. The PL emission intensity for the main peak for terbium
doped zirconia films as a function of the solution spray rate.
The excitation wavelength was 250 nm.

linity depends on the deposition temperature; at
low temperatures they are in the amorphous state
and when increasing the deposition temperature
they get transformed to tetragonal or cubic phase.
The luminescence emission of Tb doped zirconia
films is characteristic of the Tb(III) ion. A
concentration quenching was observed if the
activator concentration increases above the opti-
mum concentration of 1.96a/o as measured by
EDS. An increase of the PL emission as the
substrate temperature increased was observed.
Furthermore, a quenching of the PL emission as
a function of the solution flow was observed, the
optimum value of this parameter was 8 ml/min. In
addition, a high deposition rate up to 1 pm per min
was observed. It was shown that zirconia is an
excellent host for rare earth ions as active center to
get luminescence emission. Finally, it has been
shown that the versatile and low cost spray
pyrolysis technique is able to produce high quality
films.

Acknowledgements
The authors would like to thank Leticia Bafnos

for X-ray diffraction measurements, Jos¢ Guzman
for EDS measurements, and Marcela Guerrero



M. Garcia-Hipdlito et al. | Journal of Luminescence 93 (2001) 9-15 15

and Juan Garcia-Coronel for their technical
support.

References

[1] J.W. Fairbanks, R.J. Hecht, Mater. Sci. Eng. 88 (1987)
273.

[2] R. Di Maggio, L. Fedrizzi, S. Rosi, P. Scardi, Thin Solid
Films 286 (1966) 127.

[3] H.C. Chen, E. Pfender, J. Heberlein, Thin Solid Films 293
(1997) 227.

[4] H. Tomaszewski, J. Haemers, N. De Roo, J. Denul,
R. De Gryse, Thin Solid Films 293 (1997) 67.

[5] A.S. Kao, G.L. Gorman, J. Appl. Phys. 67 (1990) 3826.

[6] A.H. Heuer, L.W. Hobbs, Advances in Ceramics, Amer-
ican Ceramic Society, Columbus, Vol. 3, 1981.

[71 S.M. Meier, D.K. Gupta, J. Eng. Gas Turbines Power.
Trans. ASTM 116 (1994) 250.

[8] V.F. Urbanic, in: D.J. Franklin, R.B. Adamson (Eds.),
Sixth International Symposium, ASTM, 1984, p. 554.

[9] S.E. Paje, J. Llopis, Appl. Phys. A 55 (1992) 523.

[10] D. Van der Voort, G. Blasse, Chem. Matter 3 (1991) 1041.

[11] J. Dexpert-Ghys, M. Faucher, P. Caro, J. Solid State
Chem. 54 (1984) 179.

[12] D.E. Harrison, N.T. Melame, E.C. Subaro, J. Electro-
chem. Soc. 110 (1963) 23.

[13] J. Dexpert-Ghys, M. Faucher, P. Caro, C. R. Acad. Sci.
(Paris) 298 (1984) 621.

[14] S. Gutzov, K. Kynev, S.K. Peneva, Crystal Res. Technol.
28 (3) (1993) 427.

[15] Cz. Koepke, A. Lempicki, G.H. Beall, J. Lumin. 54 (1992)
145.

[16] D. Hartmann, Z. Phys. Chemie 256 (1975) 97.

[17] E. Pereyra-Perea, M.R. Estrada-Yafiez, M. Garcia,

J. Phys. D 31 (1998) L7.

[18] D. Theis, J. Lumin. 23 (1981) 191.

[19] R. Mach, G.O. Mueller, Phys. Stat. Sol. A 69 (1982) 11.

[20] Y.A. Ono, Encycl.Appl. Phys. 5 (1993) 295.

[21] D. Khang, Appl. Phys. Lett. 13 (1968) 210.

[22] C.N. King, Conference Record of the International
Display Research Conference, San Diego, 1985, p. 155.

[23] G.H. Dieke, Spectra and Energy Levels of Rare Earth Ions
in Crystals, Interscience, New York, 1968.

[24] Yu-Wen. Cheng, Tzu-Ming. Yen, Chiuping. Li, J.
Non-Cryst. Solids 185 (1995) 49.

[25] G. Bertrand, R. Mévrel, Thin Solid Films 292 (1997) 241.

[26] S.B. Quadri, E.F. Skelton, P. Lubitz, N.V. Nguyen,
H.R. Khan, Thin Solid Films 290-291 (1996) 80.

[27] H. Tomaszewski, J. Haemers, N. De Roo, J. Denul,
R. De Gryse, Thin Solid Films 293 (1997) 67.

[28] A. Ortiz, C. Falcony, M. Garcia, A. Sanchez, J. Phys. D 20
(1987) 670.

[29] A. Ortiz, M. Garcia, C. Falcony, Thin Solid Films 207
(1991) 175.

[30] C. Falcony, A. Ortiz, J.M. Dominguez, M.H. Farias,
L. Cota-Araiza, G. Soto, J. Electrochem. Soc. 139 (1992)
267.

[31] C. Falcony, M. Garcia, A. Ortiz, J.C. Alonso, J. Appl.
Phys. 72 (1992) 1525.

[32] C. Falcony, M. Garcia, A. Ortiz, O. Miranda, 1. Gradilla,
G. Soto, L. Cota-Araiza, M.H. Farias, J.C. Alonso,
J. Electrochem. Soc. 141 (1994) 2860.

[33] A. Ortiz, C. Falcony, J. Hernandez- A, M. Garcia,
J.C. Alonso, Thin Solid Films 293 (1997) 103.

[34] T.T. Koda, M.J. Hampden-Smith, Aerosol Processing of
Materials, Wiley-VCH, New York, 1999, p. 537.

[35] L. Osawa, H. Forest, P.M. Jaffe, G. Ban, J. Electrochem.
Soc. 118 (1971) 482.

[36] H. Forest, L. Osawa, Paper 211RNP presented at the
Electrochemical Society Meeting, Washington, DC, May
9-13, 1971.

[37] T. Hase, T. Kano, E. Nakasawa, H. Yamamoto,
Phosphors materials for cathode-ray tubes, in: P.W.
Hawkes (Ed.), Advances in Electronics and Electron
Physics, Vol. 79, Academic Press, New York, 1990,
p. 271.

[38] D.M. de Leeuw, G.W. tHoof, J. Lumin. 28 (1983)
275.

[39] S. Imanaga, S. Yocono, T. Hosima, Japanese J. Appl.
Phys. 19 (1980) 41.

[40] D.L. Dexter, J.H. Schulman, J. Chem. Phys. 22 (1954)
1063.

[41] G. Blasse, B.C. Grabmaier, Luminescent Materials,
Springer, Heildenberg, 1994.



