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This paper investigates the near-infrared emission and structural properties of Er**-doped zirconium
oxide thin films modified with a fixed content of zinc oxide. The films were obtained by electron beam
deposition on Si(100) substrates, followed by a thermal treatment with or without a controlled oxygen
flow. The samples were characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS)
and energy dispersive X-ray spectroscopy (EDX). Scanning electron microscopy (SEM) was used to eval-
uate the surface morphology, distributions and size of the grains in the films. The results confirmed sig-
nificant changes in these films from thermal treatment with or without oxygen flow. Fourier transform
Photoluminescence infrared spectroscopy (FTIR) was used to analyze the absorption bands of the films. The photolumines-
Near-infrared emission light cence (PL) measurement and “ly3, — *I;5; lifetime was measured under 980 nm near-infrared excitation.
XPS The effects of thermal treatment as well as the concentration of Er,O3 on the PL emission intensity and
Photoluminescence quenching lifetime in the near-infrared region (from the 4113,2 - 4115,2 radiative transition) were studied. Thermal
treatment under a controlled atmosphere increased the PL emission intensity due to a diminution of
the residual OH groups, as confirmed by the XPS and analysis and FTIR spectroscopy. The film modified
with 3 mol% of Er,053 content annealed in oxygen flow shows an emission intensity of two orders of mag-
nitude greater than the annealed film without oxygen flow at 1550 nm, nevertheless, the bandwidth was
practically the same (7.6 nm) in both cases.
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to substitution of Zr*" by Er3* ions results in oxygen vacancies in
the zirconia lattice, which gives rise to the optical properties of
Er**-doped zirconia films [7]. Furthermore, the addition of ZnO

1. Introduction

Zirconium oxide thin films exhibit several valuable characteris-

tics including chemical stability, high thermo-mechanical resis-
tance, low thermal conductivity, and ionic conductivity [1,2]. In
optical devices, zirconium oxide films are excellent candidates
due to their high refractive index, low optical loss, and high
transparency, enabling them to be used in applications such as
waveguides, interferometry, and electro-optical devices [3-5].
Furthermore, the low phonon energy of zirconium oxide can
increase the probability of transitions in materials doped with
rare-earth ions. As a result, there is interest in their use for photon-
ics applications [6].

Trivalent rare-earth ions can be used to stabilize the structure of
crystalline zirconium oxide films, as well as to activate lumines-
cence properties in these films [2]. The charge compensation due
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(also called of modifier) during formation of structure crystalline
can increase or not the optical properties of these thin films. We
must say that this effect has not been studied in detail in the
literature. Thereby, in present work ZnO was used as a modifier
in Er**-doped zirconium oxide, due large bandgap of ZnO
(Eg ~ 3.3 eV) that permits simultaneous emissions at several wave-
lengths in presence of rare-earth ions [8,9].

This paper investigates the structural and optical properties of
thin films doped with different Er,O; nominal contents, keeping
zinc-modifier content fixed. Under laser excitation at 980 nm, the
films modified show significant increases in the emission intensity
of the *I;3;, — *I;5, radiative transition for the annealed films in
oxygen flow, in comparison with the annealed films without oxy-
gen flow. This increase is due to diminution of the residual OH
groups within the films, which was confirmed by XPS analysis
and FTIR spectroscopy.
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2. Experimental

The thin film target composition was (90 — x)ZrO, + 10Zn0O + xEr,03 (mol%),
where x = 1, 2 and 3 mol%, as detailed in Table 1. Besides, were prepared two sam-
ples without ZnO (labeled E2), in order to evaluate the ZnO presence in our samples.
All the samples were prepared as solid solutions from high purity (>98%) starting
materials. The powder was mixed for two hours in a ball mill containing a suspen-
sion of zirconia in isopropyl alcohol, then transferred to a beaker, and dried at
100 °C. The resulting powder was ground for 20 min in distilled water in a mortar
(using a ratio of 1 g of powder to 50 pLL of water), to facilitate the conformation pro-
cess. Subsequently, ceramic pellets (8 mm diameter and 1.2 mm thick) were formed
by pressing at 140 MPa, followed by preannealed at 900 °C for 4 h. The pre-
annealed processes in ceramic pellets facilitate the doped Erbium effect as well
as remove possible organic and volatile impurities [10]. The films were produced
in an evaporation chamber with a base pressure of 4 x 10~® mbar, using an electron
beam gun (Telemark-231) operated at 6 kV and a current of 40 mA. Tantalum
crucibles were used to support the high temperature during evaporation. The con-
ditions used resulted in the homogeneous deposition of hard transparent films
(2.6 £0.1 um thickness) on Si(100) substrates (two for each Er;0, concentration),
which was confirmed using an FE-SEM instrument (Supra 35-VP, Carl Zeiss,
Germany) operated at 15 kV. The films were then submitted to thermal treatment
at 1000 °C for 5 h, either with or without O, flow.

The crystallinity and phases present in the thin films were investigated by X-ray
diffraction (XRD), using a Rigaku Dmax 2500 PC diffractometer operated with Cu Kot
radiation. The 20 range was from 10° to 75°, with steps of 0.02°. Scanning electron
microscopy (SEM) was used to investigate the morphology of the thin films. The
morphology and quantitative element analysis of the films were investigated by a
SEM-EDX instrument (Model XL-30, Philips, Japan) operated at 25 kV. Analysis of
the surface of the low temperature-calcined thin films was performed by X-ray
photoelectron spectroscopy (XPS), using an ESCA3000 instrument (VG Microtech)
with Al Ko radiation and a base pressure of 3 x 10~' mbar. The spectra were
obtained at a take-off angle of 45° to the sample, using a 250 mm hemispherical
energy analyzer with an overall energy resolution of 0.8 eV. The elemental quanti-
fications were obtained using the spectrometer software. Standard Shirley back-
ground subtraction was employed, and the C 1s peak at 284.5 eV was used for
the binding energy calibration. In order to determine the binding energies of the
component present in our thin films analysis of the spectra was performed by a
fitting procedure using Gaussian peak shapes, Fig. 3.

In order to investigate the OH, Si—0, and Zn—O absorption bands, infrared (IR)
measurements were performed in a Fourier transform infrared (FTIR) spectrometer
the Perkin Elmer in the range 2250-24,000 nm in our samples. The FTIR spectra
data (2250-24,000 nm) of the thin films annealed with and without a flux of O,
was cut to two different spectral ranges: (i) at the range of 2250-7500 nm and
(ii) at the range of 7500-24,000 nm, shown in Fig. 4(a)-(b), respectively.

The measurements of PL were performed using a Thermo Jarrel-Ash Monospec
27 monochromator and a Hamamatsu R446 photomultiplier, with a data acquisi-
tion system controlled by a microcomputer. The excitation source was a 980 nm
laser diode with 500 mW. The laser beam was focused under grazing incidence
on the surface of the film, which was placed in front of the monochromator slit
where the film emission was collected through a convergent lens. For measuring
the *li3)2 — “Iis2 lifetime, the samples were irradiated with the laser diode using
a pulse width of 100ns. The lifetime was calculated using the expression
I(t) = I exp[—t/7], where Iy is the intensity at time zero. The emission signal was
recorded on an oscilloscope. Multiple PL measurements were made in order to pro-
vide confidence in the reproducibility of the procedure when the sample was
moved in the laser beam or removed and replaced in the apparatus. The laser beam
was always focused on the center of the film, with fixed incidence and collection
angles of 10°.

3. Results and discussion
The crystallinity of the thin films, according to the Er,O3 con-
tent, is shown in Fig. 1(a)-(b) for annealing without and with O,

flow, respectively. All the peaks of Fig. 1(a) were indexed as a cubic
phase with the Fm-3m space group identified with c letter, which

Table 1

Labeling, target composition, and atomic percentage of the erbium ions in the thin films.
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Fig. 1. XRD spectra of the samples annealed at 1000 °C for 5 h, (a) without O, flow,
and (b) with O, flow. The cubic phase peaks are indicated with the letters t
(tetragonal phase) and m (monoclinic phase).

is in agreement with the Inorganic Crystal Structure Database
(ICSD) entries No. 89429 [11], while the diffractograms of
Fig. 1(b) corresponded to a tetragonal phase with the P42/nmcz
space group identified with t letter, with ICSD No. 66781 [12]. Also,
it is observed from Fig. 1(b), for E3Z10 sample, subtle peaks corre-
sponding to the monoclinic phase identified with m letter, ICSD
No. 18190 [13]. The Er,Os content was a determining factor in
the structure and crystal formation of these thin films. The degree
of crystallinity was influenced by three factors: (i) deposition tech-
nique, (ii) content of Er,03 and (iii) the annealing procedure (with
or without a flow of 0,).

Label Composition (mol%) Average size-grain (nm) Content (at.%) of erbium

Without O, With 0, Without O, With 0,
E2 98Zr0,-2Er,05 50 100 1.49 1.90
E1Z10 89Zr0,-10Zn0O-1Er,05 35 190 0.12 0.19
E2Z10 88Zr0,-10Zn0-2Er,03 40 200 0.69 0.70
E3Z10 87Zr0,-10Zn0-3Er,04 60 125 1.57 1.65
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Fig. 2. Surface morphology of the films annealed without O, flow for (a) E2, (c) E1Z10, (e) E2Z10 and (g) E3Z10 and (b), thin films annealed with O, flow for (b) E2, (d) E1Z10,
(f) E2Z10 and (h) E3Z10.
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Fig. 3. Curve fitting results for the binding energy spectra of thin films annealed
without O, flow for (a) O 1s, (c) Zn 2p, and (e) Zr 3d, and thin films annealed with O,
flow for (b) O 1s, (d) Zn 2p, and (f) Zr 3d.

Previous XRD measurements of Er,Os-doped ZrO, thin films
demonstrated the crystalline nature of films deposited by the
EB-PVD process onto quartz (100) substrates, submitted to evapo-
ration at room temperature, and heating at 426 °C [7,10]. Cabello
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Fig. 4. FTIR analyses of the thin film annealed with (left) and without (right) O,
flow at 1000 °C/4 h.

et al. [14], showed the non-crystalline characteristics of thin films
formed on a Si(100) substrate by a photodeposition process at
room temperature, followed by an annealing treatment under a
continuous flow of synthetic air at 500 °C for 2 h. On the other
hand, crystalline thin films were produced by spin-coating onto
quartz substrates at room temperature, followed by annealed at
1000 °C for 6 h [15]. Therefore, the crystallinity of the film is influ-
enced also by the deposition technique, Er,03 content, as well as,
annealing treatment with or without flow of O,. The thin films
under thermal treatments without (with) O, flow, resulted in films
with a low (high) degree of crystallinity, growth along the pre-
ferred direction (111) or (101) for phases cubic and tetragonal,
respectively, Fig. 1(a)-(b). Furthermore, although the introduction
of oxygen should considerably reduce preferential growth along
the (101) direction, due to contamination of the grain boundaries
of the growing films by the segregated oxygen atoms [16-18], this
did not occur in the present case, Fig. 2.

Despite that the pure zirconia has a monoclinic structure up to a
temperature of 1100 °C, there is changes to the tetragonal phase in
the range 1100-2370 °C. For temperatures higher than 2370 °C zir-
conia adopts a cubic phase [19]. In pure zirconia the presence of
oxygen vacancies was found as a key factor to the stabilization of
high temperature ZrO, polymorphs [20]. In this manner, oxygen
vacancies can be introduced into the ZrO, lattice during the pro-
cess of thermal treatments resulting in the t-ZrO, stabilization.
Therefore, the incorporation of O, flow in the annealed process
strongly interacts with the zirconia surface sites and a t-ZrO, —
m-ZrO, transition is more possible. Then, the presence of O, flow
can cause the appearance of both t-ZrO, and m-ZrO, phases,
Fig. 1(b).
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EDX analysis revealed an increase of the atomic percentage of
the erbium ions in all the samples when increasing the nominal
content of Er,03 for the thin films modified with zinc oxide. How-
ever, such values are lower in comparison with the not modified
films, E2Z10 and E2, Table 1. Besides, a subtle increase of the
atomic percentage of the erbium ions is observed in the films mod-
ified under O, flow in comparison with the films without O, flow.

The morphology of the surfaces of thin films annealed without
and with O, flux is shown in Fig. 2. The entire SEM images clearly
show the average size of the grains is of the order of nanometer,
being higher in thin films with O, flux, see Table 1. The thin film
without O, flux observed in the Fig. 2, shows what the size grains
are uniformly distributed over the surface and good connectivity
between the grains. In this sense, the size grains increases slightly
with increasing of Er,Os; content, nevertheless, for the E2 and
E2Z10 samples (without O, flow) keeping fixed the Er,O3; content
a decrease grain size is observed, Table 1, which is assigned to
the ZnO modifier presence. On the other hand, in O, flow is possi-
ble to observe grains sizes are uniformly distributed over the sur-
face, Fig. 2. With increase of Er,Os; content for E1Z10 and E2Z10,
causes more defects greatly degenerate the grains size and shape
leading to pores and less compact thin films, suggesting a deterio-
ration of the crystallinity, Fig. 1(b). However, E3Z10 is observed
grains size homogeneous, uniformly distributed over the surface
with high crystallinity. Besides, for the E2 and E2Z10 samples (with
0, flow) an increase in the size and shape of the grain is observed,
Table 1. In both cases (with or without O, flow), we can say that
microstructural properties is influenced by the presence of ZnO
as well as in low Er,03 content (1% and 2%) with a ZnO fixed con-
tent, leading to the presence of pores. The presence of pores
directly affects the optical properties, since pore size and distribu-
tion can significantly contribute to increasing optical losses due to
scattered light in the inter-grain region. This result agrees well
with the XRD analysis mentioned above.

A typical XPS spectrum of the thin films is shown in Fig. 3. The
binding energies of the core level peaks and the surface composi-
tions are summarized in Table 2.

3.1. O 1s peaks

Fig. 3(a)-(b) shows the O 1s XPS spectra for the thin films
annealed with and without a flow of O,, using different concentra-
tions of Er,0s;. For both annealing conditions, the surface O 1s
peaks were fitted by two nearly Gaussian curves (detailed in
Table 2). For thin films annealed without a flow of O,, the high
binding energy components located at 535.1 eV (II) and 535.7 eV
(II) could be attributed to the presence of 0°~ ions due to the
oxygen-deficient regions of the subsurface within the ZrO, matrix
[21]. The lower energy regions located at 533-534eV (I) and

Table 2
XPS binding energies of the thin films.

534.2-534.6 eV (II) (Fig. 3(a)) were related to the O®~ ions on the
Zr** structure. The peak intensity was determined by variations
in the O—Zr/O—Er/0O—Zn binding, as well as the OH bond,
confirmed IR measurement, Fig. 4(a).

The analysis of the binding energy for the material prepared
under an O, flow is shown in Fig. 3(b). Here, peak II was more sig-
nificant than peak I, in contrast to the thin films annealed without
0,. The higher energy peaks located at 535.5 eV (II) and 536.5 eV
(1) corresponded to chemisorbed or OH-bonded water molecules
on the surface [22]. The medium binding energy peaks located at
535.2 eV (I) and 535.9 eV (II) were associated with 0%~ ions in
the oxygen-deficient regions within the ZrO, matrix [21] indicating
that Er O3 and ZnO improved the stability of these thin films. The
low binding energy components in Fig. 3(b), located at 533.2 eV (I),
533.6eV (I), 533.0eV (I), and 534.1eV (I) were attributed to
02~ ions on the Zr** structure, which increment with the increase
of the Er,03 content.

3.2. Zn 2p peaks

For each element, the Zn 2p binding energy and shape show lit-
tle change for films with different Er,Os; concentration annealed
with and without a flow of O,. Fig. 3(c)-(d) shows the doublet
spectral lines of Zn 2p at binding energies of 1022.3-1025.8 eV
(Zn 2ps3p2) and 1047.8-1049 eV (Zn 2pq;2). The energy difference
between 2p;; and 2psj; was 23.2 eV, in agreement with the results
for Zn?* in Refs. [23,24].

3.3. Zr 3d peaks

Fig. 3(e)-(f) presents the spectra for Zr 3d. For the thin film
annealed without O, (Fig. 3(e)), the low binding energy peaks
located at 185.4 eV (I), 185.6 eV (I), 185.5eV (I), and 186.4 eV (I)
could be attributed to the peaks of Zr** ions in ZrO, [25]. The high-
est binding energy peaks corresponding to Zr 3ds;, were located at
approximately 187.9eV (II), 187.8eV (IlI), 187.9eV (IlI), and
188.7 eV (II). However, the E2 and E2Z10 samples showed a slight
increase of energy with the increase of the Er,O3 content, Table 2.
For the thin films annealed with O, the binding energy of peaks |
and II showed only a slight shift with respect to the thin films
annealed without O,. The broader 3ds;, and 3dsj, peaks for I and
Il could be explained by the polycrystalline nature of the ZrO,
phase of this matrix for the thin films annealed without (left)
and with O, (right) flow.

The infrared spectra of the thin films annealed with and without
a flux of O, are shown in Fig. 4. The spectra reveal that all these
film contain a characteristic broad band at 2900 nm due to the
OH stretching vibration and small CH and CH, band at 3420 nm
and 3503 nm vibrations, respectively [26], Fig. 4(a). For thin films

Binding energy (eV)

Film Peaks Annealed without an O, flow Annealed with an O, flow
O 1s Zn 2p Zr 3d Er 4d O 1s Zn 2p Zr 3d Er 4d
E2 Q) 533.1 - 185.5 168.2°7 533.2 - 185.2 170.7°
(1) 534.2 - 187.9 - 535.5 - 187.6 -
E1Z10 [€)) 533.2 1025.2 185.5 - 533 1025.8 185.1 -
(1) 535.1 1048 187.9 - 535.2 1048.6 187.4 -
E2Z10 Q) 533 1025.2 185.6 167.1° 533.6 1025.6 185.7 168.2%
(1) 534.6 1048.2 187.8 - 535.9 1048.7 188 -
E3Z10 Q) 534 1022.3° 186.4 168.6° 534.1 1025.8 186.4 166.6°
(1) 535.7 1047.8* 188.7 - 536.5 1049.0 188.7 -

@ Values obtained from a survey of XPS spectra.
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Fig. 5. Near-infrared photoluminescence spectra of thin films prepared on a
Si(100) substrate and annealed (a) without O, flow, and (b) with O, flow.

annealed without O, flow the bands intensities of CH and CH,
increase with increasing Er,Os; concentration, however these bands
disappear for thin films annealed with O, flow, suggesting that
dehydrogenation occurs. On the other hand, the bands intensities
OH decrease with the increase of the Er,Os concentration in both
cases (with and without O, flow). The band intensities are slightly
higher in thin film annealed without O, flow. These bands intensi-
ties indicate that the OH groups are distributed on the pore surface
[27]. This is in agreement with the micrographs of thin films
annealed at O, flow, because the porosity decreases with the
increasing of the Er,03 content, Fig. 2. Thin films annealed without
0, flow the band appearing at 6339 nm and 6840 nm correspond
to C=0 stretching [28]. The strong band at 9193 nm, 12,650 nm
and 21,520 nm (with O, flow) in all the spectra are attributed to
the Si—O0—Si stretching (asymmetric), rocking and bending vibra-
tions indicate the formation of the SiO, network [26,27,29], has
diminished notably in 9193 nm and practically disappeared in
12,650 nm and 21,520 nm for thin films annealed without O, flow.
The band observed at 16,103 nm is assigned to the Zn—O—Zn

6.5
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Fig. 6. Lifetime of the 4113,2 level as a function of erbium content. The dotted line is
a guide for the eyes. Samples with O, flow.

stretching vibrations for all thin films and are corroborated by
available literature data [30]. This is probably due to a substitution
of Zn** ions by Zr*" ions in the crystal lattice structure.

So for, both characterization XPS and infrared spectra shown a
decrease of the OH contained with the increasing Er,O3 concentra-
tion, and XRD shown an increase of the crystallinity with the
increase of the Er,Os; concentrations, i.e. we are stabilizing the
crystalline structure of our thin films with increasing Er,03 con-
centration which is favored by the addition of ZnO and thermal
treatments with or without O, flow.

The PL spectra are shown in Fig. 5. The peak emission intensity
increased with increasing Er’* for the films annealed without O,
flow (Fig. 5(a)). However, for the thin films annealed with O, flow
(Fig. 5(b)), the Er** emission intensities also increased with the
concentration of Er**, by up to two orders of magnitude, reaching
a maximum value at 3 mol% Er,0s. This could have been due to
energy transfer from the host to the loaded ion, and to increased
interaction between Er** ions and available oxygen in the matrix.
The PL properties depend on the lengths of bonds between the
dopant metal and the oxygen in the matrix [31]. The intensity var-
iation suggested that Er>* was distributed either in the interior or
far from residual OH groups (which could cause PL quenching) at
the surface of ZrO, [32]. In addition, the optimization of Er** PL
in these samples could be explained by a reduction in the OH con-
tent such as was verified in Figs. 3 and 4, due to formation of ZrO,,
as well as the increase Er** content in the thin films modified,
Table 1. The emission peak due to the “I;3; — *I;5/, transition of
the Er®* ion was observed at 1550 nm, with a bandwidth short of
6.8-7.6 nm, which increased with the Er®* content under both
conditions. This bandwidth emission should be very useful for
applications involving broadband erbium-doped solid lasers, even
though the measured FWHM was much lower than that shown
by erbium-doped glass (>60 nm) [33,34].

The slight shift of the FWHM center from 1552.3 to 1552.7 nm
for thin films annealed with and without a flow of O, was due to
the effect of splitting of degenerate energy levels in the crystalline
phase [10,35].

Lifetime measurements are presented in Fig. 6 as a function of
Er,03 content for the samples prepared with O, flow during the
thermal treatment, since this procedure resulted in a large increase
in the emission intensity (Fig. 5). The measurements were per-
formed with a 10 nm bandwidth filter centered at 1552 +2 nm,
and revealed the dependence on the erbium content (Fig. 6). The
quenching effect of concentration on the lifetime was not consid-
ered [36], despite the reductions in the emission intensity (Fig. 5)



806 J.L. Clabel H. et al./Journal of Alloys and Compounds 619 (2015) 800-806

and the increase in the excited-state lifetime with the erbium
content for the samples with ZnO. We assign such results to the
cross-relaxation effects between the Er** ions, owing the increase
the Er’* concentration within the films, verified through the EDX
analysis. The lifetime behavior of the Er** centers followed a
single-exponential decay, indicating that the 4113,2 level presented
one type of emission center, despite the heterogeneous distribu-
tion of these emission centers (Fig. 6) [36].

As a final point, the findings of this work demonstrate that
Er**-doped zirconium oxide thin films fabricated without ZnO mod-
ification exhibit high PL intensities and short bandwidths, making
them very attractive for waveguide with short bandwidth laser
and as substrate to fabrication of nanoplasmonic devices [35-37].

4. Conclusions

Zirconium oxide thin films doped with Er** and modified with
zinc oxide were prepared by electron beam evaporation and
annealing with and without O, flow. Characterization of the thin
films annealed with and without O, at 1000 °C revealed a distorted
and mixed lattice formed by tetragonal, monoclinic and cubic zir-
conia. The photoluminescence lifetime and optical properties of
the films are dependent on the concentration of the doping agent
and the annealing procedure. The emission intensity of the Er>*
ions increased when the thin films were annealed under O,, due
to reductions of the residual OH groups responsible for photolumi-
nescence quenching. The reduction of OH groups was confirmed by
XPS analysis. For the film annealed without O,, low photolumines-
cence intensity for lower dopant concentrations (x = 1 and 2 mol%)
suggested the formation of defects due to the high concentration of
oxygen vacancies relative to the Er* ions, contrary to observed
when annealed with O, flow. The lifetime measurements indicated
that the films showed cross-relaxation effects in the presence of
ZnO, then; this cross relaxations is responsible by the low emission
intensity in thin films with the same Er,03 concentration with and
without oxygen flow. Despite that the emission intensity drasti-
cally decreased with the presence of zinc oxide in general, this
zinc-modifier improves the solubility of the erbium ion into the
zirconium oxide films, verified through the EDX analysis. This
increase of the erbium ions is responsible by the increase the emis-
sion intensity and larger lifetime of Er** ion in the modified sam-
ples. Opening us new opportunities of photonic films with high
concentrations of rare-earth and large lifetime which could be used
in integrated optics with well-developed silicon technologies.
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