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Abstract

In this paper we investigate the optical effects of annealing under an oxygen
atmosphere of Yb-doped Y;,SiOs thin films grown by liquid phase epitaxy.
Infrared transmission, particularly adapted to thin film characterizations by
means of Yb®* crystal field excitations, is used to single out the effects of
annealing. For instance, absorption intensities increase by ~10% and disorder
in Yb*T substitution is reduced. Micro-Raman backscattering measurements
detect no particular defects in as-grown and annealed thin films.

1. Introduction

Rare earth solid state lasers emitting around 1 pem are of current interest for several applications
such as frequency doubling, optical bistability, amplifiers, power lasers and telecommunication.
Recently, Yb?*-based laser materials appeared as possible competitors to replace Nd**-based
solid lasers (Nd**:YAG). These materials present numerous advantages resulting from a
simple electronic structure, with just two manifold levels (*F;,, and *Fs»), which prevents
self-quenching by cross-relaxation and up-conversion parasitic effects [1]. They have large
absorption bands, needed for diode pump temperature drift compensation or laser tuning and
above all for ultra-short laser pulses. Hence, realization of femtosecond oscillators [2-5] and
amplifiers [6] are made possible thanks to their broad emission bands. Orthosilicates, which
are already used intensively in photonic applications [7-9], have demonstrated efficient laser
action [10, 11] because of their large fundamental manifold splitting (allowing a quasi-three
level laser configuration). In particular, Yb-doped Y,SiOs (Yb:YSO) has one of the largest
crystal-field splittings [12] and exhibits more than 7 W laser power radiation around 1 pum
under 14.4 W diode pumping at 978 nm, leading to high optical conversions of around 50%. It
also shows little sensitivity to pump wavelength drift and presents broad tunability (more than
4 W of emitted power over 60 nm) [13] and has good thermal properties (thermal conductivity
of 4.4 W m~! K~1), which is an important feature for lasers [14].

This paper follows up the study of Yb-doped Y,SiOs thin films grown by liquid phase
epitaxy (LPE) [15-17]. Such films are good candidates for waveguide lasers for integrated
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Table 1. Mass changes before and after annealing for different samples of Yb14%:YSO.

Annealing 3h,1000°C  3h,1200°C  12h, 1200°C

Mass change after —0.06* +0.02 +0.33
annealing (%)

4 Release of incorporated Pb ions, see text.

optics. They can be strongly doped (up to ~20%) allowing miniaturization without introducing
significant disorder and inhomogeneities. In this study we investigate the optical properties of
annealed Yb:YSO thin films under an oxygen atmosphere. Actually, impurities of divalent
rare earth ions have often been reported in different crystals, and especially Yb’T due to
its favourable complete 4f shell [18-20]. Annealing under an oxygen atmosphere after LPE
converts Yb?>* impurities into Yb?*. Preliminary measurements of propagation loss indicate
that losses are reduced by up to ~100% for 24% Yb-doped thin films and the refractive index
is reduced (which is interesting for monomode guide elaboration); both features attributable to
possible elimination of Yb>* ion impurities. Infrared transmission, particularly adapted to thin
film characterization, is used to single out the effects of impurities and the effects of annealing
on Yb:YSO thin films. In particular Yb3* crystal field excitation intensities and bandwidths
as well as Yb3+*—Yb>* pair satellites (as observed and described in [15, 21-25]) are analysed.
Besides, a Raman active phonon study confirms the absence of important defects in either as-
grown or annealed thin films.

2. Experimental setting

Y,SiOs (YSO) crystallizes in the Cgh monoclinic space group [26]. Yb*T ions substitute
equally the two non-equivalent C; symmetry Y3+ sites of the host lattice, with coordination
number (6 + 1) for Y; (mean Y-O distance 2.309 A) and 6 for Yy (mean Y-O distance
2.269 A). Y3+ and Yb>* have similar ionic radii (0.96 and 0.92 A, respectively), so that no
noticeable defects or strains are introduced. The studied thin films were all produced from the
same original sample: a 1.7 um-thick Yb14%:Y,SiOs thin film grown by liquid phase epitaxy
(LPE). LPE was realized on undoped YSO substrate with (010)-orientation from a Czochralski
grown crystal. The epitaxial melt consisted of a mixture of silica and rare earth oxides into
a PbO-B,0 solvent, and growth temperatures were in the 950-1050 °C range. In appropriate
experimental conditions, the introduction of a single crystal substrate (used as the seed) into the
supersaturated melt induces the growth of a single crystal layer on the two substrate faces [27].
Due to segregation, the Yb thin film concentration turned out to be 20% larger than in the
epitaxial melt. The sample was then cut into several pieces: one piece was kept as a reference
while the others were annealed under an air 4+ O, atmosphere at ambient pressure for 3—12 h,
and at temperatures varying from 1000 to 1200°C. Mass increases were measured (up to
40.33% after annealing), indicating that oxygen was incorporated in the annealing process
(see table 1).

In some cases the mass of the thin film could decrease due to the release of Pb ions
incorporated during the growth process [28]. In the case of incomplete migration, such ions
segregate to form Pb oxide on the thin film surface and affect the infrared transmission baseline.
Dipping the thin film in a nitric acid/acetic acid/water (1/3,1/3, 1/3) solution at 60°C for
20 min, dissolves the deposit and restores the infrared baseline.

For the infrared measurements, the samples were mounted on a closed-cycle cryostat cold
finger. 0.5 cm™! resolution transmission spectra at T = 13 K were obtained with incident light
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Figure 1. Infrared spectrum at 7 = 13 K of the reference Yb14%:YSO thin film. Regions A, B and
C stand for 2F7/2(0) — 2Fs2(0), 2F7,2(0) — 2Fs)2(1) and 2F7,2(0) — 2F5/2(2) transmissions,
respectively. Inset: 2F; 12(0) — 2Fs 12(0) expanded range.

perpendicular to the (010) crystal plane, in the 9000—15000 cm ™! energy range, using a Fourier
transform interferometer (BOMEM DA3.002) equipped with a quartz-halogen source, a quartz
beamsplitter and a Si detector.

Micro-Raman backscattering spectra were recorded at room temperature using a Labram
800 spectrometer equipped with a 50x objective, an appropriate notch filter and a nitrogen
cooled charge-coupled-device (CCD) detector. A polarized 632.8 nm He—Ne laser line, focused
to ~3 um spot diameter, was used for excitation.

3. Infrared absorption results

The energy levels of the Yb** ions split in two main manifolds: >F7, (four degenerate Kramers
doublets) and 2F; /2 (three degenerate Kramers doublets) once embedded into a host crystal.
Due to the low site symmetries, the three expected absorption bands, (*F; 12(0) — 2Fs 12(0),
2137/2(0) — 2F5/2(1) and 2F7/2(O) — 2135/2(2)), are observed for each site (figure 1). This
study particularly focuses on the *F7/2(0) — *Fs5,2(0) ((A) in figure 1) region due to its
narrow and intense absorption bands, as compared to absorption bands (B) and (C) which
are broad and affected by vibronics superposition. Previous works have been carried out on
Yb:YSO thin films and single crystals [21, 15, 17] pointing out the presence of magnetically
coupled Yb**—Yb** pairs, as described by Guillot-Noél et al [22, 29]. Ferromagnetic and
antiferromagnetic exchange interactions are observed; notably the bands located at 10205 cm™!
and at 10223 cm™! are associated with ferromagnetic and antiferromagnetic interactions,
respectively [21, 15]. They correspond to Yb**—Yb?* ion pairs, with both Yb** ions located
in Yy sites.

3.1. Absorption intensity

Infrared transmission spectra have been fitted with mixed Gaussian-Lorentzian bands,
allowing the thin film absorption intensities (spectrum area), which are proportional to Yb3*+
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Figure 2. (As-grown/annealed) thin film infrared transmission ratio. The pronounced absorption
band around 18 000 cm™! could be associated with the Yb>* energy level in the as-grown thin film.

Table 2. Absorption intensity increases for different annealed samples of Yb14%:YSO.

Sample Reference 3 h, 1000°C 3 h, 1200°C 12 h, 1200°C
Absorption 0% 2% 10% 10%
intensity

increase

concentration, to be measured. In Yb-doped YAG crystals, Yb2* ions associated with colour
centres and lattice distortions have been identified [30]. We conjecture that Yb?>* impurities
are present in Yb:YSO similarly to Yb:YAG. Actually, during the growth process Y,SiOs
oxygen vacancies generate colour centres that can accommodate Yb>*. In the annealing
process, oxygen vacancies are eliminated and Yb?' are converted to Yb3*. In figure 2,
the thin film infrared transmission ratio (as-grown/annealed) shows a pronounced absorption
band around 18 000 cm~! that could be associated, in the as-grown thin films, with the Yb2t
energy level [30]. This absorption band disappears after annealing, indicating the conversion
of Yb>* in Yb**. Due to the release of Pb ions incorporated during thin film growth during
the annealing process, it is difficult to establish a clear correlation between the mass increase
of table 1 and the absorption increase of table 2. As expected, the absorption is larger with
annealing (up to ~10% larger) which indicates the effective oxidation of Yb?>* ions into Yb3*+
(figure 3 and table 2). Besides, for higher annealing temperatures greater absorptions are
observed (absorption intensity at 1000 °C (3 h) is 93% %2 of the absorption intensity at 1200 °C
(3 h)). However, there is no noticeable difference in absorption intensities between 3 and 12 h
annealing at 1200°C. Thus, after 3 h annealing at 1200 °C, we can assume that all Yb2t
impurities have been oxidized.

3.2. Yb*" ion sites rearrangement

The evolution of the relative intensity of the bands, reflecting relative site populations, is shown
in figure 3, indicating a reorganization of Yb>* in the host crystal. In fact, for a short annealing
time (3 h) there is no real change in the relative intensities of the bands; each band grows
almost identically, meaning that eventual Yb?>* ions were probably distributed randomly in all
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Figure 3. Infrared spectra at 7 = 13 K showing the absorption intensity differences for
Yb14%:YSO as-grown and annealed thin films.

Table 3. Y; population (%) for different annealed samples of Yb14%:YSO.

Sample Reference 3 h, 1000°C 3 h, 1200°C 12 h, 1200°C

Yi/(Y1+Yn) (%) 45+1 43+2 43+2 362

possible sites. For a longer annealing time (12 h), the total population of Yy increases, so that
it can be asserted that Yy is thermodynamically more stable than Y in the thin films, which
confirms previous conclusions [15, 17]. Actually, Y varies from ~45% =+ 1 to ~36% = 2 for
12 h annealing at 1200 °C (see table 3); this ratio change is partly due to the growth of the Yy
satellite band.

As shown in figures 3 and 4, satellites due to Yb**—Yb>* pairs evolve following annealing.
Notably, the area of the satellite attributed to antiferromagnetic interactions (10223 cm™!
band) grows from ~6 to 16% of the total Yy population with annealing time. This is to the
detriment of ferromagnetic pairs (10205 cm™! band) which vary from ~8 to 5% of the total Yy
population. We can assume that antiferromagnetic pairs are favoured thermodynamically and
the tendency is reversed compared to the reference as shown in figure 4. Total pair contributions
are also enhanced (from 8 to 13% of the total Yy + Yy population).

Thus, once oxidation is completed, Yb>* ions rearrange in more stable states, increasing
ordering as confirmed by narrower bandwidths. For instance, the Y} regular site bandwidth
(located at 10189 cm™!) is reduced from 12.8 to 11.8 cm™! (—7.5%) for 12 h annealing
at 1200°C. The same reduction is observed for the Yy regular site bandwidth (located at
10216 cm™1).

The crystal field excitation frequencies also shift slightly, as can be seen in figure 3.
For instance two very close bands seem to be in competition for the Yy regular site
2F, 12(0) — 2Fs ,2(0) transition, and annealing favours one of these two bands: 10188.8 —
10190.5cm™". A bulge, associated with Yb*>*—Yb3* pairs, also appears toward higher energies
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Figure 4. Y distribution between isolated Yb>*t ions (regular site) and Yb>T—Yb3*t pairs
either ferromagnetic (10205 cm™!) or antiferromagnetic (10223 cm™") of different Yb14%:YSO
annealed thin films.

for the Yy regular site transition with long-time annealing. This indicates that bands attributed
to pair interactions are better resolved due to narrower bandwidths following annealing.

4. Raman scattering results

A detailed analysis of Yb:YSO single crystal phonons has been previously carried out [21]. Due
to the low point group symmetry of the crystal, Cgh, a large number of phonons are expected,
and 48A, and 48B, modes are actually Raman active. Raman spectra are of interest for
detecting defects as well as local modes. Yb doping results in a broadening and redshift of the
low frequency phonons (<350 cm™!), as expected from the Y3+ and the Yb®* mass differences,
while the high frequency Si—O vibrations remain unaffected [21]. For comparison purposes,
Yb15%:YSO single crystal and thin film spectra are given in figure 5 showing that thin film
Raman active phonons are identical to the single crystal in terms of A, and B, frequencies.
The three main phonon groups dominated by Y (<350 cm™!); Y-0O, Si-O (500-700 cm™!);
and O (>800 cm™!) vibrations are observed in as-grown annealed thin films and Yb:YSO
single crystal.

Phonon bandwidths, that are inversely proportional to lifetimes which depend on defects
and strains, are probed successfully with micro-Raman spectroscopy to show possible
annealing effects on A, and B, Raman active phonons. No significant differences are observed
between the reference thin film and the thin films annealed in different conditions (figure 5).
Actually, phonon frequencies and bandwidths remain almost the same at approximately
+0.1 cm~'. The overall narrower phonon bandwidths in the thin films as compared to the
doped single crystal and as reported in table 2 of [17] attest to their high quality even before
annealing.
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Figure 5. Micro-Raman spectra at room temperature of Yb14%:YSO as-grown and annealed thin
films and Yb15%:YSO single crystal.

Besides, the absence of additional or local modes confirms that neither surface defects
nor contamination are produced during the growing and annealing processes. Still Raman
scattering is not sensitive enough to track Yb>* or to show subtle differences like Yb3* site
relative occupations.

5. Conclusion

Crystal field excitations appear to be particularly sensitive and suitable for the study of
small changes induced by annealing processes in doped thin films, contrary to micro-Raman
scattering which is not sensitive enough to probe minor differences. From an optical point
of view, Yb:YSO thin film annealing processes have relatively small but interesting effects,
like confirming oxidation of Yb?>" and removal of PbO introduced during LPE. Also this
study underlines the different steps in defect free annealing: first removal of PbO and possible
oxidation of Yb?* followed by ordering of Yb>* ions in the lattice into their most stable states
(Yn and selective pair formation). The optical and lasing properties of thin films are improved
following annealing. Also, annealing could be used to enhance or optimize characteristics
required for some applications like laser tunability and ultra-short laser pulse generation.
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