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Abstract: Rare earth doped materials play a very important role in the development of many photonic
devices, such as optical amplifiers and lasers, frequency converters, solar concentrators, up to
quantum information storage devices. Among the rare earth ions, ytterbium is certainly one of the
most frequently investigated and employed. The absorption and emission properties of Yb%* ions
are related to transitions between the two energy levels ’F, /2 (ground state) and 2F; /2 (excited state),
involving photon energies around 1.26 eV (980 nm). Therefore, Yb3* cannot directly absorb UV or
visible light, and it is often used in combination with other rare earth ions like Pr3*, Tm3*, and Tb3*,
which act as energy transfer centres. Nevertheless, even in those co-doped materials, the absorption
bandwidth can be limited, and the cross section is small. In this paper, we report a broadband and
efficient energy transfer process between Ag dimers/multimers and Yb%" ions, which results in a
strong PL emission around 980 nm under UV light excitation. Silica-zirconia (70% SiO,-30% ZrO,)
glass-ceramic films doped by 4 mol.% Yb®* ions and an additional 5 mol.% of NayO were prepared
by sol-gel synthesis followed by a thermal annealing at 1000 °C. Ag introduction was then obtained
by ion-exchange in a molten salt bath and the samples were subsequently annealed in air at 430 °C
to induce the migration and aggregation of the metal. The structural, compositional, and optical
properties were investigated, providing evidence for efficient broadband sensitization of the rare
earth ions by energy transfer from Ag dimers/multimers, which could have important applications
in different fields, such as PV solar cells and light-emitting near-infrared (NIR) devices.

Keywords: sol-gel; Ag nanoaggregates; Yb%* ions; down-shifting; photonic microdevices

1. Introduction

Rare earth ions (RE*") are widely used in many optical materials and devices, mainly due
to their unique spectral properties, which are related to the distribution of their electronic energy
levels (spanning from UV to IR), narrow bandwidths and long lifetimes [1]. This makes them
excellent candidates for many applications such as lighting [2,3], displays [4], biosensing [5-7],
optical amplification [8], anticounterfeiting [9], and photovoltaic (PV) solar cells [10-13]. Among rare
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earths, Yb*" ions provide light-emitting near-infrared (NIR) absorption and emission features
peaked around 980 nm (1.26 eV), related to transitions between the two energy levels 2F;/,
(ground state) and 2Fs /2 (excited state). Therefore, Tb?* ions are often used as co-dopants, allowing
the additional possibility of obtaining down-conversion splitting of one 488 nm photon into two
980 nm photons [14-16]. Nevertheless, even in co-doped materials, the limited excitation/absorption
bandwidths and the small absorption cross sections of RE®* ions are major limitations for their effective
implementation and use in real devices.

In the last two decades, broadband and efficient sensitization of Er>* ions by silicon [17-19] or
silver aggregates [20-25] have been reported, showing that multimers and nanoaggregates can act as
energy-transfer centres to the RE3* ions. More recently, Ag sensitization was successfully observed
in Tb3* [26-28] and Tb3* /Yb3* [29] co-doped materials. In this paper, we report the investigation of
the direct interaction between Ag nanoaggregates and Yb®* rare earth ions in sol-gel silica-zirconia
glass-ceramic (GC) waveguides. GC films are good candidates for the realization of guided-wave
optical planar devices [30]. A GC is constituted by a homogeneous dispersion of ceramic nanocrystals in
a glass matrix. According to Extended X-ray Absorption Fine Structure (EXAFS) studies, RE3* jons tend
to be incorporated into the ceramic nanocrystals [31], providing a better spectroscopic environment
for RE3* jons. Zirconia, for example, has a lower maximum phonon energy than silica [32] and a
higher refractive index. The combination of Ag-mediated enhancement with the advantage of the
glass-ceramic material is studied, suggesting the possibility to exploit this material for more efficient
optical devices.

2. Experimental

Undoped and 4 mol.% Yb doped films of nominal molar composition 70% SiO-30% ZrO,
and additional 5 mol.% Na,O were prepared by sol-gel technique and deposited by dip-coating.
All the reagents were purchased by Sigma Aldrich (Saint Louis, MO, USA). Tetraethyl orthosilicate
Si(OC,yHs)4 (TEOS ) and zirconium propoxide Zr(OCzHy)4 (ZPO) were used as precursors for silica
and zirconia, respectively. TEOS was dissolved in ethanol (EtOH) and hydrolized with HO and HCI
(TEOS:HCL:H,O:EtOH = 1:0.01:2:25). For sake of simplicity, we will refer to this solution as Sol:Si,
and an analogous label will be used for the other solutions used in the process. For Yb co-doped
samples, 4 mol.% ytterbium nitrate YbNO3; was added to the solution (Sol.Si-Yb) and then left stirring
for 1 h. In the meanwhile, ZPO was mixed with acetylacetone (Acac) and ethanol (ZPO:Acac:EtOH =
1:0.5:50) and sodium acetate was dissolved in methanol (60 mg/ml), the two solutions will be referred
to as Sol.Zr and Sol.Na, respectively. The deposition solution has been obtained by mixing Sol.Si-Yb
with Sol.Zr and adding dropwise Sol.Na at room temperature. The solution has been left stirring
overnight for about 16 h.

Multi-layer films have been deposited on fused silica substrates by dipping. Each layer was
annealed in air at 700 °C for 3 min. A final heat treatment in air at 1000 °C for 1 h was performed after
the deposition of the last single layer. The typical thickness of each single layer after heat treatment
was about 40 nm, and, by adding 10 layers crack-free films, a total thickness of about 400 nm was
achieved. By this thermal treatment, a controlled crystallization occurred and glass-ceramic (GC) film
were produced.

Undoped and Yb-doped GC films were identified by GCO and GC4 labels, respectively. In order
to introduce silver in the films, Ag*«+Na™ ion-exchange [33] was performed by immersing the samples
in a molten salt bath (1 mol.% AgNOs in NaNO3) at 350 °C for 1 h. After the ion exchange process,
the samples were identified by GC0-A and GC4-A. Finally, post-exchange heat treatments for 1 h at
430 °C in air (samples GC0-C and GC4-C) were used to investigate the possibility of migration and
aggregation of the metal ions.

Compositional, structural, and optical characterization of the films were obtained by Rutherford
Backscattering Spectrometry (RBS), X-Ray Diffraction (XRD, Panalytical, Almelo, the Netherlands),
and Photoluminescence Spectroscopy.
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RBS was carried out at the National Laboratories of Legaro (Padova, Italy) using a 2.2 MeV *He*
beam at 160° backscattering angle in IBM geometry. RUMP code was used for the analysis of the
experimental spectra [34]. The conversion from areal density (the natural unit of measurement for
RBS) to film thickness is based on a molar density of the film equal to a weighted average between
silica (2.00 g-cm~3) and zirconia (5.68 g-cm~2), according to the nominal stoichiometric composition of
the matrix (70% SiO;,-30% ZrO;), confirmed by the RBS analysis.

XRD measurements for crystal phase identification were carried out at room temperature by
an X'Pert PRO diffractometer. A Cu anode equipped with a Ni filter was used as a radiation source
(Ko radiation, A = 1.54056 A). Diffractograms were collected in Bragg-Brentano geometry using a
step-by-step scan mode in the 20 range 10°-100°, with a scanning step of 0.05° and counting time of
30 s/step. Nanocrystals’ size was determined by Line Broadening Analysis (LBA) [35], in particular,
by using the Warren-Averbach method.

Photoluminescence excitation (PLE) and emission (PL) spectra in the UV-visible range were
recorded by an Edinburgh Instruments (Livingston, UK) FLS980 Photoluminescence Spectrometer.
A continuous-wave xenon lamp was used as the excitation source for steady-state measurements,
coupled to a double-grating monochromator for wavelength selection. In particular, 280 nm excitation
was used for the investigation of Ag-related PL emission. The light emitted from the sample was
collected by a double-grating monochromator and recorded by a photon counting R928P Hamamatsu
photomultiplier tube cooled at —20 °C. The PL emission in the NIR spectral range was instead obtained
by exciting the sample with the third harmonic of a pulsed Nd:YAG laser at 355 nm. The emission was
analyzed by a single grating monochromator coupled to an InGaAs photodiode and using a standard
lock-in technique.

3. Results and Discussion

The elemental composition of the samples before and after Ag introduction and annealing was
studied by RBS, confirming the agreement of the film composition with the nominal values for Si, Zr,
and Yb. RBS analysis was also used to obtain information about the Ag concentration depth-profile
after ion-exchange and annealing, revealing Ag-concentration decreasing from 2 mol.% (at surface) to
1.5 mol.% (inner part of the film) for all the samples. An example is reported in Figure 1, which presents
the RBS spectra for undoped silica-zirconia GC samples before and after Ag-exchange (GCO and
GCO0-A). The simulated GC0-A spectrum and the specific Ag contribution are also shown.
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Figure 1. RBS spectra for undoped silica-zirconia GC samples before and after Ag-exchange (GC0 and
GCO0-A). The simulated GC0-A spectrum and the specific Ag contribution are also shown, resulting in
Ag concentrations decreasing from 2 mol.% (at surface) to 1.5 mol.% (inner part of the film).

The XRD analyses of the synthesized GC samples before Ag*<+Na* ion-exchange are reported in
Figure 2. It can be noted that ZrO, tetragonal-phase nanocrystals were detected in the undoped GC
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samples (PDF 01-080-0784 50-1089; ICSD 68589), while fluorite-type cubic-phase nanocrystals were
observed for Yb doped samples (PDF 01-078-1309; ICSD 62462), attested by the different shape of the
characteristic reflection peaks, especially those at 26 ~ 35.5° and 20 ~ 75°. For GC0 and GC4 samples
the zirconia nanocrystals’ size determined by Line Broadening Analysis (LBA) [35] was about 14 nm
for tetragonal zirconia in GCO and about 12 nm for cubic zirconia in GC4.

——GCo
1 ——— GC4-Yb4

Intensity (arb. units)

10 20 30 40 50 60 70 80 90
2 Theta (°)
Figure 2. XRD comparison between silica-zirconia-soda GC samples with or without Yb co-doping.
Undoped GC samples contain tetragonal-phase zirconia nanocrystals (PDF 01-080-0784; ICSD 68589),
while Yb doped samples have a fluorite-type cubic-phase zirconia nanocrystals (PDF 01-078-1309;
ICSD 62462), attested by the different shape of the characteristic reflection peaks, especially those at
26 ~ 35.5° and 20 ~ 75°.

Regarding the optical properties of the synthesized samples, it is well known that silver-doped
silicate glasses exhibit broad excitation and emission bands [36-39], in relation to the emitting species.
The emission around 330-370 nm is due to isolated emitting Ag™ ions. The emission around 430-450 nm
is due to Ag*—Ag" pairs. The emission around 550-650 nm is due to the formation of (Agz)** trimers
or small multimers. These bands are excited by UV and near-UV illumination. The PL emission of
undoped GC samples is reported in Figure 3 before an Ag-exchange (GCO0), after Ag-exchange (GCO0-A),
and after Ag-exchange and 1 h annealing at 430 °C (GCO0-C). The curves have been obtained by 280 nm
excitation. The main contribution, peaked at 425 nm, can be reasonably attributed to Ag*-Ag* pairs.
After 1 h post-exchange annealing at 430 °C, the emission shape slightly changes in the following
ways: the contribution of Ag*—Ag™ pairs decreases, while the emission from trimers and multimers in
the red spectral region increases. Noteworthy, and in agreement with a previous work [36], the band
around 350 nm of isolated emitting silver ions was not detected, indicating that the probability of
isolated ions is low.
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Figure 3. Photoluminescence emission by 280 nm excitation of undoped samples before Ag-exchange
(GC0), after Ag-exchange (GC0-A), and after Ag-exchange and annealing (GC0-C). The substrate is also
reported as a reference. The main contribution, peaked at 425 nm, is reasonably attributed to Ag*-Ag*
pairs. After 1 h annealing at 430 °C, the decreasing of the blue emission in favor of the red emission
suggests the formation of Ag trimers and multimers.
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The PL emission in the NIR spectral range is reported in Figure 4 for Yb** doped GC samples
before Ag-exchange (GC4), after Ag-exchange (GC4-A), and after Ag-exchange and 1 h annealing at
430 °C (GC4-C). As expected, the direct excitation of Yb%* by 355 nm wavelength light is very weak.
However, Ag introduction by ion-exchange results in a strong enhancement of the Yb3* PL emission,
possibly due to Ag*—Ag* pairs formed during the ion exchange process. During the annealing,
their number decreases to form multimers or bigger aggregates, resulting in a decrease of the PL signal.
Furthermore, a lower number of sensitizers means also a higher average distance between them and
the Yb®* ions, decreasing the efficiency of the energy-transfer process.
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Figure 4. Near-infrared photoluminescence emission of Yb doped samples before Ag-exchange (GC4),
after Ag-exchange (GC4-A) and after Ag-exchange and annealing (GC4-C). It can be observed that
355 nm is a very weak excitation wavelength for Yb%* ions, while it results in a strong PL emission in
Ag-containing samples.

4. Conclusions

In this paper, we report the synthesis and characterization of efficient NIR emitting glass-ceramic
films. In these materials, Yb3* emission around 980 nm was significantly enhanced by Ag*+«+Na*
ion-exchange, resulting in a strong UV absorption. The significant increase of the PL emission was
attributed to energy transfer from Ag*-Ag* pairs and multimers. Ag-sensitized Yb** doped films
could have important applications as spectral downshifters for PV solar cells, converting the UV part of
the solar spectrum to NIR photons around 980 nm, which can be efficiently converted to electricity by
commercially available crystalline-silicon solar cells. Furthermore, the capability of sol-gel technology
to synthesize high quality glass-ceramic waveguides makes these materials suitable for realizing
optical devices operating in the NIR spectral range, with significant technological interest in many
different fields such as optical amplifiers and lasers, frequency converters, solar concentrators, up to
quantum information storage devices.
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