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Abstract: This work reports on the properties of luminescent waveguides based on quaternary Ga-
Ge-Sb-Se amorphous thin films doped with praseodymium. The waveguides were fabricated via
magnetron co-sputtering followed by inductively coupled plasma reactive ion etching. The initial thin
films thickness and optical properties were assessed and the spectroscopic properties of the
waveguides were measured. The measurements show promising results - it is possible to obtain mid-
infrared fluorescence at 2.5 and 4.5 pm by injecting near infrared light at 1.5 pm as the pump beam.
By comparing waveguides with various praseodymium concentrations, the optimal doping content
for maximum fluorescence intensity was identified to be close to 4100 ppmw. Finally, correlation
between the intensity of mid-infrared emission and the width/length of the waveguide is shown.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Amorphous chalcogenides based on germanium (for example, Ge-Sb-Ch, Ga-Ge-Sb-Ch; Ch = S, Se,
Te) are under deep investigation as host materials for infrared applications. The main reasons are
their low phonon energies [1,2], high linear and nonlinear refractive indices [3,4] with relatively high
transmittance extending well into the middle wavelength infrared (MWIR) spectral region [5], the
possibility to deposit them as thin films with relative ease [6-9], and the solubility of rare earths
within them [10,11]. The use of these optically active materials enables the manufacturing of
performant waveguides and other photonic devices operating in the near to long wavelength infrared
(NWIR-to-LWIR) range. A particular interest is given to the development of integrated continuum
light sources that may rival and eventually replace the use of quantum cascade lasers and super-
continuum lasers for integrated photonics [12,13]. High nonlinearities of amorphous chalcogenides
make them very interesting for the development of broadband light sources for all-optical sensors as
well as signal processing devices.

In addition to the nonlinear effects of chalcogenides to generate IR sources, rare earth-doped
chalcogenides can also offer innovative solutions. Apart from erbium, rare earths such as dysprosium,
praseodymium, terbium and samarium are considered as the most promising dopant ions for MWIR-
to-LWIR emission and amplification, under NWIR excitation. Rare earth-doped chalcogenides fibers
have already been successfully fabricated for remote monitoring applications [14]. Above all, these
materials enable the detection of gases such as CO,, CO, CH,, CHCI; as well as obtaining emission
around 7-8 pm when doped with dysprosium, terbium or samarium [15-17].

Besides, the manufacture of low optical loss rare earth-doped chalcogenide waveguides with efficient
fluorescent emission and potentially light amplification has started to be reported in the last five years
[18-20]. Among the manufacturing techniques, radio-frequency (RF) magnetron sputtering is a
relatively easy process for the deposition of amorphous chalcogenide thin films [21]. Especially, the



properties of sputtered Ge-Sb-Se films have been thoroughly described in a previous work [8]. Here,
Ge-based system was selected to avoid presence of toxic As while the addition of gallium is required
to ensure a consistent and homogeneous rare earth ion incorporation in sputtered thin films. Thus for
rare earth doping of sputtered thin films, the resulting host system selected is Ga-Ge-Sb-S(Se)
[20,22]. Moreover, microdisk resonators based on erbium-doped chalcogenide thin films have been
designed by Al Tal et al. [23], showing the potential for obtaining efficient MWIR coherent light
generation at 4.5 um. The simulations in the work of Palma ef al. [24] provide encouraging results for
the operation of praseodymium-doped chalcogenide microdisk resonators designed for emission at
4.7 um, with the possibility of reaching higher slope efficiencies than with other rare earths, such as
erbium. These studies paved the way for the development and fabrication of optical sensors and
amplifiers with a large array of potential uses, from environmental monitoring to biomedical
applications. However, while information on dysprosium- and praseodymium-doped chalcogenide
fibers has been growing, there is still a lack of knowledge on the properties of rare earth-doped
chalcogenide thin film-based structures for integrated applications.

Within the goal of obtaining optically active micro-structures, praseodymium doping is very
appealing for mid-infrared applications [20,25,26] and it should be noted that despite weak branching
ratio, laser operation at 5.2 and 7.2 um has been reported in Pr’":LaCl; crystal [27]. Thanks to Pr’*
absorption bands, which allow efficient pumping in the near infrared at 1.55 pm with commercial
laser sources or at about 2 pm, various radiative transitions lead to broad emissions centered on both
2.5 and 4.5 pm. However, despite the rather extensive information provided by the aforementioned
literature, the data on the properties of chalcogenide-based waveguides are still rather scarce,
particularly as it relates to their physical and chemical parameters such as doping concentration,
waveguide length and width optima. Most of the available literature data deal with optically active
chalcogenide waveguides exploiting erbium as the dopant ion [18,19,28]. Hence, it is necessary to
provide a more complete description of such devices to maximize their performances.

The aim of this work is therefore to report a more complete description regarding performance of Ga-
Ge-Sb-Se waveguides doped with Pr*" jons fabricated by co-sputtering technique. Their optical and
spectroscopic properties were compared as a function of their doping concentration and geometric
parameters, with the final goal of providing a crucial step towards their optimization as efficient
active optical integrated devices.

2. Methods

Two bulk glasses from Ga-Ge-Sb-Se quaternary system were fabricated by melt-quenching
technique, heating the pure elements above the melting temperature in a furnace and then cooling the
melt below the glass transition temperature, thus obtaining glass with a nominal composition of
GasGe,pSboSegs. One of the bulks was doped with a praseodymium (10000 ppmw, parts per million
by weight). Both glass cylinders were then cut into several slices each, obtaining the targets for
sputtering (& = 50 mm), which were finally polished. Two undoped targets and one Pr’*-doped target
were mounted onto a three-cathode co-sputtering cluster in order to fabricate the thin films. Thin
films were deposited at room temperature onto thermally oxidized (2 um SiO, layer) single
crystalline silicon substrates by magnetron co-sputtering using all three cathodes simultaneously. The
Pr’" doping concentration within each sample was tailored by adjusting the power applied to the
different cathodes. The depositions took place under 10 mbar Ar pressure. The choice of deposition
parameters was based on previous results with glass target of related compositions [8,29]. The
deposition time was adapted to get films of ~1 pum thickness. The resulting thin films were estimated
at Pr’" concentrations of 1300, 2700, 4100, 6700, and 10000 ppmw, calculated by considering the
sputtering rate of each individual cathode for each power selected for co-sputtering process of
Pr’":GaGeSbSe thin films. Energy-dispersive X-ray spectroscopic (EDS) characterization was
performed on the three targets (JSM 6400-OXFORD Link INCA collecting the spectra over a
roughly 0.01 mm? area for each sample) and co-sputtered films using a scanning electron microscopy
(SEM, TESCAN VEGA 3 EasyProbe) linked with an EDS analyzer. The standard uncertainty of



EDS measurements for thin film is £1 at. %. Typically, the EDS estimates were averaged over
measurements on three separate area per sample.

The thin films were analyzed by variable angle spectroscopic ellipsometry (VASE) from the UV to
the LWIR range, in order to have an estimate of their thickness and refractive index. The UV-to-
NWIR measurements were performed with a Woollam VASE vertical ellipsometer with a 20 nm step
from 300 to 2300 nm, while the IR spectra were collected with a Woollam IR-VASE Mark II
ellipsometer, ranging from 330 to 5900 cm™ with an 8 cm™ resolution. Refractive index, thickness
and band-gap were determined from the ellipsometry data fitting using the Cody-Lorentz model and
Sellmeier dispersion in UV-to-NIR and mid-infrared spectral ranges, respectively [30,31].

The optical field distribution of the propagating modes and the corresponding effective indices were simulated,
at different wavelengths, for TE and TM polarizations, and for different ridge waveguide dimensions using a
commercial mode solver (Fimmwave, Photon Design). These simulations were performed by considering ridge
waveguides made of Pr”'doped GasGeySbpSegs guiding layer and SiO, confinement layers on Si substrate
knowing their respective refractive index.

Several series of ridge waveguides with different widths were fabricated via inductively coupled
plasma reactive ion etching (ICP-RIE) with the use of CHF; gas. The gas was injected into the
chamber with a flow of 10 sccm, keeping the pressure set at 2.67-10~ mbar (2 mTorr) for the duration
of the etching. The powers applied were 150 and 100 W for the plasma generation and the etching
process, respectively. After the etching, the samples were cleaved to obtain the desired size for the
optical measurements. These experiments resulted in a set of waveguides 6, 8, and 10 pm wide and 5,
6, and 10 mm long for each of the aforementioned Pr’* concentrations.

Preliminary fluorescence measurements on the non-etched thin films were carried out by exciting the
samples to the °F, level focusing a 1.55 um laser diode beam onto the surface, and collecting the
normal emission intensity at 2.5 and 4.5 pm via a monochromator, exploiting a nitrogen-cooled InSb
detector. Guided-light spectroscopic measurements were performed by injecting the waveguides with
a 1.55 pum pump beam and collecting the emission spectra around 2.5 and 4.5 pm according to the
known praseodymium energy level transitions. High pump power (up to 100 mW) was provided by a
Highwave C band erbium-doped fiber-broadening source. A microlens at the output end of the fiber
[32] allowed to inject directly into the waveguide. A fibered variable attenuator allows power
dependent photoluminescence (PL) measurements. The emission was collected on the other side
using a ZnSe microscope objective to focus the output light onto the entrance slit of a Horiba iHR320
monochromator, leading to a liquid nitrogen-cooled InSb detector (Teledyne Judson Technologies).
To improve signal-to-noise ratio (SNR) of the MWIR PL, the detector output photocurrent was
amplified by a low-noise transimpedance amplifier and recorded using a lock-in amplifier (Stanford
Research Systems, SRS810). A removable mirror was also employed to assess the pump injection by
deflecting the collected light onto an infrared camera and observing the guided mode. The spectra
around 2.5 and 4.5 um were collected using gratings blazed at 2 and 4 um, with groove densities of
300 and 150 lines/mm respectively, and long-pass filters with cut-off wavelengths of 1900 nm and
3500 nm respectively to remove the pump residue and undesired luminescence. Measurements were
performed at room temperature.

3. Results and discussion
3.1 Fabrication and characterization of Pr'*:GaGeSbSe co-sputtered thin films

The chalcogenide thin films RF co-sputtering allowed the concentration of rare earth ions to be varied
without having to modify the composition of the film, which remains very close, as can be seen in
table 1, to the composition of the three targets: Gas,GejgoSbgsSeqs s for the Pr’":GaGeSbSe glass
target and Gas oGey0Sbo ¢Segs 4 (£0.5%) for the undoped targets. The power applied to the different
cathodes, the deposition time for each sample, the thin film composition, the thin film thickness, and
the band-gap energy values are summarized in table 1. The thickness of the deposited Pr**:GaGeSbSe
thin films estimated through the ellipsometry measurements was found to be consistently between



920 and 990 nm (table 1). Their refractive index was determined as 2.59+0.02 at 1.55 pum
(corresponding to the intended pump wavelength), 2.56+0.02 at 2.5 pm and 2.54+0.03 at 4.5 pm (the
two wavelengths corresponding to the main MIR emissions of Pr’") when averaging refractive index
values obtained for all five thin films. Relatively large error bars (+0.02 at 1.55 and 2.5 um, £0.03 at
4.5 pm) are mainly due to the film with highest Pr’" content (10000 ppmw of Pr’*) as this layer has
larger refractive index than other films: 2.61, 2.58, and 2.57 at 1.55, 2.5, and 4.5 pm, respectively).
One may see that the estimated band-gap energy seems to decrease slightly as the Pr’* concentration
increases. However, the behavior of refractive index and bang-gap energy can be correlated with
both, Pr’* concentration and gradual increase of Sb and Se percentage (and consequent slight
reduction in Ga and Ge contents), observed in the samples composition.

Table 1. Summary of the RF co-sputtering deposition conditions and basic characteristics
of Pr¥*:GaGeSbSe thin films using two undoped GasGeySbySegs glass targets (cathode 2 and 3)
and one GasGe;oSby¢Segs doped with 10000 ppmw of Pr** (cathode 1).

Cath. 1 Cath. 2 Cath. 3 Dep. Pr’ estimated Thin films Thickness Band-gap
10000 undoped  undoped  time  concentration experimental energy
ppmw composition
Sample w /4 w min ppmw at. % (£1%) nm eV
(£200 ppmw) (10 nm) (x0.01 eV)
C-1 10 20 20 104 1300 GagGe9SbioSess 950 1.82
C-2 20 20 20 82 2900 GasGe;oSbioSess 950 1.81
C-3 20 20 0 120 4100 GasGesSbi1Sess 990 1.79
C-4 20 10 0 194 6700 GasGesSbi;Sess 980 1.77
C-5 20 0 0 313 10000 GayGe,7Sb12Ses; 920 1.76

3.2 Photoluminescence of Pr'":GaGeSbSe co-sputtered thin films

The spectroscopic properties of Pr'” with respect to mid-infrared emissions in the 2-7 um spectral
region are relatively difficult to study given the multiple contribution from different transitions
involving the thermalized levels (3F4, 3F3) and (3F2, 3H6), the 3H5 level and the ground level 3H4 [33].
In addition, the possible resonances between these levels conducive to energy transfers make it
difficult to interpret the (de)population of the involved levels affecting their lifetime, the emission
spectra shape and the intensity ratio between the emission lines [25,33-35]. The complete diagram of
Pr’’ energy levels and possible transitions is represented in figure 1, highlighting the transition used
for pumping and the ones that are expected to make up the emission spectra.

This task becomes thankless when the material is a thin film whose spectroscopic properties are even
more difficult to characterize than those of bulk glass or optical fiber. Moreover, the size of the
micro-system devices requires a consequently higher rare earth-doping level than what can be found
in optical fibers of much greater length. As a result, non-radiative energy transfer processes between
Pr’" ions can become preponderant and profoundly affect the overall luminescence intensity and
shape of these emission bands [25,33—35]. In addition to the MWIR radiative transitions (3300-1500
em’™') and energy transfers due to ion-ion interactions, Pr’* ions may also exhibit interactions with
host material vibrations, either intrinsic or extrinsic. It has been shown that the higher phonons
energy accessible in the host matrix are generally the first involved in the multiphonon relaxation
processes. Thus, impurities such as Se-H (2190 cm™) and Ge-H (2030 cm™) will play a major role,
more important than the intrinsic phonons in the Ga-Ge-Sb-Se glass that extend between 175 and 300
ecm” with a phonons density mainly centered between 200-225 cm™ for active modes in Raman
spectroscopy and 275-300 cm™ for those in IR spectroscopy [15,36]. The extrinsic phonon vibrations
of Se-H or Ge-H impurities resonant with the energy gaps of the MWIR transitions will forcibly
induce an unfavorable migration and the concentration of these impurities should therefore be kept as
low as possible in co-sputtered thin films and therefore the used glass targets [37].
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Fig. 1. Dieke diagram of the Pr** ion in Ga-Ge-Sb-Se glasses and possible radiative transitions between energy levels. The blue
arrow highlights the transition used for pumping to the *F, level and the black arrows represent the possible radiative
transitions that arise from two thermalized levels with a low population rate.

The preliminary fluorescence spectra of the RF co-sputtered films with non-injected pump
configuration were compared to that of a piece of 10000 ppmw Pr**-doped glass bulk as shown in
figure 2 (the spectra are normalized to the respective peak intensity value of the 2.5 pm emission
band). One can observe that both co-sputtered thin films and bulk glass doped with 10000 ppmw of
Pr’" share a similar spectral band shape at ~2.5 um but there is a significant difference in the 3.5-5.5
pwm emission, in particular in the long-wavelength part of the band.
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Fig. 2. IR fluorescence spectrum of Ga-Ge-Sb-Se thin film doped with 10000 ppmw of Pr**
compared to that of corresponding bulk glass with excitation at 1.55 pm.



The first photoluminescence band of Pr’* in the spectral range of 2-2.7 um is usually related to
different transitions, (3F4, 3F3) — “Hs and (3F2, 3Hé) — °*H, (figure 1) [38]. However in this
configuration with 10000 ppmw of Pr’’, the shoulder expected at ~2.2 um, that may be associated
with the *F; — *H;s and °F, — *H, transitions, is not clearly visible while the shoulder at 2.6 um (*H
— *H,) in the right part of the main band centered at 2.5 um (°F; — *Hs) is better observed. It can be
probably partially masked by noise and also related to the fact that the *Hy and *F; manifolds are
predominantly populated respecting Boltzmann’s law - in particular, according to the Boltzmann
distribution at room temperature, the 3F; level accounts for 88% of the total (3F4,3F3) manifold
population, while the *Hg population is 97% of the combined (‘F»,’H¢) manifold for the
GasGe,oSbpSegs matrix. In addition, the analysis for these two samples is more complex due to non-
radiative relaxation involving such levels caused by Pr’* concentration. Indeed, for such high
concentration, energy transfers can be expected between two close Pr'” ions depopulating the
(F4’F3) or (CF,’Hg) thermalized levels. Three cross-relaxation processes have been proposed
involving the following energy levels (3F4,3F3) : 3H5 — (3F2,3H6) x2; (3F4,3F3) : 3H4 — (3F2,3H6) : 3H5,
(’F»,’Hy): *Hy — (°F»,’Hg) : °Hs [34] and then one cross-relaxation (°F,,*Hy) : *H, — *Hs x2 [25,35].
The photoluminescence between 3.5 and 5.5 um is mainly composed of the transition (°F,, *Hg) —
*Hs (~3.5 and ~4.5 pm, respectively) and the transition *Hs — *H, (~4.7 pm) involving many Stark
split manifolds at the origin of this extended bandwidth. The wide emission can also have
contributions from transitions between (°Fs, °F3) — (°F,, *Hy) levels, especially at longer wavelengths
[39,40]. Taking into account that at room temperature the population distribution of the thermally
coupled (°F4, °F3) levels is 88%in the °Fj state [33] and due to its low branching ratio, the transition
from °F,4 to (°F,, *Hg) emitting at ~5.4 um is unlikely. The decreases in PL intensity around 4.3, 4.5
and 4.9 um are, respectively, due to the absorption of CO, from the atmosphere and the absorption of
Se-H and Ge-H impurities from the glass bulk and thin film, as previously mentioned. The difference
observed may suggest that the bulk glass spectrum is more affected by strong *H,—Hs reabsorption
than the thin film, as can be classically seen by comparing PL in bulk glasses and fibers [41]. A
variation in the structure surrounding the praseodymium ions in the co-sputtered thin films with
respect to the bulk glass could also affect the ratio between the *Hg—’Hs and *Hs—>H, main
transitions. The changes may be possibly attributed to a combination of Stark splitting modification
and cross-relaxation processes caused by a greater number of structural defects and Pr’" clusters
formation within the deposited layer as compared to the bulk [29]. In addition, the absorption of
impurities that may be formed by the reactivity of the surface with the atmosphere like OH (2.9 pm),
SeH (4.6 um), GeH (4.9 pm), GeO (7.9um) must play a more important role in the films than in bulk
glasses, mainly due to the surface/volume ratio as shown in figure 2 with much more pronounced
SeH and GeH absorption bands for the Pr’* co-sputtered film. Another difference between bulk and
film is the relative intensity of the two emission peaks: one can see that in the film sample, the 4.5
pm emission (integrated area of the emission band) is less intense with respect to the 2.5 pm
fluorescence, as compared to the bulk. This indicates either a change in branching ratios or a very
likely increase in energy migration to impurities.

3.3 Infrared emission of Pr’*:GaGeSbSe rib waveguide

A set of the ridge waveguides obtained from the co-sputtered films by means of the ICP-RIE process
is exemplified in figure 3. The major difficulty lies in the presence of gallium in the co-sputtered thin
films, which is less suitable for etching with fluorinated gases than the other elements (Ge, Sb, Se),
whose etching process was studied with the identification of etching products and plasma/glass
interaction (Ge-Sb-Se) thin films in SF¢ and SF¢/Ar plasmas [42]. The resulting waveguides were
designed to be multimode with respect to all wavelengths of interest, up to 5 microns at least, in order
to increase the coupling efficiency and transmission (see figure 4). The pumping is distributed over
the entire cross-section of the waveguide given the number of modes propagating at 1.55 pum, an
approximation also used by A.L. Pelé¢ ef al. [43] and for an emission at 4.5 um in the same way,
many modes may be involved and therefore the measurement of optical losses would be made



extremely complex and uncertain by the lack of knowledge of the mode(s) detected. In the case of
sulphide-based waveguides, doping with Er’* ions and the incorporation of 5 at.% Ga in a Ge-Sb-S
sputtered thin film has been shown to have little effect on the optical propagation losses [18]. The
losses were found in both case to be slightly less than 1dB/cm at 1.55um [44]. In addition,
propagation losses values of the same order of magnitude (2.5 dB/cm) were demonstrated in the mid-
IR (A=7.7um) for Ge-Sb-Se sputtered thin film [45]. If this statement could be extended to selenide-
based waveguides, the actual losses of the waveguides mentioned in the manuscript should also be of
the order of a few dB/cm.

GaGe,Sb, Se, Pr*

Fig. 3. An example of SEM image of a cross-section of GasGeySb 10Segs: Pr’* ridge waveguide
co-sputtered on SiO»/Si substrate.

The infrared emissions at both 2.5 and 4.5 um were observed with light injection and the dependency
of the output fluorescence intensity as a function of the different variables was studied. First, one
should identify the most favorable conditions for efficient fluorescence depending on rare earth
doping concentration: in particular, the Pr’" content should be such that absorption and subsequent
fluorescent emission are maximal, while minimizing the effects of optical quenching and
reabsorption. We could notice that the shape of the 2-2.7 pm emission spectrum changes very little
with concentration except that the shoulder at 2.2 um is slightly less discernible in contrast to that at
2.6 um on thin films with a Pr’” concentration higher than 4100 ppmw.

Fig. 4. Intensity mode profiles simulated at a wavelength of 4.5 um in 6 pm and 10 pm wide waveguides for:
(a) TE4, (b) TE7, (c) TM3, and (d) TM5 modes.



One can see from figure 5 that the optimal waveguide doping content allowing the most intense
emission is 4100 ppmw of Pr’*. The intensity behavior is similar at both 2.5 and 4.5 pm, but one can
see that the intensity ratios among the samples are different for the two transitions. This might
suggest a difference in the propagation efficiency for the two emissions in different samples related to
absorption of the ground state depending on the Pr’* concentration of the waveguide, although it is
hard to give a definite conclusion due to the generally low signal-to-noise ratio of this emission band.
Given these results, the following measurements for the assessment of fluorescence dependency on
the other parameters were performed within 4100 ppmw Pr**-doped waveguides.

— 10 000 ppm
—— 6700 ppm
—— 4100 ppm
—— 2900 ppm
—— 1300 ppm

Fuorescence Intensity (a. u.)

2000 2500 3500 4000 4500 5000 5500

\W avelenath (nm)

Fig. 5. MIR emission spectra collected at the output of the 8 pm (width) waveguides with length of 5 mm showing the
fluorescence bands of Pr’” at 2.5 and 4.5 pm with excitation at 1.55 pm.

One can see from figure 5 that the optimal waveguide doping content allowing the most intense
emission is 4100 ppmw of Pr’*. The intensity behavior is similar at both 2.5 and 4.5 um, but one can
see that the intensity ratios among the samples are different for the two transitions. This might
suggest a difference in the propagation efficiency for the two emissions in different samples related to
absorption of the ground state depending on the Pr’" concentration of the waveguide, although it is
hard to give a definite conclusion due to the generally low signal-to-noise ratio of this emission band.
Given these results, the following measurements for the assessment of fluorescence dependency on
the other parameters were performed within 4100 ppmw Pr’*-doped waveguides.

The signal-to-noise ratio of the 4.5 pum emission is too low to investigate in close detail the band
shape behavior versus the waveguide geometrical parameters, but some conclusions can be obtained
from that of the 2.5 um emission band. The study of emission intensity and band shape as a function
of waveguide width is shown in figure 6.

Under the same excitation conditions and injecting the pump into the shortest waveguides in each set,
the most intense fluorescence at 2.5 um was observed for the 8 um wide samples, which is thought to
be mainly due to the higher pump beam coupling efficiency. Differences however become
increasingly evident when changing the investigated waveguide length. In particular, under equal
pump power, one may observe that in the case of the 6 pm width, the maximum emission intensity is
obtained from the shortest waveguide (5 mm), while in the 8 pm wide case, the highest emission
intensity was recorded when injecting into longer waveguides, particularly the one of 10 mm length
(figure 7).
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Fig. 6. Plot of the emission spectra of the 5 mm long waveguide showing the variation in intensity
and band shape as a function of waveguide width.

The emission intensity increase with waveguide length observed in the 8 pm wide waveguide means
that, within the values considered, the gain exceeds optical losses coming from both leaks and
reabsorption processes. This behavior may suggest that the confinement of the fluorescence light is
more efficient in the wider waveguides, as higher propagation losses could explain the drop in
intensity with increasing length for the narrower samples. No noticeable red-shift in the emission
spectra with respect to the shape of the thin film emission band for comparable Pr** concentration
suggest no major contribution from radiation trapping, unlike Er**-doped chalcogenide glasses [46].
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Fig. 7. Plot of the emission spectra of the 8 um wide waveguide showing the variation in intensity
and band shape as a function of waveguide length.

The fluorescence emission spectra at ~2.5 um under different excitation powers were collected
(figure 8a) for the 4100 ppmw Pr**-doped, 8 pm wide waveguide of 5 mm length. Figure 8¢ shows
the comparison between the normalized 2.5 pm fluorescence spectra: as the band shape does not
show any significant variation, no discernible effect of the pump power on the spectroscopy other
than the increase in emission intensity can be observed. This means that the intensity ratio between
the different IR emission transitions is apparently unaffected by the pump light intensity in the case



of Pr’" co-sputtered samples. The peak intensity was then plotted as a function of incident pump
power, as shown in figure 8b. As can be expected, the graph shows a monotone increase of
fluorescence intensity, with a gradually decreasing slope indicative of the absorption saturation.
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Fig. 8. Plot of the fluorescence spectra at ~2.5 um showing the comparison of (a) intensity and (b) band shape as varying pump
power, and (c) plot of the peak intensity as a function of pump power.



4. Conclusions

Praseodymium-doped Ga-Ge-Sb-Se co-sputtered waveguides have been proved a valid medium for
the generation and propagation of infrared signal, and are therefore promising devices for NWIR and
MWIR sensing and light amplification [47]. In particular, relatively wide ones are the most
performant, as demonstrated by 8 pm-width waveguides having the highest output signal intensity,
allowing for efficient infrared light emission and propagation even along 1 centimeter-long paths, and
without deformation of the 2.5 um emission band shape. By comparing waveguides with various
praseodymium concentrations, the optimal doping for maximum fluorescence intensity was identified
to be close to 4100 ppmw, where the most intense emission was recorded at both 2.5 and 4.5 um
wavelengths. These results provide a good overview of the main optical properties of fabricated
structures as a function of the manufacturing parameters, which in turn opens the way for further
investigation in order to fine-tune the operating features of such rare earth-doped quaternary
chalcogenide waveguides, with the purpose of developing novel infrared active devices for potential
environmental, biomedical and telecommunication applications.
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