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Abstract: This contribution reports on detailed experimental and numerical investigations of
both near-infrared (NIR) and mid-infrared (MIR) photoluminescence obtained in
praseodymium trivalent ion doped chalcogenide-selenide glass fiber. The experimental
analysis allows for the identification of the radiative transitions within the praseodymium ion
energy level structure to account for the photoluminescent behavior. Numerical analysis is
carried out using the rate equations’ approach to calculate the level populations. The numerical
analysis provides further insight into the nature of the radiative transitions in the Pr3* ion doped
chalcogenide-selenide glass and allows for the identification of the electronic transitions,
which contribute to the observed photoluminescence. The numerical results agree well with
the experimental results.
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1. Introduction

Mid-infrared (MIR) fiber sources emitting at wavelengths in the range 3 um to 6 um have many
applications in remote sensing, medicine and defense [1]. However, in order to access these
wavelengths using dielectric hosts, low phonon materials are needed. Among the most
promising materials for this wavelength region are chalcogenide glasses [2-5]. Chalcogenide
glasses possess sufficient rare earth ion solubility, high refractive index, low phonon energy
and can be drawn into a small-core fiber [6]. These characteristics make chalcogenide glasses
a promising host material for rare-earth ions [6-10]. Recent publications show that there is a
particularly large interest in the mid-infrared photoluminescence from Pr3* doped low phonon
materials [11-17]. This is because a Pr®* ion dopant in a chalcogenide glass has a high pump
absorption cross-section [18], and also because it can be pumped with commercially available
laser diodes operating at 1.55 um and 1.94 um. Many devices for MIR applications based on



chalcogenide glass fibers have been already demonstrated, which include supercontinuum
sources, Raman lasers and compact sensing devices [19-25]. Also, an extensive effort has been
invested into the design and modelling of MIR fiber-based and waveguide-based incoherent
light sources based on Pr3* ion doped chalcogenide glass fibers [26-31].

Despite the large number of publications on Pr®* ion doped chalcogenide glass optical
properties, there is still a need for further investigation of this topic. This is primarily because
MIR Pr3* jon doped chalcogenide glass fiber lasing has not been achieved yet. The analysis of
MIR emission from Pr3* ions is complicated by the fact that several transitions, e.g. (°F4,°Fs —
3F2,%Hs), (°F2,°Hs — 3Hs) and (*Hs — 3Ha), can contribute to mid-infrared emission at around
4.7 pm. Additionally, the energy gap between manifolds (°F4,°F3) and (3F2,3He) is small and
hence it is difficult to determine accurately lifetimes for these transitions. Lastly, it should be
considered that there still remains underlying extrinsic absorption in the active fiber region due
to unwanted anionic contamination in the glass host; this can lead to the presence of an extrinsic
high phonon energy transitions competing to deplete non-radiatively the Pr3* excited states as
explained in [32].

In this contribution, we re-investigate in detail data on the photoluminescence from Pr3*
chalcogenide fiber, using both experimental and numerical methods.

2. Methods and Materials

For the experimental work, usually 500 ppmw (parts per million by weight) Pr3*-doped
GeAsGaSe bulk glass has been made by the melt-quenching route. For the glasses: As (7N
Furakawa Denshi; further purified by heating under vacuum), Se (5N Materion; heat treated
under vacuum), Ge (5N Cerac), Ga (5N Testbourne Ltd., melting point 29.8°C at 1 atm, i.e.
1.013 x 10° Pa) and Pr foil (3N Alfa Aesar) were batched into a purified silica-glass ampoule
inside a glove-box (N2 with < 0.1 ppmw H20 and < 0.1 ppmw O2; MBraun). The ampoule
sealed under vacuum (10° Pa) was then rocked in a resistance furnace (Instron) for 12—14
h/850°C, quenched and chalcogenide glass annealed (Instron) close to its glass transition
temperature (Tg). After annealing, the core glass and cladding chalcogenide glass boules were
polished, co-extruded to form a step-index preform using an in-house extruder and then the
preform was fiber-drawn on a customized Heathway fiber drawing tower, inside a class-10,000
clean room. The 500 ppmw Pr3* -doped GeAsGaSe core glass/GeAsGaSe cladding glass optical
fiber had an outside diameter of 250 um, the length of 60 mm and was not polymer-coated. To
the best of our analysis the core diameter was found to be ~224 pum. Further details on the
fabrication procedure can be found in [33]. The basic material and optical properties of the fiber
used in the experiments have been characterized and discussed in separate publications [6,9].

3. Experimental Results

Fig. 1. shows the schematic diagrams of the measurement setups used for recording of the
photoluminescence spectrum and temporal decay. For photoluminescence spectra
measurements (Fig. 1a) the signal is collected from the fiber end and delivered to
monochromator entrance using a set of Calcium Fluoride lenses, whilst the pump light is
provided at the other end of the fiber. Mercury Cadmium Telluride (MCT) photodetector PVI-
4TE6 (Vigo Systems) records MIR light intensity. The signal from MCT photodetector is
delivered to lock-in amplifier together with the signal from the chopper driver. Post processing
of the results is carried out by a personal computer connected with a data acquisition card. In
the case of the photoluminescence decay curves, the pumping laser diode is directly modulated
by the current drive and illuminates one end of the fiber (Fig. 1b). The signal is collected from



the other end and imaged onto the MCT photodetector. The signal from the MCT photodetector
is amplified and provided to an oscilloscope. In order to suppress noise, an averaging over
several thousand process realization is performed. In both setups filters are used to suppress the
residual pump signal.
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Figure 1. Measurement setup for recording: (a) photoluminescence spectrum; (b)
photoluminescence decay.

Fig. 2. shows the simplified energy level diagram of Pr3* ions doped into a chalcogenide
glass host. Arrows mark potential transitions, that may occur when pumping into the *F4 and
3F3 levels. This pumping is achieved by applying a commonly-available laser diode type,
operating at a wavelength of ~1450 nm. The wavelength of 1450 nm was selected because low-
cost high-power semiconductor lasers operating at this wavelength are readily commercially
available. Further the praseodymium ions when doped into a chalcogenide glass have an
absorption peak near 1450 nm and the host chalcogenide glass intrinsic absorption loss is
relatively low, which helps reducing the heat generation during the optical pumping process. In
chalcogenide-selenide glasses, it has been proposed that the energy levels 3F4 and 3Fs, and also
3F, and 3He, are mutually thermally coupled [3]; these are-marked in Fig. 2 with loops each
uniting one pair of transitions. Fig. 3a shows the near-infrared (NIR) photoluminescent
spectrum spanning the wavelength range from 1.5 pm to 1.7 um, recorded using a Yokogawa
AQ6370D spectrum analyzer. This photoluminescence was collected from the side of the
fabricated 500 ppm Pr3* ion doped GeAsGaSe glass fiber sample using a multimode silica fiber
with 1 mm core diameter. The chalcogenide fiber sample was illuminated at one end with a
multimode laser diode pump operating at 1450 nm. As the cut-off wavelength of the
spectrometer was 1700 nm, measurement of the spectrum above this wavelength was
suppressed. Nevertheless, as seen in Fig. 2. a broad photoluminescence, stretching from 1500
nm to 1700 nm, is observed. Considering the energy level diagram shown in Fig. 2, this
photoluminescence was attributed to the transition (°F4,°Fs — 3Ha). It is noted that this



wavelength range is relevant to optical telecommunications’ applications, particularly the C and
L bands.

Interestingly, unlike the transition (‘Fs+ — ’Fs) in terbium (I11) ions, doped into a
chalcogenide-selenide glass, the transition (°F4,3Fs — 3Ha) in praseodymium (l11) ions was not
observed here to be suppressed by non-radiative quenching due to intrinsic host phonons
between levels (°Fs and 3F2). This is despite the fact that the energy gap between levels (°F; —
3F,) for praseodymium (111) is ~1367 cm™ and is similar to that occurring of the ('F4 — "Fs)
transition in terbium (I11) ions (1290 cm™). The intrinsic multiphoton energy of a
chalcogenide-selenide host glass is ~300 cm™ [32], therefore for the Pr3*-doped chalcogenide-
selenide glass this (°Fs — 3F2) gap of around ~1367 cm™ would require at least 4 host phonons
to bridge it successfully. This is on the edge of the generally accepted number 4-6 phonons
requirement [32].

Fig. 3b shows the emission spectrum of Pri*-doped chalcogenide-selenide glass fiber, again
end-illuminated with multimode 1450 nm radiation, recorded from 2.0 pm to 2.6 um using a
monochromator, coupled with an extended InGaAs photodetector. Lock-in detection was used
to improve the signal-to-noise ratio. The photoluminescence was collected from the other end
of the fiber whereby the residual pump light was suppressed using a germanium filter (Fig. 1a).
It is noted that reabsorption may influence the results in such measurement configuration. Thus
the discussion of this phenomenon in lanthanide doped chalcogenide glass fibers is given in a
separate contribution [34]. According to the energy level diagram in Fig. 2, this
photoluminescence is concluded to be associated with overlapping transitions (3F4,°Fs — *Hs)
and (3F2,Hs — °Ha). It is noted, however, that this spectrum is suppressed on the long
wavelength side by the detector bandwidth limitation. Nonetheless, the results shown in Fig. 3b
confirm the presence of broad photoluminescence in the range: 2.0 um - 2.6 pm.

Fig. 4 shows the photoluminescence spectrum recorded for the wavelength range spanning
from 3.6 um to 6 um. Again, a multimode laser diode operating at 1450 nm was used to
illuminate one end of the fiber. The photoluminescence was collected from the other fiber-end
and delivered to a monochromator using a pair of calcium fluoride f =25 mm lenses and a long-
pass filter with cut-on wavelength of 3600 nm. Again lock-in amplification was used to improve
the signal-to-noise ratio. Considering the energy level diagram (Fig. 1), this photoluminescence
is attributed to transitions (3F2,%Hs — 3Hs) and (3Hs — 3H4). However, in principle the transition
(®F4,°F3 — 3F2,3Hs) might also contribute to emission within 3.5 um to 6 pm wavelength range.
These spectroscopic measurements confirm that Pr3*-doped chalcogenide-selenide fiber is a
potential candidate for a realization of broadly tunable mid-infrared fiber lasers, fiber amplifiers
and spontaneous emission sources.

Figure 5 presents the photoluminescence (PL) decay characteristic of the 500 ppmw Pr3*
doped Ge-As-Ga-Se fiber, measured using the extended InGaAs photodetector in the spectral
wavelength range between 2.0 and 2.6 um. The 1450 nm multimode laser was directly
modulated from the current source with a repetition frequency not exceeding 10 Hz.
Consistently with the results presented in Fig. 3b a least squares fit of the measured results was
performed using a sum of two exponential functions. This procedure yielded a fast decay with
time constant: T = 0.236 ms, which can be attributed to the (*Fa4,3Fs — *Hs) transition and a slow
decay with T = 3.24 ms that is a contribution from the (°F2,°Hs — 3Ha) transition (Fig. 6).
Subsequently using the same optical set-up, and a mid-infrared photodetector, a
photoluminescence decay was recorded for the 3600-6000 nm band (Fig. 7). The measured
results were then fitted with a single exponential function (cf. Fig. 5). Therefore, it can be
concluded that this decay curve may be mainly attributed to the (3Hs — 3Ha) transition. The
origin of this photoluminescence decay is further explored in the next section using a numerical
model.
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Figure 2. Simplified energy level diagram for Pr3* in chalcogenide glass with
transitions relevant to the discussion identified.
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Figure 3. Measured emission of 500 ppmw Pr®*-doped GeAsGaSe large-core step-
index fiber: (a) from 1.5 to 1.7 pm, which is attributed to the transition (°F4,°Fs >
3H4); (b) from 2.0 to 2.6 um, which is attributed to two different transitions: (*F4,3F3

- 3Hs) and (3F2,°Hs = *Ha); (see Fig. 1).
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Figure 4. Measured mid-infrared emission spectrum of the 500 ppmw Pr3*-doped
GeAsGaSe large-core step-index fiber using a lock-in and MCT detector with
preamplifier and 1450 nm CW laser excitation recorded for different pump powers.
The emission intensities were not corrected for system response.
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Figure 5. Measured luminescence decay at 2.4 um using extended InGaAs detector in
500 ppmw Pr3*-doped GeAsGaSe large-core step-index fiber after laser excitation at
1450 nm. The red plot indicates the best fit to a sum of two exponential functions.
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Figure 6. Energy level diagram of Pr3* indicating the most probable transitions
attributable to the decay curve recorded at a wavelength of 2.4 um (Fig. 5).
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Figure 7. Measured mid-infrared luminescence decay in 500 ppmw Pr3*-doped
GeAsGaSe large-core step-index fiber after the laser excitation at 1450 nm. The red
plot indicates the best fit to a single exponential function.

4. Numerical Analysis

Using the rate equations’ approach, in this section the dependence of the
photoluminescence decay is analyzed using a numerical model. The results obtained are
compared with the experimental results presented in the previous section. For this purpose, first



the level populations in steady state under pumping into levels 3F4,%Fs with the 1450 nm pump
laser are calculated. This can be accomplished by applying a four level system approximation
whereby the levels 3Hs and *Hs are denoted with indices 1 and 2, respectively while the pairs
of levels *F»,°Hs and 3F4,%Fs are denoted with indices 3 and 4, respectively. Following [3], it
was assumed that the pairs of levels 3F2,>Hg and 3F4,F3 are in thermal equilibrium and each pair
can be effectively treated as a separate level. Thus one obtains a set of four linear algebraic
equations:

1 1 1 1 N;1 [N
0 az; azz az Nyl |0
0 0 as; ase [Ns| |0 (1)
a;; 0 0 ay N, 0
where the matrix elements ann are given by:
1 1 1
a22=—<—+ );a23=&+ ;
T2 Toaimp T3 T32mp
_ Baz, —_ (L ). _ Pas 1.
a24 - Ta ’ a33 - (Ts + T32mp) ’ a34 - Ty Ta3mp ’ (2)

1 1
A41 = Oqa1Pp; Aga = — <Ue41<.0p +—+ ;
Ty Taszmp

In (2), cas1 and ces1 are the values of absorption and emission cross sections, respectively, at the
pump wavelength. Bxx gives the relevant values of the branching ratios. 12, T3 and t 4 are radiative
lifetimes of levels 2, 3 and 4, respectively, while txmp gives the lifetimes for intrinsic host
phonon-assisted transitions and ¢p is the pump photon flux density. Once the initial steady state
solution had been calculated, it was used as the initial condition for calculating the time
evolution of the photoluminescence decay by solving a set of three coupled ordinary differential
equations, which similar to (1) are obtained using the rate equations’ approach:

. N, Azz QA3 Q24 N, 0
E N3 = O a33 a34 * N3 + O (3)
N, —Q41 —Q41 —041 t Quq N, as, + N

whereby Ni(t) = N — Na(t) — N3(t) — Na(t) and N is the total praseodymium (I11) ion doping
concentration. The solution of equations (3) forms an initial value problem, which can be solved
using standard algorithms for the numerical solution of ordinary differential equations, cf. [35].

For the simulations, modelling parameters that have been reported in the available literature
were used. The radiative lifetimes of levels 3 and 2 are 4.56 ms and 12.2 ms, respectively [36].
The branching ratio Bs2 is 0.44, while Ba1 = 0.56. The radiative lifetime of level 4 is 0.22 ms,
while the branching ratios used in the simulations are: a3 = 0.03, Ba2 = 0.24, Ba1 = 0.73. These
numbers were obtained from [33] under the assumption that the radiative transitions from level
4 are dominated by the sublevel 3F3 since approximately 95% of the population of level 4 resides
in the sublevel *F3 according to the Boltzmann distribution [3]. The intrinsic host multi-phonon
transition lifetime for each of the levels 4, 3 and 2 is 0.32 ms, 100 ms and 53 ms, respectively.
These values were obtained by taking the transition wavelengths given in table 2 of [33], which
for levels 4,3 and 2 are respectively 7.4 um, 4.7 um and 4.9 pm. The multi-phonon transition
rates were calculated using the data provided in [12].



Figure 8 shows the dependence of the numerically calculated dependence of the luminescence
intensity for transitions involving levels 4-3, 3-2 and 2-1. The black line shows the sum of the
luminescence intensity for all three transitions. The analysis of the energy level diagram of a
Pr3*-doped chalcogenide glass host (Fig. 1) suggests that these transitions contribute to the
photoluminescence recorded within the MIR wavelength region, i.e. from 3.6 um to 6 um. The
numerically obtained results show that the luminescence originating from transition 2-1 (that is
(®Hs = 3Ha), see (Fig. 2) clearly is dominant, in agreement with the results shown in Fig. 7, and
also with the experimental results reported by other authors, e.g. [3]. However, the simulations
also show that the luminescence originating from the transition 3-2 (3F2,>°Hs = 3Hs) has a non-
negligible contribution to the overall luminescence decay. It raises the line above what is
predicted by considering solely the transition 2-1 (blue line). A least squares exponential
function fit into the results obtained by combining luminescence from all three contributing
transitions ((F4,°Fs > %F2,°He), (CF2,°Hs = 3Hs) and (®Hs > 3Ha)) vyields an overall
photoluminescence lifetime of 8.96 ms. This result is significantly lower than 12.2 ms,
stemming from the Judd-Ofelt analysis [36] assumed in the simulations as the level two
radiative lifetime. The experimentally obtained lifetime is 7.8 ms (Fig. 7) and is also
significantly less than the lifetime predicted by the Judd-Ofelt analysis [36].

Thus, it is concluded that the numerical simulations predict that the lifetime for MIR light
calculated numerically within the wavelength range from 3.6 um to 6 um is lower than the
actual level 2 radiative lifetime. Hence, the experimentally observed lifetime extracted by
recording MIR luminescence from 3.6 um to 6 um gives only an approximate, lower bound,
value of the level 2 radiative lifetime for praseodymium ions.
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Figure 8. Numerically calculated dependence of luminescence on time, originating
from transitions involving levels 4-3, 3-2 and 2-1 (which represent the actual
transitions (Fig. 1): ((Fs°Fs = 3%F2,°Hs), CF2Hs = 3Hs) and (CHs > 3Ha),
respectively).

Figure 9 shows the numerically calculated dependence of luminescence on time,
originating from transitions involving levels 4-2 and 3-1 : ((°F4,%F3 = 3Hs) and (°F2,°Hs >
3H,)). There is a good qualitative agreement of the numerical results with the experimental
results shown in Fig. 5. The light contributing to luminescence observed around 2.4 um
thus comes from two transitions ((F4,3Fs = 3Hs) and (°F2,°Hs = 3Ha)) and both of them
have a non-negligible contribution. Unlike the luminescent decay presented in Fig. 8, both



transition contributing to luminescence at around 2.4 um have quite different radiative
lifetimes. This results in a fast initial luminescence decay originating from level 4 ((3F4,°Fs
- 3Hs), Fig. 1) followed by a much slower luminescent decay originating from level 3
((®F2,Hs = 3Ha), Fig. 1). These observations are in full agreement with the experimental
results shown in Fig. 5. Also an exponential least squares’ fit to extract the lifetimes for
both transitions contributing ((*F4,3Fs = 3Hs) and (°F2,°Hs = 3H4)) to the luminescence
obtained numerically is calculated. This yields 0.130 ms for transition 4-2 ((*F4,°Fs = 3Hs),
Fig. 1) and 4.39 ms for the transition 3-1 ((°F2,>Hs = 3Ha), Fig. 1). These numbers differ
from the ones obtained experimentally (Fig. 5). Although, the error of 35% for transition
3-1 ((3F2,Hs = °Ha), Fig. 1) may be considered within the error bounds of Judd-Ofelt
analysis, the error of 45% for the transition 4-2 (3F4,%Fs = Hs), is larger and its explanation
may be attributed to a limited accuracy of the multi-phonon transition rate calculation.

To help with understanding of these results, Fig. 10 shows the dependence of the
luminescence lifetime for transition 4-2 (3F4,F3 = 3Hs), on the multi-phonon lifetime for
transition 4-3 (°F4,°Fs = 3F2,%He). These results confirm that increasing the multiphonon
relaxation rate allows obtaining larger values of the luminescence lifetime for transition 4-
2 (3F4,3F3 = 3Hs). Results shown in Fig. 10 suggest also that the multi-phonon lifetime is
underestimated. To further stress this point, recalculated results from Fig. 9 using a 4 times
larger multi-phonon lifetime for 4-3 transition are shown in Fig. 11. These results quite
closely resemble the experimentally observed dependence of the photoluminescence on
time shown in Fig. 5.
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Figure 9. Numerically calculated dependence on time of luminescence originating
from transitions involving levels 4-2 and 3-1 (which represent the actual transitions
(Fig. 1): (°F4,%F3s = 3Hs) and (3F2,%Hs = 3Ha), respectively).
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Figure 10. The dependence of the luminescence decay time on the multi-phonon
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Figure 11. Numerically calculated dependence on time of luminescence originating

from transitions involving levels 4-2 and 3-1. (which represent the actual transitions
(Fig. 1): (°F4,%F3s = 3Hs) and (3F2,%Hs = 3Ha), respectively).

5. Conclusions



In summary, a detailed experimental and numerical analysis of near-infrared and mid-infrared
photoluminescence in a Pr3*-doped multi-phonon step-index chalcogenide-selenide glass fiber
has been carried out. The numerical results agree qualitatively with the experimental
observations and also allow identification of the dominating electronic transitions contributing
to the experimentally observed photoluminescence. Importantly, the numerical analysis makes
it clear why the observed photoluminescent lifetime within the MIR wavelength range is shorter
than that expected from Judd-Ofelt analysis [36]. The numerical results show that apart from
the transition (*Hs = 3H,) the transition (°F2,%Hs = ®Hs) makes also a significant contribution
to MIR luminescence. In addition, the numerical analysis explains the two-exponent near-
infrared luminescence decay experimentally observed at ~2.5 um wavelength. This is because
the photoluminescence observed in this wavelength range has contributions from two
transitions with differing lifetimes: (3F4,3Fs = 3Hs) and (3F2,°Hs = 3Ha).
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