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The present work reports the modification introduced by different Nd,03 concentration on optical
properties and the laser operation of Nd3* doped (Te0,-ZnO) bulk tellurite glass. The spectroscopic data
are analyzed within the Judd Ofelt formalism framework and the results are compared to the fluores-
cence lifetime and emission measurements to derive values for the quantum efficiency and the stimu-
lated emission cross section of the considered 4F3/2 - 4y 12 infrared laser transition around 1062.5 nm.
Continuous-wave laser action is achieved with this bulk tellurite glass by pumping the sample inside a
standard plan-concave mirror laser cavity with different output couplers. It is possible to observe

i(g/::ords. coherent emission only for the lower concentration (0.5%(wt.) of Nd, O3). Also laser action could only be
Neodymium observed for this sample with threshold pump power of 73 mW associated with a laser slope efficiency of
Tellurite 8% for an output coupler transmission of 4% indicating that TeO,-ZnO are potential materials for laser
Glasses action. The results presented in this work together with those previously reported with higher con-

centration (1.0% (wt) of Nd,03) determine the adequate Nd,O3 concentration for laser action and guide

the correct experimental procedure for TeO,-ZnO glasses preparation.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Nd>* doped laser materials are very attractive and extensively
studied for a wide variety of applications due to their easier 4-levels
laser operation mode and usually higher gain cross sections if
compared to Yb>* doped laser materials. These features show to be
true even considering applications on short pulse with high peak
power laser systems [1]. The search for Nd>* doped new solid-state
laser hosts with specific thermo-mechanical and optical properties
is very active, even though laser action of Nd>* has been observed
in a many solid media such as Nd:YAG systems. This is the case of
some Nd doped nonlinear tellurite glasses [2—8]. They have a
conjunction of good thermo-mechanical properties, typical of
crystals, and broad-band spectral properties, typical of glasses.
Also, a very interesting combination of large nonlinear refractive
index (25 times larger than that of silica), wide transmittance
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range, and low maximum phonon frequency which allows rare-
earth ion laser emissions in a wide spectral range are observed
glasses [9].

In general, crystalline laser hosts lead to higher absorption and
emission cross sections, while glasses can be produced in larger
volumes with optimal optical quality at lower cost. In order to
minimize the non-radiative multiphonon relaxations and to opti-
mize the quantum efficiency of the *F3/ — *I112 emission of Nd**,
it is also suitable to work with Nd3* doped host materials with low
phonon frequencies and low contents of OH impurities. In that
sense, laser emission of Nd3* in glasses has been reported in
fluorides [10—12], chalcogenides [13], aluminosilicates [14], ger-
manates [15], and, as just mentioned, in tellurite glasses [2—6].
Among oxi-tellurites, the TeO,-ZnO glass combines good mechan-
ical stability, chemical durability, high linear and nonlinear refrac-
tive indices, together with low phonon energies (~750 cm™!), a
wide transmission window (0.4—6 pm) and a high rare-earth sol-
ubility [10,16,17]. The large linear refractive index (1.97) [18] of this
tellurite glass imply large stimulated emission cross-sections,
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Fig. 1. UV-Vis-NIR absorption spectra for the TZO:Nd samples. The features corre-
sponding to the main absorption transitions of Nd>* from 419,2 fundamental level to
excited levels “F3(890 nm), “Fsj+2Hop(808 nm), “F7jp+%S32(750 nm), “Fy
2(690 nm), 2Hg), *Gsyz + 2G72(580 nm) and “Gyj, + *Goyz + 2Ky3)2 (520 nm) %Gy + 2D
2 +2K15/2 (480 nm) have been identified and highlighted in the figure.

sometimes larger than for phosphate glasses [19]. Their high
nonlinear optical properties can be used advantageously for the
development of Kerr-lens mode-locked subpicosecond lasers. The
thermal properties of tellurite glasses have also been investigated
and thermal conductivity and thermal diffusivity present reason-
able values that encourage the development of optical devices
[20,21]. Tellurite glasses have also been studied these last years for
the possibility of using thin films for the fabrication of rib wave-
guides [22], and for the possibility of increasing the luminescent
quantum yield of rare-earth ions in general with the addition of
silver nanoparticles [23,24]. Recently an encouraging improvement
has been reported regarding the laser performance of a TZO (TeO,-
Zn0) mixed tellurite and zinc oxide glass doped with 1% (wt.) of
Nd,O0s. In that work, a low laser threshold of 8 mW and a laser slope
efficiency of 21% were observed [25]. That result motivated the
present study that investigates for the first time how the Nd,03
concentration influences on the optical properties as well as on the
laser emission in the same TZO matrix of ref. [25]. Three different
concentrations were analyzed and only at 0.5% (wt.) of Nd,O3 true
CW laser emission could be obtained. Finally, this paper has the
purpose to complement the previous results recently reported in
Ref. [25] related to laser action of Nd** doped Te0,-ZnO glasses and
determine the suitable Nd;O3 concentration for laser action
operation.

2. Experimental details

The investigated spectroscopic and laser samples were prepared
by using the melting quenching technique with the following
composition (in wt%): 85%Te0,-15%Zn0 (TZO). Three [3] samples
were prepared with 0.5%, 2.0%, and 3.0% (wt) of Nd203 (TZO:x%Nd),

Table 1
Judd-Ofelt parameters for the TZO:Nd samples.

J.0. Parameters (1072° cm?)

Sample Qy Q4 Qs RMS
TZ0:0.5%Nd 3.865 4,018 3.792 0.132
TZ0:2%Nd 3.990 4.133 4317 0.495
TZ0:3%Nd 3.633 4.908 4.633 0.400
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Fig. 2. NIR Fluorescence spectra of the TZO:Nd samples. They were obtained with
excitation at 806 nm within the *lo, — *Fs2 + 2Hgj> absorption band. It consists of
three broad-band emissions peaking around 882 nm, 1062 nm and 1335 nm. They are
assigned to the three usual Nd** emission transitions, *F3j; — *loj2, *F3j2 — *l11/2, and
“F3p — lispo.

one for each concentration. Reagents were melted at 800 °C in a
platinum crucible for 20 min, quenched in a pre-heated brass mold,
annealed at 325 °C for 2 h, and cooled down to room temperature
during 2 h to avoid internal stresses.

The absorption spectra were measured in a Perkin-Elmer
LAMBDA 9 spectrophotometer in wavelength range from 350 to
1000 nm. The emission spectra was obtained by exciting the sam-
ples with a Titanium Safire (Ti:Sa) laser emitting at 808 nm
(300 mW) and chopped at 100 Hz. The light emitted by the sample
is collected with an optical fiber detector and a signal is analyzed
with the aid of an Optical Spectrum Analyzer (OSA). The fluores-
cence lifetime measurements were achieved by exciting the sample
with a pulsed optical parametric oscillator (OPO) system emitting
at 808 nm (7 mJ, 5 ns pulse). The light produced by the sample is
collected with a lens to the photomultiplier and finally it hits the
detector that sends the signal to the oscilloscope coupled to a
computer.

The laser set-up consisted in a standard plan-concave laser
resonator. The flat dichroic mirror was highly reflective (R > 99.5%)
around 1064 nm and with high transmittance (T > 95%) around
808 nm. Two different concave output mirrors with a radius of
curvature of 100 mm and transmissions of 0.8% and 4% around
1064 nm were experimented. The laser samples were prepared in
the form of a 10 x 10 mm? platelet of 1.65, 3.2 and 3.2 mm thick-
ness, for the different concentrations with carefully polished and
parallel end-faces but without any anti reflection coatings. They
were stickled with silver paste on a copper sample holder without
any particular cooling, and pumped through the dichroic input
mirror by using a CW Ti: Sapphire laser tuned at 806 nm and
focused with a lens of 10 cm focal length.

3. Spectroscopic and luminescence properties

The UV-VIS-NIR absorption (absorption coefficient) spectrum of
the three samples investigated in the present work, in the range
from 350 nm to 950 nm, is shown in Fig. 1. The features corre-
sponding to the main absorption transitions of Nd** from 419/2
fundamental level to excited levels “F3, (890 nm), *Fsp + *Hop
(808 nm), *F72 + 4S312 (750 nm), *Fg)2 (690 nm), 2Hopz, *Gsy2 + 2G7p2
(580 nm) and “G72 + Gojz + 2K13/2 (520 nm) %Gz + D32 + *Kis)2
(480 nm) have been identified and highlighted in the figure. As
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Table 2
Results from J.O. framework analysis.

Results from J.O0. framework analysis

Radiative lifetime tg (11s) Radiative rate A (*Fs;2 — “li1p2) (s71)

198.121 2301
182.296 2562
161.99 2816

Sample Branching ratios (%)
Boj2 B11j2 B1312 Bis/2
TZ0:0.5%Nd 44.951 45.558 9.015 0.446
TZO:2%Nd 4338 46.709 9.444 0.467
TZ0:3%Nd 44914 45.614 9.025 0.446
Table 3
Branching ratios calculated from the emission spectra from Fig. 2.
Sample Branching ratios (%)
Boj2 Br1y2 B13p2 B1s2
TZ0:0.5%Nd 45.00 47.193 7.814 N/A
TZ0:2%Nd 45.695 46.236 8.070 N/A
TZ0:3%Nd 42.355 49.195 8.449 N/A

expected for a glass, the absorption features appear as broad bands.

Afterwards, the UV-VIS-NIR absorption spectrum was analyzed
within the framework of the Judd-Ofelt (J.0.) formalism [26,27].
This led to the J.O. parameters as depicted in Table 1. It was as well
possible to derive the radiative rate for the 4F3/2 - 41 |2 emission
transition A(*F3;2 — “I112), the radiative emission lifetime for the
4F3/2 laser emitting level tg, and branching ratios Bej2, B11/2. B13)2
and B15/2 for the 4F3/2 - 419/2, 4[11/2, 4[13/2 and 4]15/2 emission
transitions (Fig. 2) around 900 nm, 1060 nm, 1350 nm and 1800 nm
(not observed), respectively. These results are displayed in Table 2.

Fig. 2 shows the near infrared (NIR) luminescence spectra of the
samples. They were obtained with excitation at 806 nm within the
4]9/2 — 4F5/2 +2H 9/2 absorption band (Fig. 1). It consists of three
broad-band emissions peaking around 882 nm, 1062 nm and
1335 nm. They are assigned to the three usual Nd** emission tran-
sitions, 4F3/2 — 419/2, 4F3/2 — 4111/2, and 4F3/2 — 4[13/2, and associated
with the experimental branching ratios (fraction of photons emitted

JA@ydx

=123 i
i=9/2,11/2 and 15/2, respectively. The results obtained are close to
those found from the ].O. treatment (Table 2). In view of the good
RMS values obtained with the ].0. treatment, and the more delicate
procedure to get perfectly calibrated emission spectra (problem of
correction from the spectral response of the equipment and problem
of reabsorption which always affect the shape and the intensity of
the emission transition around 900 nm), a better credit will be given
in the following for the values derived with the J.O. analysis. It is also
worth noting here that no visible upconversion emission was
observed with the considered excitation.

Table 4 shows the fluorescence decay lifetimes (tf) associated
with the *F3; — “I41)2 emission transition around 1062 nm. The
decays were fully exponential. Therefore, according to the radiative
lifetime (tg) in Table 2, the quantum efficiency for the *F3, — “I11)
emission transition, i.e. 7 = 7;/7g, are displayed in Table 4. They are
lower than 80% for 2% and 3% (wt.) of Nd,Os. This means that no
concentration quenching occurs in this material at the dopant

within each of the emission transitions) with §; d

Table 4
Fluorescence lifetime decay, quantum efficiency and emission cross section.

concentration of 0.5% (wt.) of Nd;Os; this is not case, for instance,
for the higher concentration (2% and 3% (wt.)). The decrease of the
fluorescence lifetime is related to the concentration quenching due
to the interaction between pairs of Nd3*. As the Nd concentration
increases, the distance between Nd3* ions is reduced. As a result,
energy transfer processes can take place. The most important
nonradiative energy transfer mechanisms for Nd>* are due to cross
relaxation (represented by *Fsp, 4lopy — 41154(2, 14512 and “Fsa, *lo/
2 — 4[13/2, 4115/2), and energy migration 4F3/2, lo2 — 4]9/2, 4F3/2 [28].

Also, the higher Nd;O3; concentration samples display lower
optical quality and thermal resistance.

Based on the derived spectroscopic and luminescence data, the
emission spectrum reported in Fig. 2 can be used to estimate the
stimulated emission cross section of the considered 4F3/2 - Yy 2
emission transition peaking around 1062 nm by using the following
expression [29]:

54
Gem(4) =m'A(4F3/2—’419/2> (1)

where A\ (=24 nm for all three samples) stands for the width of the
emission line at half maximum and n = 1.97 is the refractive index
of the material [18]. This expression leads to the emission cross
sections (Gem) shown in Table 3 for all the samples.

4. CW laser results

Although all three samples were tested for laser emission, true
CW laser action could only be obtained with the lowest concen-
tration (0.5% (wt.) of Nd,03). Fig. 4 shows the laser output versus
absorbed pump power curves obtained after pumping the sample
around 806 nm. Threshold pump powers (Py,) of 53 mW and
73 mW (as extrapolated with the straight lines reported in the
figure) and slope efficiencies of 6.6% and 8.2% were obtained for the
output coupler transmissions of 0.8% and 4%, respectively.

These slopes can be considered to estimate the intrinsic round-
trip optical losses (L) noted inside the laser cavity and to have an
idea of the optical quality of the laser sample. For that purpose, the
Findlay-Clay or technique [30] should be applied. It consists in a
plot of Py, versus the transmission T of the output coupler, through
the expression below where a and b are obtained from Ref. [31]:

Pth:aT—i—b

with [28] @
hULS

d==————b=al
21q0emMeTRNREPTP

Sample Fluorescence lifetime decay T (us) Quantum efficiency n (%) Emission cross section Gem, (1062 nm) (1072° cm?)
TZ0:0.5%Nd 158 £ 1 79.750 + 0.005 42+02

TZ0:2%Nd 124 £ 1 68.019 + 0.005 4.6 +0.2

TZ0:3%Nd 90.1 = 0.7 55.617 + 0.004 5.10+£0.3
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Fig. 3. NIR Fluorescence spectra of the TZO:Nd samples for the 4F3,2 — 4111/2,
(1062 nm) transition. Zooming in this part of the emission spectra it is possible to
notice the quenching effect in the TZO: 3% Nd sample emission spectrum.
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Fig. 4. Laser output power versus absorbed pump power curves obtained after
pumping the TZO glass sample around 806 nm, for the output coupler transmissions of
0.8%, and 4% for the TZ0:0.5%Nd sample. Threshold pump powers (Py,) of 53 mW and
73 mW (as extrapolated with the straight lines reported in the figure) and slope ef-
ficiencies of 6.6% and 8.2% were obtained for the output coupler transmissions of 0.8%
and 4%, respectively.

In equation [2], v, stands for the laser emission frequency
S=m(w} + w?)/2 with w3 and w2 the pump and cavity mode waist

Table 5

Laser cavity parameters of TZO: Nd>* tellurite glasses. Ajaser, Apumpn Nslopes T, Pth, Gem
means emission wavelength, pumping wavelength, slope efficiency, output coupled
transmission, threshold and stimulated emission cross section.

Parameter TZO:x%Nd glasses

Bell et al. [25] This work
Nd,05 (%(wt)) 1 0.5 2 3
Alaser (NM) 1062 1062 N/A N/A
Apump (Nm) 806 806 806 806
Nslope (%) 21 8 N/A N/A
Py, (mW) 8 73 N/A N/A
T(%) 27 4 N/A N/A
75, TR (1S) 210,217 158,198 124,182 90,162
NQuantum (%) 95 80 68 56
A2 (nm) 29 24 24 24
Gem (10720 cm?) 3.1 42 46 5.1

radii, o is the stimulated emission cross sectionn, = oﬁ{fn /Gem,
with oi{,ﬂ = (0em + 0a — Oesa) , Mg = Ap/AL the quantum conversion
efficiency, n = 77 /7 the radiative quantum efficiency, ep the pump
efficiency, i.e. the fraction of absorbed pump photons in the laser
levels, and np = 1 — exp(—apNI) the fraction of absorbed versus
incident pump photons. Even if not detailing the values of all these
parameters, the plot (Fig. 3) can be used to extrapolate threshold
pump powers from the straight lines in the graph. It leads to round-
trip optical losses L = 7.2%. Therefore, it can be concluded that the
laser material introduces single pass optical losses less than 3.6%,
which is higher than in ref. [25] but reasonable.

Finally, Table 5 gives a comparison between the laser results of
this work and those obtained recently for the same glass host with
1%(wt) of Nd,O3 [25]. It is possible to notice that for the lower
concentration (0.5% (wt)) it is already possible to observe 1062 nm
CW laser action even though at a modest efficiency of 8.2% at 4%
transmission and a laser threshold of 73 mW, for 806 nm pumping.
In this case laser action is obtained for higher threshold pump
power probably because of the higher single pass optical loss that is
of 3.6% whereas for the sample with 1% (wt) of Nd,Os this value is
of 0.2% [25]. However, the sample with 0.5% (wt) exhibits features
comparable to the sample with 1% (wt), a large emission cross
section (4.2 x 1072 cm?), and a similar value of the wide emission
bandwidth of 24 nm (29 nm for the 1% (wt) of Nd,03). On the other
hand, a lower fluorescence lifetime of 158 us is obtained, whereas
for 1% (wt) of Nd,0s it is of 210 ps [25]. Moreover, samples with
higher concentrations than 1% (wt) exhibited no laser emission
probably due to cluster formation and concentration quenching.
Finally considering the previous results recently reported [25] we
come to the conclusion that TeO,-ZnO glasses are suitable for laser
action when prepared with 0.5% and 1% (wt) of Nd;0s3.

5. Conclusions

We have demonstrated true CW laser action in a bulk Nd3*-
doped TeO,-ZnO tellurite glass at 1062 nm, with an acceptable laser
threshold of 73 mW and a slope efficiency of 8.2% for an output
mirror transmission of 4%. Such laser result remains modest
specially if compared to the result obtained by Bell et al.[25]. So the
present work complements those in ref. [25] as it confirms that the
best concentration for low threshold pump power is 1% (wt) of
Nd,O0s. It also shows that laser operation is possible for 0.5% (wt)
because of the reasonable quality achieved, attested by low internal
losses, together with a fairly long emission lifetime of about 158 ps,
an emission quantum efficiency of 0.8 and a high stimulated
emission cross section of 42 x 1072° cm?, for a wide emission
bandwidth of 24 nm.

The main contribution of the present investigation lies in the
possibility of establishing the Nd;0O3 concentration range for laser
action operation in TeO,-ZnO glasses, guiding the correct method
for the preparation of these glasses for solid state laser applications.
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