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A stable composition (against crystallization) of germanate glass doped with Yb*" for mid-infrared
laser applications is presented. Broad emission spectrum of Yb>" was obtained for the fabricated
glass. Laser operation was demonstrated in 13 mm long waveguide written in the glass using
a femtosecond laser operating at 524 nm center wavelength sending 250 fs ultrashort pulses.
The resulting CW laser operated at 1.04 pm in the fundamental mode of the waveguide. The prop-
agation loss through the waveguide was 0.6 dB/cm at 1550 nm for 45 pm diameter of the modified
structure. The mode analysis of the developed waveguide structure is also presented in COMSOL
Multiphysics to study the electric field distribution through different modes of propagation in the
waveguide and the confinement loss associated to them.

Keywords: germanate glass, ultrafast waveguide writing, near-infrared laser operation, high linear and
nonlinear refractive index.

1. Introduction

New laser materials in the near- and mid-infrared region are in high demand these days
for a number of applications including absorption spectroscopy; remote sensing based
on LIDAR; optical signal processing; free space optical communication; atmospheric
monitoring; biomedical sensing; micromachining; medical surgery; pharmaceutical in-
dustry for product sanitization; military and a number of defense related applications [1].
In the recent years the germanate glass has been the focus of research for laser and
nonlinear applications in mid-infrared region as it comprises numerous valuable prop-
erties such as its higher glass transition temperature, high density, elevated linear and
nonlinear refractive index and thermal, chemical and mechanical stability when com-
pared to other soft glasses.

Previously silicates and fluorides have widely been researched as the host material
for laser applications. Silicates have high damage threshold values and are thermally
stable, yet they have limited transmission characteristics in a mid-infrared range. Flu-
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orides on the other hand have wider transmittance spectrum in mid-infrared region,
however they have low thermal, chemical and mechanical stability compared to
heavy metal oxide glasses [2, 3]. Germanate, a member of heavy metal oxide glasses,
on the other hand has shown broader infrared transmission (4 < 7-10 um) and is con-
sidered to be a good host material due to its greater chemical durability and mechanical
strength [4]. Its phonon energy, responsible for non-radiative decay leading towards
thermal load on the glass, is less than silicates. It also has a strong capability to ac-
commodate large concentrations of dopants like in fluorides, however with improved
thermal, chemical and mechanical stability [5].

In this study, a new Yb>" doped germanate glass with broad emission spectrum in
the near- to mid-infrared region was fabricated. This study was commenced to under-
stand the interaction of active laser ions with the host ligand, femtosecond laser inter-
action for waveguide fabrication and the suitability of host material for 2 pm
waveguide laser development in Yb>*/Ho>" co-doped germanate glass having the same
composition being the main motivation of the current Work Although a spectroscopic
analysis of 2 um germanate based glass doped with Tm>* [6], Yb>"/Ho?" [5, 7-12],
Tm**/Ho" [6], Er**/Tm**/Ho" [13] reported earlier has shown its capability for laser
application in mid-infrared region, yet only a few studies were reported on the devel-
opment of waveguide lasers with waveguides inscribed in these glasses using the
emerging ultrafast laser inscription (ULI) technique. This limitation is probably due
to the difficulty in achieving controlled nonlinear waveguide structure in germanate
because of its small band gap (E, = 2-3 eV) and its high linear (n, ~ 1.85) and nonlinear
refractive index (n, ~5.6 £ 6 x 10~ 20 m2/W) [2]. Large n, values may lead to strong
self-focusing even at lower optical power producing spatial energy distribution that
becomes difficult to be controlled forming non-circular and thus lossy waveguides [2].

2. Yb**: GPGN spectroscopic analysis

A new germanate glass sample GPGN with composition GeO,-PbO-Na,0-Ga,0;
doped with 3 mol% Yb>" was fabricated in dry glove box environment. The 20 g batch
was melted in a platinum crucible at 1250°C for about 2 hours. The cast was then an-
nealed at about 390°C in a brass mould followed by post annealing process for about
15 hours to reduce thermal stress in the sample. The resulting glass had dimensions of
30 x 15 x 4 mm? and was optically polished before taking the fluorescence measure-
ments using spectrofluorimeter (Edinburgh Instruments FLS980).

The fluorescence in Yb" is a simple and straightforward process as it has only two
energy levels, the ground state 2F. -, and the excited energy level ’F s/5. The emission
spectrum obtained for the fabricated germanate glass was observed to be broader com-
pared to that in other glass hosts. To confirm this, the emission spectrum in the fabricated
sample was compared to the well-known fluoride glass (ZBLAN), having the same
Yb** concentration (Fig. 1) under the same conditions at room temperature. The sam-
ples were excited using 976 nm laser diode. Broader fluorescence for GPGN along with
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Fig. 1. Comparison of emission profile of Yb*" in GPGN (broader emission) and ZBLAN (red). Inset
shows the absorption and normalized emission cross-sections of Yb" in fabricated GPGN.

a blue shifted emission peak above 980 nm was observed. The 976/980 nm emission
peak of Yb** (°F. 21), however, is irrespective of the host material and is observed in
all glass types (silicates, fluorides, phosphates, chalcogenides and heavy metal oxide
glasses). This red shifted peak in GPGN and broader emission spectrum (950—1150 nm)
is attributed to larger stark splitting in germanate glass compared to other host ma-
terials [14]. It is believed that larger stark splitting makes the Yb>" doped laser in a glass
material to function closer to quasi-four level system rather than quasi-three level and
thus has the potential of improving the laser efficiency [2]. In order to achieve higher
laser efficiency, YANG et al. [15] recommended to accomplish larger stark splitting
for Yb3" instead of improving the absorption and emission cross-sections which in
case of germanate and silicate is making GPGN a better host material for infrared ap-
plications compared to other glasses [6, 16]. Inset in Fig. 1 represents the emission and
absorption cross-sections for the fabricated germanate glass.

3. Waveguide writing

To present the potential of the fabricated GPGN glass to be utilized for fiber laser appli-
cation in the mid-infrared region, its laser capability for small scale waveguide laser in
Yb*" doped GPGN sample was first analyzed. For this purpose, single line waveguides
were inscribed in the fabricated germanate glass using frequency doubled femtosecond
laser (IMRA FCPA p-Jewel) with center wavelength 524 nm having pulse duration of
250 fs. The waveguides were written in cumulative thermal regime [3, 17] using 5 MHz
repetition rate (RR). The ultrafast laser pulse energy ranged from 15 to 80 nJ. By in-
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Fig. 2. Increasing trend in waveguide size by increasing ultrafast laser pulse energy (a). Insertion loss in
written waveguides (b).

creasing the pulse energy of ultrafast laser, the structural modification and hence the
size of the guiding waveguide increased as observed in Fig. 2a. The waveguide loss
measured at 1550 nm decreased by increasing the pulse energy. The highest loss of 2.4 dB
was observed for the waveguide written with 20 nJ while for 80 nJ the loss reduced to
1.7 dB (Fig. 2b). The diameter of the modified structure with 80 nJ was D =45 pm
with central confined mode of ~24 um which supported the laser operation.

For waveguide writing the sample was placed on an air bearing x-y-z stage (Aerotech
ABL9000) and was translated with speed of 1 mm/s. ZEISS 100x oil immersive ob-
jective having NA = 1.25 was utilized to focus down the ultrafast laser pulses 50 pm
and 150 um underneath the surface of the sample to find the optimum writing depth.
The resulting waveguides were multimode in nature having bright tear drop structure
with positive refractive index change in the vicinity of the focal volume (Fig. 3). By
increasing the pulse energy, the central core started to appear at 20 nJ which became
brighter at higher pulse energies with reduction in waveguide loss (Fig. 2b). No laser
operation was observed below 20 nJ of laser pulse energy due to the absence of central
core (mode) although the brighter modified structure (higher order modes) was still pres-
ent surrounding the focal volume. It was observed that the waveguides that were written
50 um down the surface of the sample cracked for these pulse energies. As we go deeper
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Fig. 3. Written waveguides at 50 and 150 um depth (a). Similar scale microscopic images of modified
structure in GPGN written with 400 mW (b, ¢). Beam propagation through 24 pm mode for loss measure-
ment (d). Lateral view of inscribed waveguide 150 pum underneath the surface (e). Lateral view of cracked
waveguide 50 um underneath the surface due to thermal stress (f).

into the sample, the ellipticity of the waveguides increased due to the spherical aber-
ration introduced because of refractive index mismatch between the sample (1.85) and
the oil immersion objective (1.5). The structure produced by femtosecond laser had
different refractive index distribution within the modified area giving multiple modes
of beam propagation (bright region) as shown in Figs. 3b and 3¢ with the central
mode (core) more confined compared to surrounding bright structures. Beam propa-
gation through the central mode D =24 pm is shown in Fig. 3d. Figures 3e and 3f rep-
resents the lateral views of 150 and 50 pm (cracked) modified structures, respectively.

4. Mode analysis and confinement loss

The cross-sectional waveguide structure was modelled in COMSOL Multiphysics to
study different modes propagating through the waveguide and to find the confinement
loss for each mode propagating in the modified structure. COMSOL is a powerful tool
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that uses the finite element method for mesh formation and mode analysis. The 2D mode
analysis with electromagnetic frequency domain within the wave optic module was se-
lected for this purpose. The geometry for the waveguide structure was defined according
tothe 5 MHz RR cross-sectional structure obtained from femtosecond laser inscription.
The material was defined according to its respective core and cladding refractive in-
dices with the refractive index of the core slightly greater than that of cladding, with
Neore = 1.85144 and nj,q4ing = 1.85. The 3pm thick perfectly matched layer (PML) as
boundary condition was selected to avoid any scattering or electric field reflecting from
the boundary to calculate the confinement loss in the fundamental mode and higher
order modes. The mesh elements were selected to be finer for the accuracy in the analysis.

Figure 4 represents the mesh formation for the waveguide and the power flow in
the direction of propagation (z direction) for the fundamental mode with effective mode
index ~1.8506. Table 1 gives the evaluation of global parameters for the fundamental
mode and higher order modes for this specific structure with highlighted mode as the
fundamental mode with the maximum power flow in z direction. Electric field in z di-
rection for fundamental mode and higher order modes is given in Fig. 5.
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Fig. 4. Finer mesh formation for the waveguide structure in COMSOL with 3 pm layer of PML (a). Beam
propagation through the waveguide core in z direction (b).
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Table 1. Mode parameters for different modes of propagation of the designed waveguide.

Effective mode index Propagation constant Attenuation constant Attenuation constant
at 1550 nm at 1550 nm [rad/m] at 1550 nm [rad/m] at 976 nm [rad/m]
1.8506 7.5 x 108 1.1476 —0.0020603

1.8506 7.5 x 10° 1.1512 0.0020236

1.85 7.5 x 108 3.6165 26.082

1.85 7.5 x 108 3.6236 46.714

1.85 7.5 % 10° 3.7086 52.24

1.85 7.5 % 10° 3.7207 58.696

Effective mode index = 1.8506, Electric field, z component [V/m]
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Fig. 5. Electric field z component distribution in fundamental (a) and higher order (b—d) modes of prop-
agation within the elliptically designed waveguide structure.

The power flow decays with an attenuation factor of y as it propagates through the
waveguide. In order to calculate the loss in the waveguide, the evaluation of y in the
Jj-thmode is required. To obtain y, the excitation electromagnetic power in the j-th mode
at excitation frequency can be expressed as [18]

2
PEj(Z) = ‘an| NEjeXp(_VEjZ) (1)
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where ag; is the expansion coefficient in j-th mode, eg; (x, y), hg;(x, y), and yg; are the
Jj-th mode electric and magnetic field distributions and the power delay factor. g, is the
permittivity of free space (8.854 x 1072 m™-kg™'-s*- A?) and Uy 1s the free space
permeability (1.26x107° m-kg-s2- A?). Only fundamental mode is considered here
for the final calculation of yg; as its confinement loss is lower compared to higher order
modes. The integration parameters given in Egs. (1)—(3) are evaluated for the current
waveguide structure and are presented in Table 2. The real n, and imaginary n%}, part
of effective refractive index are constants. The imaginary part of refractive index was
determined from the attenuation constant of the respective fundamental mode and
was measured to be ~2.84 x 1077 using the equation a = kTm(n.) where k = 2r/A with
A being the wavelength. The value of A= 1550 nm was utilized for the simulation purpose.
The power delay factor of the fundamental mode was calculated to be 0.637 dB/cm
(0.828 dB for 1.3 cm long waveguide). The low attenuation constant as given in Table 2
for 1550 and 976 nm in the fundamental mode (central core of modified structure) rep-
resents better wave confinement and shows that only this mode can take part in laser
operation while the higher order modes tend to leak into the cladding due to a very
small refractive index change. For the excitation wavelength 976 nm, it can be observed
from Table 2 that the attenuation constant for higher order modes is higher compared
to the fundamental mode representing more confined central mode. The experimental
insertion loss in the laser cavity mode was measured to be ~1.7 dB where 0.77 dB is
the Fresnel loss due to high refractive index of the fabricated glass. If we consider the
simulated propagation loss 0of 0.828 dB to be in close approximation to the experimen-
tal loss, the coupling loss will then be ~0.102 dB which matches the expected exper-
imental value as there was a significant mismatch between the numerical aperture of

Table 2. Power delay factor parameters for different modes of propagation in waveguide for 1550 nm
simulation.

Effective mode J.]eEjyz (core) I(eEj xhg,)-2d4 J|eEj‘2 (cladding)
index [ke?m’s A2 [ke?m®s ] [ke?m’s SA 2]
1.8506 0.24856 —-9.5414 x 10719~ 57511 x 10713; 1.84 x 1077
1.8506 0.71961 2.4881 x 10~ + 1.7110 x 107'% 1.81 x 1078

1.85 0.66352 ~1.1029 x 107% + 5.0998 x 107'%; 4.8066

1.85 7.11 x 107! 2.1518 x 108~ 1.0673 x 10719 12.194

1.85 2.01 x 107! ~3.6314 x 108 -2.1092 x 107'% 12.556

1.85 2.07 x 107! —2.8495 x 107° + 1.8549 x 107'%; 2.1295
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the focusing lens and the waveguide during the experiment. This confirms that the sim-
ulated propagation loss is in close approximation to the experimental value with only
the fundamental mode being more confined for laser operation in contrast to the higher
order modes.

5. 1041 nm laser operation in the waveguide

In this section we present the laser operation in the waveguide written in Yb>": GPGN
using 80 nJ pulse energy and 5 MHz pulse repetition rate, 150 pm underneath the sur-
face of the sample. It was observed that as the pulse energy was increased so does the
mode size of the fundamental mode making it more confined to support the laser op-
eration.

The 900 mW, 8 um single mode 976 nm laser diode was utilized to pump the
Yb>" ions in the germanate sample using the setup discussed in our previous work [19].
The 1.5 mm collimated beam was passed through f = 26 mm focusing lens to focus it
down to ~20 um to match the mode size of the waveguide. The >95% T input coupler
at 976 nm and 90% R output coupler at ~1 um were butted up to the end facets of the
waveguide giving the length of cavity L = 13 mm.

Figure 6 gives the laser operating at 1041 nm for 13 mm laser cavity. Slope effi-
ciency of ~13% with ~32 mW output power at 750 mW input was achieved for the
written waveguide in GPGN with a lasing threshold of ~350 mW. It was observed that
the wavelength of the laser was red shifted compared to our previous work where it
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Fig. 6. Peak laser operation at 1041 nm for 24 pm waveguide core diameter. Inset to the figure is the output
laser power achieved with 13% slope efficiency. Laser mode out of the waveguide is also shown in the
inset.
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operated at 1069—1075 nm for the same 13 mm long cavity. However, the laser effi-
ciency was only 5% due to higher waveguide and coupling losses. This confirms that
the broad emission gain for germanate glass can be achieved from ~950 to 1100 nm
depending on the length and mode size of the laser cavity. We further are investigating
the waveguide writing parameters in different writing regimes (thermal and athermal)
to reduce the waveguide losses and further improve the laser efficiency before the
waveguide laser demonstration in Yb*"/Ho*": GPGN.

6. Conclusion

A new germanate GPGN glass comprising a thermally stable composition (against
crystallization) of GeO,-PbO-Ga,05-Na,O for mid-infrared fiber and waveguide laser
applications has been fabricated and presented. Broadband emission with blue shifted
emission peak compared to other host glasses was achieved for the fabricated sample
because of larger stark splitting in germanate glass after silica. Waveguides were in-
scribed in the sample in the thermal regime (5 MHz) of femtosecond laser with laser
pulse energy ranging from 15 to 80 nJ. Due to the interaction of femtosecond laser puls-
es with the host material with increasing pulse energy, an increase in the size of the
modified structure was observed with a well confined core at higher pulse energy.
Waveguide insertion loss was determined to be 1.7 dB at 1550 nm. This high loss was
due to the spherical aberration induced into the sample due to a mismatch of refractive
indices between the sample and the oil immersion objective that was designed for
waveguide writing in lower refractive index glasses. Waveguide laser was demonstrat-
ed in the waveguide written with 80 nJ pulse energy as the core was more confined
compared to other waveguides written with lower pulse energies. The laser operated
at 1041 nm with 13% slope efficiency and is ~3 times greater than that achieved in our
previous work for a small mode size. The laser threshold observed was 350 mW due
to a large mode area of the waveguide. This laser efficiency can further be improved
by reducing the spherical aberrations in the sample during the writing process along
with improving the waveguide writing parameters for inscribing well defined circular
structures.
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