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Tellurite glass micro-superspheres as broadband Raman resonator
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“Research Center for Advanced Photon Technology, Toyota Technological Institute,
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bTokyo Institute of Technology, 2-12-1 Ookayama Meguroku, Tokyo 152-8550, Japan.

ABSTRACT

Tellurite glass micro-superspheres (Te-uSSs) were prepared by the surface-tension mold (StM) technique, and their whis-
pering gallery mode (WGM) resonances have been investigated as the first trial to realize an ultra-broadband Raman
resonator. Micrometer-sized tellurite glass particles were melted on an optical grade glassy-carbon substrate then cooled to
room temperature (StM technique). Resultant Te-uSS possesses a super-spherical shape with high optical transparency. The
size of the partly truncated area, resulting from the contact surface with the substrate, can be controlled by the composition
of the glass and a microsphere with no truncated area was achieved for a glass with 56Te0,-3.5Ba0-10.5SrO-8Nb,Os-
4W03-16P,05 (TBSN-4W-16P) composition. The TBSN-4W-16P uSS was excited at 532 nm, and the WGM resonance
emission attributed to broad Raman scattering of the glass itself was observed. The Q value of the uSS was ~ 5 x 10°.
It was confirmed that the prepared uSSs possess a sufficiently spherical shape and acted as an efficient WGM resonator.
These results predict that the Te-uSS has potential for a novel broadband Raman laser.

Keywords: tellurite glass, whispering gallery mode resonance, broadband Raman resonator, surface tension mold tech-
nique

1. INTRODUCTION

Broadband amplifiers in near-infrared region are key devices for the future photonic network systems. Many attempts have
been made on broadening and flattening of gain spectra of erbium ion-doped fiber amplifiers (EDFA).'~* In addition, much
work has been done to expand the usable bandwidth for wavelength division multiplexing (WDM) systems; connecting the
several rare-earth-doped fiber amplifiers (RDFA), containing different rare earth ions, in series or in parallel, for instance.
Fluoride and heavy metal oxide glasses have been studied as host materials for RDFAs to expand these amplification band-
width because these glasses have low energy phonons compared with SiO, glasses and many rare earth ions are optically
active in them.! This approach has contributed much to expand the gain bandwidth of rare earth ions, however, there is
still a need to explore the materials themselves that have good thermal stability and optical performances. Additionally, the
gain bandwidth of each rare-earth ion is limited due to narrow nature of f — f transitions, hence the gain band of several
connected RDFAs is still discontinuous. Fiber Raman amplifiers (FRA) have been gathering much attention because the
gain bandwidth of FRA is only restricted by the pump wavelength and Raman active modes of the medium itself.* The
silica and germanium-doped silica glasses are currently used as Raman gain media in telecommunications industry. How-
ever, the FRA based on these glasses have very low Raman gain response and limited usable spectral bandwidth of around
5 THz for single pump excitation. Therefore, research for new materials with enhanced Raman gain coefficients and/or
bandwidths has been undertaken by many researchers.’~

Tellurite glasses are a promising candidate for FRAs and lasers'” because they have ~ 30 times higher Raman gain
coefficients and much larger Stokes shift than silica glass.>® It has added advantages, such as: wide transmission window, !
good glass stability and durability,'” high refractive index,'? higher nonlinear optical properties'* and relatively low phonon
energies.

Recently, we reported a new TeO,-BaO-SrO-Nb,Os (TBSN) tellurite glass system to enhance the gain bandwidth of
tellurite glasses.”'*!7 The gain bandwidth of TBSN glasses were wider than that of the conventional tellurite glasses,'*
and the bandwidth was spread by the addition of WO; and P,Os while maintaining higher gain coefficients.!6:!7
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On the other hand, novel micro-optical cavities are also desirable to realize the all-optical integrated circuit. Of growing
the interest among such micro-optical cavities is a whispering-gallery mode (WGM) resonators in a microsphere because
of its high quality factor (Q).'® There have several reports of WGMs in microspheres, and various techniques of preparing
microspheres has been developed: melting a tip of a SiO; fiber with a CO, laser,'® microwave plasma torch, ' liquid-liquid
phase separation of BaO-B,0j3 glass,? vibrating orifice technique®!-?? and so on.

In our previous work, the novel preparation method of micrometer-sized superspheres (4SS) named Surface-tension
Mold (StM) technique has been developed.”>” This technique uses the self-organization of glass melts driven by the
surface tension of the droplet on the substrate, and uSSs with very smooth spherical surface can be prepared easily. We
have confirmed the WGMs from Eu,O3-doped Na, O-Ca0O-Si0, uSSs with a estimated Q > 103, under the 514.5 nm laser
excitation.”> We have also confirmed the partly truncated area of the 4SS which results from contact between the surface
and the substrate, can be readily controlled by the composition of the glass.?’

The Q values of WGM resonances depend on sphericity, surface condition, diameter and refractive index of the mi-
crosphere.?® The presence of truncated area suppress the Q of the uSS. The glasses with lower wettability, i.e. higher
surface tension (surface energy), are preferable, because the size of the truncated area depends on the wettability of the
glass against the substrate. Therefore, if the tellurite glass uSS is realized, it is be expected to be a high-Q micrometer-sized
broadband Raman resonator, because tellurite glasses possess not only high Raman coefficients, but also high refractive
indices and high surface energies.

In this report, preparation of tellurite glass SSs and investigation of their optical functionality as broadband Raman
resonator are presented.

2. EXPERIMENTAL
2.1 Sample preparation

All glasses were prepared following a conventional melt-quenching technique using TeO; (99.9 %), BaCOj3 (99 %), StCO;
(99.9 %), Nb,Os5 (99.9 %), WO3 (99.9 %), and P,O5 (99 %). The prepared compositions are summarized in Table 1.
Appropriate amounts of these chemicals were mixed in a zirconia mortar and pestle inside a glove box with a dry nitrogen
atmosphere. The mixed powders (~ 10g) were melted in a platinum crucible at 900 - 1000 °C for ~ 20 min using
an electrical furnace with a dry oxy-nitrogen atmosphere. The melt was then quenched onto a preheated copper plate
to ~ 350°C and subsequently annealed at this temperature for ~ 10h to release the thermal stresses developed during
quenching process. A part of the melt was quenched to room temperature and kept without annealing for thermal analysis.

The bulk glass samples were cut to a thickness of 1 - 2 mm and polished to optical quality before subjecting them
to the optical measurements. A part of the obtained glass was crushed and classified by using sieves in order to obtain
the glass particles with sizes from 32 - 63 um. Then the particles were dispersed on the finely polished glassy carbon
(g-carbon) substrate. The particles on g-carbon substrate were heated up to a certain temperature (7 + 50 ~ 100°C where
T is softening temperature of the glass) and held for 30 min under the nitrogen atmosphere, and then cooled to the room
temperature. The heating rate and cooling rate were 10 °C/min.

2.2 Characterization

Thermal properties of prepared glasses were studied by a differential scanning calorimeter (Rigaku, ThermoPlus DSC
8270). About 50 mg of the finely powdered as-quenched glasses were heated in a platinum pan at a rate of 10 °C/min in
the 30 - 900 °C range. Glass transition temperatures (7), softening temperatures (7’) and first crystallization temperatures
(Tx1) of the glasses were obtained from DSC curves. The T, and T, were determined from the tangent intersections of
the endothermic peak and the first exothermic peak in the DSC curves, respectively. The Ty were obtained from the peak
temperatures of the first endothermic peak.

The obtained glass particles were observed by the scanning electron microscope (SEM) and optical microscope (OM)
to obtain the particle shape (the sphericity and the contact angle of the truncated part), surface roughness, and the optical
transparency. Figure 1 shows the schematic illustration of the glass droplet on a g-carbon substrate. The contact angle 6
was calculated from the SEM images using the equation as follows:

6= arcsin(lg), @)
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glass droplet

g-carbon substrate

Figure 1. Schematic illustration of the glass droplet on a g-carbon substrate.

where r is a radius of the truncated area and R is a radius of the particle.

The ordinary Raman spectra of the glasses were measured by a Raman spectrometer (JASCO, NRS 2100) in the 25
to 1700 cm™! range. The samples were excited at 532 nm with power of 5 ~ 100 mW. The spectrum was recorded in
the quasi-back scattered mode with v/v polarization. The measured Raman intensities were corrected using the following
equation:

X Iobs» (2)

% hy
Icorr =—71- T
o —v)4[ exP( kT)

where I, is the corrected intensity, I,y is the measured intensity, vy is the frequency of the excitation light, v is the Raman
shift, A is the Planck’s constant, and T is the absolute temperature.

I JObject lens

Substrate D uSS

Equatorial plane

Figure 2. Schematic illustration of the setup of the uSS for emission spectra measurements.

The WGM resonance spectra of the uSSs were measured by a microscopic Raman spectrometer (JASCO, NRS 2100)
in the 25 - 1700 cm™! range. The uSS attached on the substrate was placed on the precision optic liner stage (Newport,
ULTRAIlign 561D-XYZ). The substrate was set vertically as shown in Fig. 2. The uSS was excited at 532 nm with a
power of 5 ~ 100 mW. The spectrum was recorded in the microscopic co-focal mode with v/v polarization. The spectral
resolution of the monochromator was 1 cm™'. The sizes of the examined uSSs were measured from the captured images
by CCD camera equipped in Raman microscope.
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3. RESULTS AND DISCUSSION

The glass transition temperature (T, ), softening temperature (7') and the first crystallization temperature (7'y;) of prepared
glasses are summarized in Table 1. The Ty, T and T; of TBSN glasses was confirmed to increase due to WO3 and P,Os
doping. AT = T,; — T,, this indicates the thermal stability of the glass and is also shown in the Table 1. During the StM
process the glass powders are heated up to T + 50 ~ 100°C, thus higher thermal stability is desirable. AT increased with
increasing WO3 and P,Os contents, and the highest AT = 238 was achieved in TBSN-4W-16P composition.

Table 1. Compositions and thermal properties of the glass samples. T, T and T, are glass transition temperature, softening temperature
and first crystallization temperature of the glass, respectively. AT = T, — T, is the thermal stability of the glass.

Name Glass composition T,(°C) T,(°C) T, (°C) AT
TBSN 78Te0,-3.5Ba0-10.5SrO-8Nb, 05 387 412 471 84

TBSN-4W-0P  74Te0,-3.5Ba0-10.5SrO-8Nb,05-4WO3 395 427 497 102
TBSN-8W-0P  70Te0O,-3.5Ba0-10.5SrO-8Nb,05-8WO3 404 441 538 134
TBSN-4W-8P  66Te0,-3.5Ba0-10.5SrO-8Nb,05-4WO3-8P, 05 410 437 602 192
TBSN-OW-16P  62Te0,-3.5Ba0-10.55rO-8Nb,05-16P, 05 429 468 642 213
TBSN-2W-16P  60Te0,-3.5Ba0-10.55rO-8Nb,05-2WO3-16P, 05 431 471 668 237
TBSN-4W-16P  56Te0,-3.5Ba0-10.55rO-8Nb,05-4WO3-16P,05 437 476 675 238

Figure 3 shows the SEM images of the bottom-side of the obtained glass particles with the diameter of about 35 ym. All
of the glass particles formed superspherical shape as shown in Fig. 3 except for the TBSN-4W-0P composition. Bubbles
were observed at the truncated area, which was the contact surface with the g-carbon substrate. The largest bubbles were
confirmed in TBSN-4W-0OP. The bubbles were not observed at the top-side of the particles, thus these were caused by the
reaction between the g-carbon substrate and some gases, which was most likely O, eliminated from the TBSN glasses.
This reactivity decreased with increasing WO3; and P,Os contents, hence the surface defects were almost eliminated in
TBSN-xW-16P uSS:s.

Figure 4 shows the dependence of the contact angle 6 on the (a) P,Os and (b) WOj3 contents. 6 varies linearly with both
of P,Os and WOj3 contents. At high temperatures glass becomes a viscous ’liquid’ and has a high surface tension. On a
g-carbon substrate, the forces of the surface tension are balanced according to Young-Dupre’s equation:>%-3°

cosf = Ys T ¥sL )/SL, 3)

YL
where vy, v, and yg, are the surface tension of the substrate, liquid, and the interface tension between the liquid and the
substrate, respectively. From Eq. (3), larger surface tension of the glass melt increases the contact angle 6. The results
shown in Fig. 4 suggest that the surface tension of the TBSN system is increased by addition of P,Os and WOs.

Figure 5 shows (a) OM and (b) SEM images of the TBSN-4W-16P glass particle. Figure 5 (a) is the side-view, and
Fig. 5 (b) is the top-view of the particle. All of the TBSN-4W-16P glass particles possess a smooth surface, high sphericity
with large contact angle, and optical transparency. High sphericity of the particle surface shown in Fig. 5 (a) reveals that
the effect of gravity to asphericity is small, and the surface tension of the melt determines the shape of the particle in the
micrometer-size region. Figure 6 shows the plot of the contact angle 8 against the diameter of the uSSs. 6 increased with
decreasing the diameter, and 6 = 180°, i.e. microsphere with no truncated area, was achieved when the diameter was
smaller than 40 ym.

Figure 7 (a) shows a Raman spectrum of TBSN-4W-16P glass. The spectrum was corrected for intensity by Eq. (2).
The broad Raman band, centered at 780 cm™! with 360 cm™" full-width-half-maximum (FWHM), was observed. Figure 7
(b) shows the Raman spectrum of a TBSN-4W-16P uSS with a diameter of 37 um. Periodic sharp peaks attributed to WGM
resonances are observed. These peaks were observed even when pumped at the lowest power of 5 mW, and increased in
intensity with increasing pumping power.

According to the Lorenz-Mie theory, a mode spacing Av is known to correlate with the diameter of the microsphere d

and refractive index n as follows:2®

1 tan~'(n® -1
sz;;l'—(rﬂ—l)‘/z . )
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Figure 3. SEM images of the bottom-side of the obtained glass particles with the diameter of about 35 um.
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Figure 4. Variation of the contact-angle 6 against the (a) P,Os and (b) WO; contents. The compositions of the samples are (a) TBSN-

4W-xP (x = 0 ~ 16) and (b) TBSN-xW-16P (x = 0 ~ 4), respectively.
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Figure 5. (a) Optical microscope and (b) SEM images of TBSN-4W-16P uSSs. (a) is the side-view, and (b) is the top-view of the uSS.
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Figure 7. (a) Raman scattering spectra of the TBSN-4W-16P bulk glass and (b) WGM resonance spectrum of the TBSN-4W-16P uSS.
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The calculated Av using the values of n = 1.98 and d = 37um is Slcm™!, and it corresponds well with measured Av =
52cm™!. The Q values of these peaks were estimated from the equation, Q = wy/Aw, where wy and Aw is the center
frequency and the FWHM of the resonance peak, respectively. From the spectrum in Fig. 7 (b), Q was calculated to
5 x 103. Therefore, the prepared TBSN-4W-16P uSSs were considered to have the sufficiently spherical shape and act as
an efficient WGM resonator.

4. SUMMARY

Tellurite glass micro-superspheres (Te-uSSs) were prepared by the StM technique, and their WGM resonances have been
investigated as the first trial to realize an ultra-broadband Raman resonator. Micrometer-sized tellurite glass particles were
melted on a glassy-carbon substrate with a surface of optical grade and cooled to room temperature. Resultant Te-uSS
possesses a super-spherical shape with high optical transparency. The size of the partly truncated area, resulting from
the contact between the surface and the substrate, can be controlled by the composition of the glass, and a microsphere
with no truncated area was achieved for a glass with 56Te0,-3.5Ba0O-10.55rO-8Nb,05-4WO3-16P,0s (TBSN-4W-16P)
composition. The TBSN-4W-16P uSS was excited at 532 nm, and the WGM resonance emission attributed to broad
Raman scattering of the glass itself was observed. The Q value of the 4SS was ~ 5 x 10° and the prepared uSSs possess
the sufficiently spherical shape and also acted as an efficient WGM resonator. These results predict that the Te-uSS has a
potential for the novel broadband Raman lasers.
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