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Wavelength shift in microsphere lasers
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Abstract. The wavelength shift effect of the Whispering Gallery Mode (WGM) laser with
Er3T/Yb3T co-doped phosphate glass microsphere has been investigated. The experiment was
carried out by half fiber taper coupling technique. The microsphere lasers have been pumped
at 980 nm to take full advantage of energy transfer effect from ion Ytterbium to ion Erbium.
The WGM’s wavelength shift were analyzed for sphere diameters of 90 pm. The observed
lasing lines extends from 1532 nm to 1611 nm.
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1. Introduction

Rare earth-doped glass microspherical lasers are subject to numerous studies and significant
progress has been achieved in the past decade. In the microsphere, the morphology-dependent resonance
(MDR), so called Whispering Gallery Mode (WGM) - a particular mode of microcavity resonances
- occurs when the fluorescent light travels in a dielectric medium along thin layer near equatorial.
After repeated total internal reflections at the curved boundary the electromagnetic field can close
on itself, giving rise to resonances and formed *‘whispering-gallery” waveguide modes. Inside the
microsphere, the circulation of the “whispering-gallery” modes provides the necessary path length for
absorption, thus making it possible to reduce the laser threshold drastically. In order to couple light
in or out of the microsphere, it is necessary to utilize overlapping of the evanescent radiation field of
WGMs with the evanescent field of a phase-matched optical waveguide. The microcavity WGMs with
its unique combination of strong temporal and spatial confinement of light have attracted increasing
interest due to their high potential for a large number of applications in either fundamental research
from quantum electrodynamics (QED) to nonlinear optics, as the realization of microlasers [1], high
resolution spectroscopy [2], or in applied photonics and optical communications areas such as miniature
biosensors [3], narrow filters [4], optical switching [5], etc. For the dielectric medium as a microsphere,
mode volume can be as low as a few hundred cubic wavelengths with very high finesse. The Rare
earth-doped (Er or Nd) glass are ideal subject for realizing these microspherical lasers with very high
quality factors Q.
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B.R. Johnson theoretically studied the behavior of the morphology-dependent resonances of a
dielectric sphere on or near a plane of infinite conductivity. His result shows that the locations and
widths of the resonances change as the sphere approaches the surface [6]. If the sphere is initially
located at a distance d that is more than approximately 2D /3 away from the point of contact with the
conducting plane, the resonances will have the same locations and widths as they do in an isolated
sphere. Then, as the sphere is brought closer to the surface or eventually in contact with it, the locations
and widths of the resonances change. The locations of the TE-mode resonances shift to higher size
parameters (i.e. Blue-shift in wavelength), the TM-mode resonances shift to lower size parameters
(i.e. Red-shift in wavelength) and the widths of both types of resonance increase. Most of the change
in location and width occurs when the sphere is quite close to the conducting plane. Approximately
90% of the total resonance shift occurs when the distance from the point of contact is less than 0.05
of the diameter of the sphere. This presents the possibility of tuning the WGM wavelengths.

In this paper, we describe research results on laser realization using a tapered fiber for efficient
coupling as well as wavelength shifting effect of the laser. Our experiments have been carried out for
the I3/ — Iy5/2 laser transition at 1550 nm of Erbium ions in phosphate glass microspheres.

2. Experiment

The material used for fabrication of microspheres was an Er3*/Yb3* phosphate glass (Schott
I0G-2) doped with 2% weight of Ery03 and co-doped with 3% weight Ybo03. Microspheres have
been produced from phosphate glass powder using a microwave plasma torch (oscillator frequency of
2.4GHz and maximum power of 2kW) with Argon is used as plasma gas and oxygen or nitrogen as
sheath gas. Powders are axially injected and melt when passing through the plasma flame, superficial
tension forces giving them their spherical form. The microwave power and gas discharges can be
adjusted to obtain optimal conditions to spheroidize fluoride or silicate glass. The diameter of the
spheres was varied from 10 to 200 um depending essentially on the powder size. Free spheres are
collected a few ten centimeters lower. Obtained spheres then are glued at the tip of optical fiber of
about 10 pym to 30 pm in diameter which allow to manipulate them easily and to insert them in the
setup.

The use of an Er3*t/Yb3t co-doped phosphate glass is associated with the 975nm pumping
wavelength in order to populate the 2F; /2 metastable level of Ytterbium ions which transfer their en-
ergy to the neighboring Erbium ions by radiative and non-radiative ways. To take full advantage of this
excitation mechanism, we chose 975nm among the different appropriate wavelengths for pumping Er-
bium/Ytterbium co-doped glasses (810nm, 975nm and 1480nm) in our experiment. The pump source
was fiber pigtailed SDLO-2564 — 120 Laser Diode generating 976.1nm radiation with the maximum
CW power of 120mW. Also, we use a high doping concentration glass (1.710%° ions/cm?® for Erbium
and 2.5102° ions/cm3 for Ytterbium). The use of Ytterbium ions helps to avoid the side effects of a
too high Erbium concentration (self pulsing etc).

2.1. Excitation and receiving of WGMs

Coupling light into and out of the microspheres must be realized by means of optical tunnel
effect through evanescent field. For efficient coupling light into microspheres or to get WGMs signal
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out from micro sphere one must adjust the frequency of the excitation beam to a WGM resonance and
align the excitation beam so that it also has an angular momentum matched the angular momentum
of that mode. There are many different techniques for this purpose using high-index prisms, tapered
fibers, angle polished fiber couplers or waveguides. Spheres must be set very close to the prism inside
the evanescent field. In this experiment we use half-tapers for coupling light in and out because of
its relatively simple in making and mounting technique. The coupling can be achieved if we put
the microspheres very close to the half fiber taper tip. The distance between microspheres and fiber
taper tip as well as an angle regarding microspheres’s equator was controlled by micro positioning
stages and/or with piezoelectric actuators. We produced the half tapers by chemical etching in HF or by
heating and stretching a standard telecommunication single mode at 1.55 pm fiber until breaking it, us-
ing either CO» laser or fusion optical splicing system. The fiber tip was tapered to ~ 2pm in diameter.

2.2. The experimental setup

The experiment (see Figure 1) was realized with standard fiber-optic components spliced or
connected by APC connectors. Our experiments were performed with two direct fiber coupling scheme
using half-tapered fiber: a) two separate half-tapers, one for coupling 980nm pump in (1.a), the other
for coupling signal out from the sphere (Figure 1.a), and b) using one single half-taper to couple both
pump emission in and the micro spherical laser out (Figure 1.b). The output 1.55um laser radiation
is coupled into the optical fiber and fed to Spectrum Analyzer.

Taper 1
980 nm WDM
Micro Sphere
05 A
a) |Pump Laser

wal/l o0 '

Q80 /1550 nm O

05 A

4

Fig. 1. The principal experimental setup: a) double half tapers; b) single half taper.

Although the optimum coupling conditions for two wavelengths, A ~ 975um for the pump and
A ~ 1.55um for the laser signal are not the same, we received good results even in single half-taper
scheme (See Figure 2). We fixed the co-doped Er3*/Yb3* phosphate glass microspheres but mounted
half tapers on XYZ Linear Micro translations with Rotation Stage. This setup allows for establishing
the equator region of the microspheres in the evanescent field surrounding the half taper and adjusting
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the acceptance angle (between the tip axis of the half taper and equatorial plane). The collected laser
signal was analyzed with a 0.06nm resolution Optical Spectrum Analyzer (OSA - Model: Agilent
86142B).

3. Results and discussion

The excited micro sphere emitted strong green upconversion fluorescence along equatorial. Ob-
served spectrum (by S2000 Spectrometer - Ocean Optics, USA) shows the existence of the red emission
around 660nm besides the strong green emission around 545nm. In the 1550nm region of the I3/,
— Iy5/9 transition of Er3* ion the optical spectrum of the output signal from the sphere below the
laser threshold presents the luminescence intensity with series of small peaks. Estimating the micro-
sphere diameter through peaks distance in these spectrums gave result well matched the one received
by optical method. When increasing the pump intensity we obtained laser oscillation. Because of the
difficulty in quantifying pump portion coupled in sphere, we controlled only the total output power of
LD pump. The actual pump power at the tip was approximately 70% of that value. Figures 2 presents
several laser spectra from the microsphere of 140um diameter under different total pump power.
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Fig. 2. The laser spectrum from microsphere of 140 um diameter, total pump: 45mW (100mA): a) double half
tapers; b) single half taper.

Successful collecting the laser emission from the microsphere depends on coupling half taper
parameters. The form of the half taper i.e. length of tapered part of fiber affects the coupling efficiency
as well. Sharp angle half taper (length about or more than 800um) makes it easier to collect signal
while blunt angle half taper allows easier to select laser mode. By adjusting the coupling parameters
(the microsphere - taper gap, the angle between the taper and microsphere equator...) we can extract
laser radiation in certain wavelength region. The shortest observed laser line was 1532.2nm and the
longest was 1618.9nm. The WDM line width is limited by OSA resolution (0.06nm). In most cases
a good coupling is obtained simultaneously for several lines with different wavelengths A so we have
observed multiline laser signal. The laser emission can be extracted even when the half tapers are in
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contact with the sphere, though in this case we may get simultaneously series of laser lines in broader
range (from 1557.8nm up to 1611.9nm, see Fig 2). The single laser line can be selected by varying
the angle between half tapers axis and equatorial plane of the sphere in double taper scheme. Figure
3 presents an example of selecting a single laser mode at 1534.4 nm from three lines by changing the
acceptance angle. Due to half taper non-constant diameter and consequently variable gap between the
fiber and the microsphere, by choosing the coupling point in the half taper i.e. adjusting the distance

from tip to acceptance point we may also find the appropriate position to select one lasing mode.

[GERITY]
1534.4 nm
-34 858 dEm

-17.00

-33.00

-49.00

10.00

REF: 0.00 dBm

aB/div

-65.00
»
-81.00

-87.00

RBW
VBW

Fig. 3. Selecting a single laser mode by changing the acceptance angle: a) three lines emission, marker at

1500.0
0.1 nm
1.00 kHz

nm

Sens:
ST:

=73.77 dBm
340 s

Mir 1¢A)
1534.4 nm
=35.184 dBm

-17.00

dBm REF: 0.00 dEm

-33.00

-97.00

15600 16200 15000

01nm  geng,
1.00 kHz ST:

a) b)

7.50mm/div 15600
In vac

Use cal

RBW
VBW

=73.77 dbm

avg: Off 3403 AVT:  off

1534.4 nm b) single line at 1534.4 nm.

MEr 1{C)
1611.740 nm
-50.823 dBm
1000
dBm

Mir 3(C) Poier (B Mikr(6 ~3)
1608 B0 rm 1608.960 rem 0.160 A

—42.247 cBm —48 457 dEm -54 854 cBm -8387 dB

-1000

=30 00
10.00
dB/div

-50.00

=70.00

-490 00

1607 000
0.08 nm
30 kHz2

1610.500
-32.22 dBm
758 ms

7.50nm/div 1514000
In vac

Use cal

REW

VEW AVg: off

Fig. 4. The wavelength shift in laser spectrum, microsphere of 140 pm diameter,

pump: 25 mW and 60 mW - shift right.

7.50nm/div
In vac
Use Cal

16200

When increased the pump power we may collect some newly emerged laser lines beside those
existed. We also observed red shift in the wavelength of WGMs. The typical result of the laser spectra
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analyzed by an Optical Spectrum Analyzer with a resolution of 0.06nm is illustrated in figure 4. The
two wavelengths at 1608.80nm and 1611.74nm when the total pump power intensity was 25mW,
shifted further to 1608.96nm and 1611.90nm, respectively, when total pump power was increased to
60mW . Similar red-shift behaviors have also been observed for sphere other size. Except several
new lines emerged under strong pump, all exist WGMs shifted by 0.16nm towards longer wavelength
under the total power domain increasing from 25 to 60. This red shift phenomenon was experimentally
observed in Er/Yb phosphate microchip laser [7] and explained by a model based on thermal effects
[8]. The phonons inside active micro spherical laser cavity associated with the non radiative decay
between the manifolds of Erbium ions, and between the intra-Stark levels of the laser manifolds, thus
create thermal deposition and heat the microsphere. An increase of cavity temperature results in both
an expansion of the microsphere cavity length and a change of index of refraction. Both changes then
affect the lasing condition and shift the wavelength of every WGM.

We have investigated interaction between WGM lasers with the unprotected Aluminum flat
mirror which is a good approximation of a conducting plane. The mirror was driven by micro translation
stage with 10um step from below the microsphere (Fig. 5). The microsphere has a diameter D ~
90um. The laser emission had been observed with the mirror at a distance ~ 200um. When translating
the mirror towards the sphere we observed a line shift towards the shorter wavelength (Fig. 6 - a).
The change of the mode intensity is presented in Fig. 6 - b. The influence of the mirror is clear
from d ~ D. For a lower wavelength, we have observed the same “blue” shift behavior (Fig. 7).
The wavelength shift was 0.2nm for 1608.7nm, 0.22nm for 1566.9nm, 0.18nm for 1548.28nm and
0.16nm for 1535.75nm lines. We also observed that some lines do not shift but disappear.

Half taper
D
Mirror d

Fig. 5. Setup for the Sphere-Mirror interaction experiment.

Compare to Johnson’s theoretical prediction of the WGM’s behavior, our result shows that we
observed the wavelength shift corresponding to TE modes. P. Feron et al. approached the shift of
resonances predicted by Johnson from the effective potential point of view [9]. In their approach, for
an isolated sphere, the radial equation is very similar to the Schrédinger equation with a pocket-like
pseudo potential due to the refractive index discontinuity at the surface of the sphere. The mirror
associated to a mirror reflection symmetry operation gives an even symmetric potential. Symmetric ®g
and antisymmetric ®u eigenstates associated respectively to blue-shifted (symmetric) and red-shifted
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Fig. 6. Dependence from sphere-mirror distance of: a) Wavelength b) Intensity.
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Fig. 7. WGM wavelength shift of a) 1548.27nm; b) 1535.76nm.

(antisymmetric) wavelengths. Taking into account the vector aspect of TE and TM modes and that the
electrical field is quasi-tangential to the sphere for TE modes (quasi-radial for TM modes) for a large
diameter (D > 20)), thus TE modes are associated only to symmetric states and TM to antisymmetric
states. The model explained the resonance shift but it does not take into account the metallic properties
of the mirror and could not give reasonable explanation on quenching of some modes observed. The
coupling of the TM modes (electric field normal to the surface) with the surface waves of the metal
plane may lead to their quenching.

The width of the laser mode is narrower than our experiment’s equipment resolution, so we do
not investigate its behavior.

4. Conclusions

The microsphere WGM lasers was realized in Er*T/Yb3T co-doped phosphate glass using
976nm pump, to take full advantage of energy transfer effect from ion Ytterbium to ion Erbium.
The coupling was carried out by fiber half taper technique in two schemes, both gave good results.
The single laser line power may reach 150nW with only 25mW total pump power, and laser range
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extends from 1532.2nm to 1618.9nm. The red shift effect, which associated with the thermal ef-
fect occurred insider sphere took place under strong pump. We have experimentally observed only a
emission wavelength shift by about 0.2nm to the shorter side (blue { shift) while varying the distance
sphere-mirror from 100um (~ D) to 10um (~ 0.1D). The proposed red shift have not been confirmed.

Acknowledgements. This work is supported by a National Basic Research Program KT-04. The
authors thank CNR-IFAC, Nello Carrara Institute of Applied Physics, 50127 Firenze, Italy for supplying
the Er¥*/Yb3* co-doped phosphate glass.

References

(1]
(2]

(3]
(4]

[5]
[6]
[7]
(8]
[9]

M. Cai, O. Painter, K.J. Vahala, P.C. Sercel, Fiber-couppled microsphere laser, OpticsLetters Vol. 25, No. 19 (2000)
1430.

S. Schiller, R.L. Byer, High-resolution spectroscope of whispering gallery modes in large dielectric spheres, Optics
Letters Vol. 16 (1991) 1138.

R.W. Boyd, J.E. Heebner, Sensitive disk resonator photonic biosensor, Applied Optics Vol. 40, No. 31 (2001) 5742.
B.E. Little, S.T. Chu, H.A. Haus, J. Foresi, J.P. Laine, Microring resonator channel dropping filters, Journal of Lightwave
Technology Vol. 15 (1997) 998.

F.C. Blom, D.R. Van Dijk, H.J. Hoekstra, A. Driessen, Th.J.A. Popma, Experimental study of integrated-optics micro-
cavity resonators: toward an all-optical switching device, Applied Physics Letters Vol. 71 (1997) 747.

B.R. Johnson, Theory of morphology-dependent resonances: shape resonances and width formulas, J. Opt. Soc. Am. A
10 (1993) 343.

Z.P. Cai, A. Chardon, H.Y. Xu, P. Feron, G.M. Stephan, Laser characteristics at 1535 nm and thermal effects of an
Er:Yb phosphate glass microchip pumped by Ti:sapphire laser, Opt. Comm. 203 (2002) 301.

Z.P. Cai, HY. Xu, G.M. Stephan, P. Feron, M. Mortier, Red-shift in ErzZBLALIiP whispering gallery mode laser, Opt.
Comm. 229 (2004) 311.

P. Feron, C. Arnaud, M. Boustimia, G. Nunzi-Conti, G. Righinib, M. Mortierc, Optical feedback on whispering gallery
mode laser, Proc. of SPIE Vol. 5451 (2004) 199.



