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FIG 6. Far field pattern of the SE laser at room temperature.

curred three times and their mode spacing was about 110 A,
which corresponds to that associated with a cavity length =

7um. The mode spacing of the SE laser is much larger than
conventional lasers (5 A). The range of single mode oper-
ation was about 80 K, and the lasing wavelength of one mode

has a temperature dependence of 0.50 A/K. Therefore, the
SE laser has a small wavelength shift and a wide temperature
range of single mode operation comparable to, or rather bet-
ter than, DFB lasers. The far field pattern of the SE laser at
room temperature is shown in Fig. 6. The radiation angle
was as sharp as 10 ° (FWHM).

In conclusion, we obtained the GaAlAs/GaAs surface
emitting injection laser with a round mesa of a Zn-diffused
pwindow/cap layer, and the first pulsed oscillation from
77 K to room temperature.

The authors wish to thank Professors Y. Suematsu, T.
Tako, and S. Furukawa and Dr. K. Kishino of Tokyo Insti-
tute of Technology, and also Mr. T. Niina of Research Cen-
ter of Sanyo Electric Co., Ltd. for encouragement and dis-
cussion of this work.
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Optical levitation using single mode fibers has been experimentally demonstrated. The use of
fibers in levitation experiments presents obvious advantages, in particular, concerning the case
with which complicated optical paths can be realized without additional optical components. In
addition the microsphere can be accurately deposited on the fiber end by simply controlling the
optical guided power. This technique has been used to position microlenses self-centered on the
guided mode to improve the coupling efficiency between a semiconductor laser and a single mode

fiber.

Optical levitation of microspheres has been already re-
ported and analyzed in the literature.'~> We demonstrate in
this letter the use of a single mode fibers in such experiments
with the obvious advantage that complicated optical paths
can be realized without additional optical components due
to the flexibility of the optical fibers.

Moreover, we take advantage of one of the characteris-
tics of optical levitation, that is, the equilibrium position of
the microsphere is generally located on the axis of the laser
beam. Consequently, when the levitation beam is emerging
from an optical fiber the microsphere will be automatically
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centered on the beam mode. Thus, by controlling the guided
power the microsphere can be deposited accurately self-cen-
tered on the guided mode at the end of the fiber. Hence, it
forms a microlens which can be used to improve the coupling
efficiency between semiconductor lasers and single mode fi-
bers.*” Experimental results concerning the evolution of the
coupled power with respect to the diameter of the sphere are
given, and the method used to cement the lens on the fiber
end is detailed.

In single mode fibers, the mode shape can be approxi-
mated by a Gaussian distribution® characterized by the pa-
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rameter
wo=a,(0.65+ 1.619¥ > +2.879¥ %), (1)

where w, is the mode spot size at 1/¢ field amplitude, a, isthe
fiber equivalent core radius, and V, the equivalent normal-
ized frequency taking into account the index profile pertur-
bations.? Using this radial dependence of the field distribu-
tion associated with the fundamental mode, we have been
able to trap in stable optical potential well selected transpar-
ent solid glass spheres ranging from 10 to 30 um in diameter.
This is achieved by adjusting the radiation pressure force of
the beam issued from a vertically positioned single mode
fiber (SMF). We have performed many optical levitation ex-
periments with SMF designed either for argon (1 = 0.514
pmjor YAG lasers (4 = 1.064 um). In such fibers the mode
spot size and, consequently, the far field diffraction angle
can be adjusted by modifying the source wavelength or the
optogeometrical parameters of the fiber.

The microspheres were previously deposited on a glass
substrate in the vicinity of the fiber end. The sphere is
launched into the beam by breaking the strong forces of mo-
lecular attraction, known as the Van der Walls forces, by
using mechanical vibrations applied to the support plate.
With Gaussian mode distribution, the refractive spherical
lens is self-centered in the divergent laser beam issued from
the fiber due to the transverse components of the radiation
pressure force.”? Depending on the optical power, the
sphere is levitated at a distance Z from the fiber end where
the beam diameter 2w(Z ) is connected to w, and Z by the well
known formula

HZ)=w}[1 + (Az/m0})?]. (2)

The stability criterion is related to the ratio p/w
between the sphere and the beam radii and to the sphere
refractive index value.

Figure 1 shows the stabilized sphere position versus the
fiber output power. In this case, the fiber parameters were A,

= 1.21 pm (cut-off wavelength) and a, = 3.86 um.

The monomode regime was achieved at the source
wavelength (1 = 1.064 um) by filtering the second mode us-
ing fiber bends, the fundamental mode spot size being equal
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FIG. 1. Stable equilibrium position sphere vs the incident optical power
(YAG laser A = 1.06 um) emerging from a single mode fiber.
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FIG. 2. Photographs of the sphere positions vs the sphere diameter and
optical power: (38) D = 2p = 30 um, P= 1 W, (b) laser off, (c) D = 2p = 45
pm, P=1W, (d) laser off.
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FIG. 3. Coupling efficiency against sphere lens diameter between SMF and
laser diode; before (- - -) and after {O-O) the curing phase.

to w, = 3.9 um. Figures 2(a) and 2(c) are photographs of the
levitated microsphere positions for two different dielectric
sphere diameters (20 = 30 and 45 gm). The incident flux is
equal to 1 W corresponding to the cw YAG laser power
emerging from the SMF. The radiation pressure exerted on
the dielectric sphere is easily adjusted by modifying the opti-
cal flux issued from the fiber.

When the sphere is located in the p/w (Z)> 1 regime,
the microlens goes down to the fiber end. However, in this
region, the transverse components always maintains the mi-
crolens centered on the mode shape. The centering of the
microsphere was checked by analyzing the far field radiation
pattern. Figures 2(b) and 2(d) show the fiber end with the
positioned microlens. This procedure has been equally per-
formed with SMF optimized for argon laser wavelength.
The fiber parameters were w, = 2.2 umand A, = 0.53 um in
this case.

In YAG laser experiments, two stable equilibrium re-
gions were observed. The first one depends on the ratio p/
o(Z ) between the sphere and beam radii.'*'° A second stable
position was located in the vicinity of the modal near field.

To explain this it must be noted that the single mode
fibers used were about 3 m long with a GeO, doped SiO, core
and a slightly F doped cladding. They have been manufac-
tured by the MCVD process, and have refractive index pro-
file distortion such as dips around the fiber axis. For these
fibers, the fundamental mode exhibits an annular intensity
distribution at the source wavelength shorter than the LP,
cut-off wavelength."!

This field configuration is equivalent to the TEM
mode laser beam (donut mode) used in some levitation ex-
periments.>'°

As demonstrated in Ref. 3, any radial displacement of
the refractive sphere in this mode will result in a restoring
force due to the optical potential well “optical bottle™).

Consequently, the microlens remains self-centered
whenever the transverse mode was encountered in our ex-
periments.
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To fix the microlens at the fiber end we proceed as fol-
lows: In the mounting procedure the end of the fiber is first
properly cleared. Then a thin adhesive film is realized by
dipping. When the desired microsphere lens is trapped in the
optical potential well, the incident power is decreased to
place the microlens onto the fiber end coated with the low-
viscocity epoxy. The adhesive used {(SANYU epoxy resinj is
curable by combination of UV exposure and heating pro-
cesses. Before the positioning of the microsphere onto the
fiber end, the resin is exposed to UV rays for 1 min for prepo-
lymerization. In a second step, with the sphere centered on
the fiber end, 4 min of UV exposure time is performed. The
curing time at 60 °C for a strong adhesive bond is 14 h.

The coupling efficiency results are presented in Fig. 3.
The two curves show the coupling efficiency between laser
diode and SMF versus the sphere radius.

The dashed and dot-dashed curves correspond to the
coupling efficiency before and after the heating cementation
process, respectively. The SMF parameters were 4. = 1.18
pm, @, (A = 1.064 um) = 3.6 um. The InGaAsP laser diode
used in the experiments emits at A = 1.26 um and was char-
acterized by an asymmetry in the laser emission pattern
(FWHM beam angle parallel and perpendicular to the laser
junction plane 6, = 20°, 8, = 50°).

For comparison, coupling efficiency measurements for
butt joint and tapered hemispherical lens end SMF tech-
niques are shown in Fig. 3.

In conclusion, optical levitation using SMF has been
experimentally demonstrated and applied to the self center-
ing of microlenses to improve the coupling efficiency
between SMF and semiconductor lasers.

It is to be noted that the optical power levels used for the
levitation process are not too large and are consistent with
the high output power delivered by the phase-locked injec-
tion laser arrays.'?

The authors would like to acknowledge J. M. Sandoz
for providing the epoxy resin, the Fibres Optiques and Semi-
conducteurs pour I’Optoélectronique Laboratories of
Thomson-CSF for the realization of the SMF and laser di-
odes used in their experiments.
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