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The spontaneous emission coupling factor � is studied for fiber-coupled microspheres with a thin
gain layer of phosphorus codoped sol-gel erbium silica-aluminum glass. From the input-output
characteristics of the lasing, �=0.039 is estimated for a sample with a gain layer on the sphere
surface. � is estimated to increase to 0.19 when an additional silica glass thin layer is overcoated to
improve the overlap between the gain layer and the optical mode of the lasing inside the sphere.
© 2008 American Institute of Physics. �DOI: 10.1063/1.2884329�

Microsphere resonators coupled with tapered optical fi-
bers have attracted considerable attention recently as ideal
cavity systems with ultrahigh Q factors �Q�108 �Ref. 1��
and single spatial mode input-outputs. Pioneering works
have been done on coupling between a silica microsphere
and a tapered fiber.2,3 More recently, micro-optical devices
such as microsphere lasers and add-drop filters have been
demonstrated.4–9 In addition to Q values and coupling effi-
ciency, a crucial parameter for its applications is the sponta-
neous emission coupling factor �, defined as the fraction of
spontaneous emission coupled into a cavity mode with re-
spect to the spontaneous emission into all modes.10 To real-
ize microsphere lasers with a low lasing threshold, it is es-
sential to improve �. Moreover, � is important for the
realization of optical quantum information devices, such as
single photon sources11 and quantum phase gates.12,13

The � factor has been investigated in sole liquid micro-
droplets and polymer microspheres �without tapered-fiber
coupling�. Chang and Campillo measured the stimulated Ra-
man scattering in carbon disulfide microdroplets of 8 �m
diameter.14 They observed an absence of a clear threshold
and estimated � to be about 0.42. Kuwata-Gonokami and
Takeda demonstrated lasing in a 5 �m diameter polystyrene
microsphere with a dye doped surface layer.15 From the input
and output characteristics near the lasing threshold, they es-
timated � to be 0.3. However, these studies were for sole
microspheres using free-space laser pumping and � factors
for fiber-coupled microspheres have not been fully investi-
gated.

In this letter, we report the estimation of � factors for
fiber-coupled microspheres. We also study the change of �
factor according to the location of the gain layer inside the
sphere. For this study, the thickness of the gain layer has to
be sufficiently smaller than the distribution of the optical
mode in the sphere. For this purpose, we used a method to
fabricate a fiber-coupled microsphere laser with a submicron
thickness gain layer.9 By overcoating an undoped sol-gel
silica glass thin layer to improve the overlap between the
gain layer and the optical mode in the sphere, � of a sample
with a gain layer on the sphere surface was increased from
0.039 to 0.19.

Overcoating of an undoped sol-gel silica glass on a pre-
coated gain layer produces optimal coupling between the
gain layer and the optical mode in a microsphere. Figure 1
shows the calculated distribution of the thin gain layer and
the optical mode in a 40 �m diameter microsphere at
1535.7 nm wavelength, corresponding to the emission wave-
length of Er. The calculation of the optical mode was based
on the Lorenz–Mie theory.16 The optical mode is confined in
the region about 600 nm inside from the surface with full
width at half maximum of about 1000 nm. To realize a large
�, it is essential to locate the gain layer at the peak of the
optical mode. Considering the thickness of the gain layer
�200 nm�, optimal coupling can be achieved by overcoating
a sol-gel silica glass of about 500 nm thickness on the pre-
coated gain layer.

Samples were prepared as follows. A microsphere sur-
face coated with Er3+-doped P2O5–Al2O3–SiO2 thin films
�sample A� was fabricated using a previously described
method.9 The coating sol for the gain layer was prepared by
stirring ethanol �EtOH�, dimethylformamide, tetraethoxysi-
lane �TEOS�, hydrochloric acid �HCl�, aluminum chloride
�AlCl3�, erbium chloride hexahydrate �ErCl3 ·6H2O�, and tri-
ethylphosphate ��C2H5O�3PO�. Silica microspheres with
stems were formed by melting the edge of a tapered fiber tip
using a CO2 laser. The microsphere was immersed in the
coating sol for 30 s. After withdrawing the microsphere at a
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FIG. 1. �Color online� Typical gain layer distribution with 200 nm thickness
�dotted line� and angle-averaged radial intensity of the optical mode �solid
line� in a 40 �m diameter microsphere at �=1535.7 nm.
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speed of 3 cm /min from the solution, the microsphere
was annealed in an electrical furnace at 900 °C for 10 min.
Then, the microsphere was irradiated with a CO2 laser
�about 3.5 W� for a few tens of seconds to anneal out
microcracking in the sol-gel surface.5 The molar composition
of the fabricated films was SiO2:Al2O3:P2O5:Er2O3
=1:0.12:0.05:0.01, corresponding to a concentration of Er
ions of 104 ppm. In order to estimate the thickness of the
films on the microsphere, the thicknesses of the thin films
fabricated on the surface oxidized silicon substrate were ana-
lyzed using an ellipsometer. The thickness of the thin film
was estimated to be 200 nm. The diameter of the micro-
sphere was 40 �m.

A microsphere with an undoped sol-gel silica glass layer
�sample B� was fabricated as follows. For the coating sol of
this glass, a mixture of EtOH, HCl, TEOS, and H2O was
stirred for about 19 h. The molar ratio of the undoped sol-gel
silica layer was EtOH:HCl:TEOS:H2O=1:0.04:0.15:1.54.
After the same procedure for sample A, the microsphere with
a gain layer on the surface without CO2 laser annealing was
dipped into the coating sol and then annealed at 900 °C for
10 min. Since the thickness of the glass layer formed by one
coating process was estimated to be 150 nm, we repeated
this process three times in order to achieve a thickness of
about 450 nm. After the overcoating procedure, the micro-
sphere was irradiated with a CO2 laser for a few seconds.
The diameter of the microsphere was 45 �m, almost the
same as that of sample A.

Tapered fibers were fabricated by heating a single-mode
fiber �Thorlabs, 1060XP� with a ceramic heater and stretch-
ing the end of the fiber.17,18 The transmittance of the fiber
was about 90% �when fabricated� and flat for the wavelength
region from 1500 to 1620 nm, indicating single-mode opera-
tion at 1550 nm.18

A single-mode laser diode operating at 975 nm �Thor-
labs, PL980P200� with single-mode optical fiber output was
used for pumping.9 The intensity of the pump light was con-
trolled using a variable optical attenuator. A prepared micro-
sphere sample was gently touched to the tapered fiber under
microscope observation using a two-dimensional piezoma-
nipulator. During the experiments, the microspheres were in
contact with the tapered fiber inside a plastic box filled with
dry air.17 Unabsorbed pump light �975 nm� was removed
from the laser emission light �about 1550 nm� using two
980 /1550 nm wave division multiplexing couplers. Then,
the laser emission light was analyzed using a spectrometer
�Oriel, MS257� equipped with an InGaAs multichannel de-
tector head �Hamamatsu, C8062-01�.

Figure 2�a� shows the single-mode lasing spectrum of
sample A �microsphere with a surface gain layer�. The esti-
mated pump power in the tapered fiber was 6.7 mW. Figure
2�b� shows the lasing peak versus the estimated pump power
on logarithmic scales. The upper and lower dotted lines are
fits to the regions of spontaneous emission and stimulated
emission, respectively. � can be estimated from the ratio of
the output intensity below and above the lasing threshold.19

Since the ratio of the output intensity at the lasing threshold
�1.6 mW� is 25.7, � as the inverse of this ratio was estimated
to be 0.039.

Figure 3�a� shows the single-mode lasing spectrum of
sample B �microsphere with optimized coupling�. The esti-
mated pump power in the tapered fiber was 3.3 mW. Figure
3�b� shows the lasing peak versus the estimated pump power.

The change of the slope around the threshold is more insig-
nificant than for sample A. The ratio of the output intensity
below and above the lasing threshold �0.78 mW� decreases
to 5.2. From this ratio, � for sample B was estimated to be
0.19. We believe that the increase of � factor from 0.039 to
0.19 is due to better coupling between the gain layer and the
optical mode inside the sphere.

In conclusion, we have reported the estimation of � fac-
tors for fiber-coupled microspheres and studied the change of
� factor according to the location of the gain layer inside the
sphere. We used a fiber-coupled microsphere laser with a
submicron thickness gain layer.9 By overcoating an undoped

FIG. 2. �a� Single-mode lasing spectrum of sample A. �b� Lasing output
intensity as a function of input pump power. The intensities of the upper and
lower dotted lines at the rising edge �pump power=1.6 mW� are 30.8 and
1.2, respectively. Thus, � was estimated to be 0.039=1.2 /30.8.

FIG. 3. �a� Single-mode lasing spectrum of sample B. �b� Lasing output
intensity as a function of input pump power. The intensities of the upper and
lower dotted lines at the rising edge �pump power=0.78 mW� are 17.1 and
3.3, respectively. Thus, � was estimated to be 0.19=3.3 /17.1.
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sol-gel silica glass thin layer to improve the overlap between
the gain layer and the optical mode in the sphere, � was
increased from 0.039 to 0.19 for a sample with a gain layer
on the sphere surface.
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