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The polarization behavior of elastic scattering at 1473 nm is analyzed from a silicon microsphere on an optical
fiber half-coupler. The 0.27 nm angular mode spacing of the resonances correlates well with the optical size of the
silicon sphere. The spectral linewidths of the resonances are on the order of 10 nm, which corresponds to quality
factors on the order of 10%. The transverse magnetically polarized elastic scattering signal has higher resonance to
modulation depth and background ratio than the transverse electrically polarized elastic scattering signal and is
suitable for high-resolution optical filtering applications such as optical monitoring and sensing. © 2014 Chinese
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1. INTRODUCTION

Silicon has excellent material properties such as high thermal
and electrical conductivity and high optical damage threshold.
In addition, silicon is relatively cheap and has high-volume
manufacturability potential, leading to the realization of elec-
tronic and photonic integration through the silicon photonics
[1] revolution for near-infrared [2] and mid-infrared [3] com-
munication, as well as computation [4] and sensing [5,6] ap-
plications. Silicon with a bandgap of 1.1 eV is transparent in
the near-infrared optical communication wavelengths, and
optical fibers [7] and waveguides [8] with a silicon core have
already been realized.

Circular cavities [9] such as microspheres [10], microdisks
[11], microtoroids [12], and microrings [13] with high quality-
factor resonances continue to motivate a high number of pho-
tonics researchers. The electromagnetic wave can be trapped
inside a circle by almost total internal reflection [14]. After
circumnavigating inside the circle, the optical wave returns
back to its initial starting point in phase for specific wave-
lengths [15]. A periodic circumnavigation of the electromag-
netic wave in the circle manifests itself as a series of sharp
spectral peaks known as whispering gallery modes (WGMs)
or morphology-dependent resonances. High-quality-factor
WGMs of circular microcavities open up new perspectives
in communication [16,17], sensing [18], light emission [19],
and fundamental optics [20].

Silicon microspheres [21-23] and germanium micro-
spheres [24] were studied for electronic and photonic inte-
gration applications. Silicon microspheres have been used
for optical modulation applications in air [25] and in nematic
liquid crystals [26]. Polarization switching [27] has been pro-
posed, and polarization-discriminated transmission [28,29]
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and fluorescence [30] have been performed in silica
microspheres.

In this study, we analyze the polarization behavior of the
elastic scattering from a silicon microsphere in air placed
on a silica optical fiber half-coupler (OFHC) and excited with
a tunable near-infrared laser operating in the standard optical
fiber communication band (S-band) for the first time to our
knowledge.

2. MICROSPHERE PARAMETERS

Figure 1 shows the schematic of the silicon microsphere with
radius a and relative refractive index m (with respect to the
surrounding medium) coupled to a silica OFHC with its fiber
core placed at an impact parameter b away from the micro-
sphere center. The input Gaussian beam has transverse elec-
tric (TE) and transverse magnetic (TM) components defined
with respect to the microsphere under excitation. The TE
component of the polarization is senkrecht (s-polarized), that
is, pointing outside the plane of the paper, while the TM com-
ponent of the polarization is parallel (p-polarized), that is, in
the plane of the paper (the scattering plane).

The spectral mode spacing A is the spectral spacing be-
tween the WGMs of same radial mode order # and consecutive
angular mode number n, which can be calculated by [31]

2 tan-1
Aﬂ:/l tan~"p o)

2map

where 1 is the vacuum wavelength of incoming light

and p = /(m? - 1).
The spectral density of all WGMs, which is the number N of
all the WGMs including all polar angular mode numbers » and
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Fig. 1. (a) Free-space and (b) integrated optics depiction of a silicon
microsphere with radius a coupled to a single-mode OFHC placed at
an impact parameter b, and the elastic scattering due to the WGMs,
GS, and SI.

all radial mode orders 7 as a function of size parameter
x = 2ra /], can be estimated by [32]

dNG) _ xp(p - tan”lp)
dx T ’

&)

The spectral density of all WGMs can be estimated as a
function of wavelength as the following:

dN(1)  4ma?p?(p — tan™! p)
i PR '

(2a)

However, once the wavelength A of the excitation laser is res-
onant with the WGM, only the WGMs with the appropriate
quality factor @ [33], the impact factor b [34], and the
propagation constant k [35] will be excited by the incoming
Gaussian beam in the single-mode OFHC.

For a spheroid, the degeneracy of the WGMs will be lifted,
and the WGM angular frequencies will be [36]

e 3 m2
el o

where w, is the degenerate WGM angular frequency, e > 0 the
prolate ellipticity, e < 0 the oblate ellipticity, and m the azimu-
thal angular mode number, which is 2n + 1 times degenerate.
The corresponding WGM wavelengths will be

e 3 m?
l(m):ﬂo{1+8|:l—m:|}, (33)

where 1, is the degenerate WGM wavelength. The maximum
shift is observed for m = n:
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whereas the minimum shift is observed for m = 0:

A00) = 4, {1 n %} (30)

Therefore the wavelength shift region is given by

e n

The minimum spectral spacing of the degenerate WGMs can
be estimated by dividing the wavelength shift region by the
polar angular mode number 7,

Am) - 4(0) . fe n? 1 e
n ’1”{5 [n(n + 1)}} n 2m+1) @

The OFHC is manufactured from a single-mode optical fiber
with a core radius of w, = 2 micrometers. The typical polar
angular mode numbers n are on the order of the size param-
eter x = 2za/A. These degenerate modes will cover a polar
angular distribution of z/2 radians. The polar angular cover-
age of the OFHC will correspond to w,/b radians, which in
turn corresponds to 4aw,/bi-fold WGM degeneracy. For ex-
citation with a single-mode OFHC, the excitable WGM degen-
eracy decreases with increasing sphere radius.

3. ELASTIC SCATTERING INTENSITIES

The elastically scattered electric field has contributions from
three sources: (1) the WGM electric field (Ewgy); (2) the re-
fracted beam, that is, the glare spot (GS) electric field (Egg);
(3) and the OFHC surface imperfection (SI) scattered electric
field (E'gp) [37]. The total elastically scattered electric field can
then be written as

Eiota = Ewom + Egs + Eg, ®)
and the total elastically scattered intensity can be written as

ce
T = 70 |Ewen + Egs + Eg|, ©)

where c is the speed of light in vacuum and ¢, is the vacuum
permittivity.

The interference of these elastically scattered electric fields
contributes to the constant background (BG) and the slowly
varying modulation depth (MD) observed in the elastic scat-
tering signal represented in Fig. 2, which also illustrates the
narrow linewidth WGMs and the spectral mode spacing
(AZ). The constant BG is the nonresonant “dc” value of the
spectra. The narrow linewidth WGMs have Lorentzian line
shapes on top of the slowly varying MD oscillating at AA.

In the 90° elastic scattering geometry, the SI term contrib-
utes more TE polarized elastic scattering signal than the TM
polarized elastic scattering signal. Therefore, by neglecting
the SI term for the TM polarization, the elastically scattered
intensities can be written as
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Fig. 2. Ilustration of an elastic scattering spectrum from a micro-
sphere indicating the WGMs, the MD, the BG, and the spectral mode
spacing (AA).

ce,
T = 70 |Ewen + Egs + Egi|? ("TE)
ce, )
Tiga = 5 |[Ewem + Egs| (T"TM)
which gives
Lot = Iwam + Las + Ist + c&olEwamEGs + Ewomby
+ EgsEgl, (8TE)
Tiota = Iwam + Las + cgo|EwanE G|, (8TM)

which should equal the elastic scattering intensities of the
WGMs, BG, and MD:

L = Iwem + Ing + Inp- ©))

The comparison of Egs. (8) and (9) shows that there are
two contributions to the BG = GS + SI for the TE polariza-
tion, whereas there is only one contribution to the BG =
GS for the TM polarization. For the TE polarization all of
the three possible combinations of the WGM + GS + SI con-
tribute to the MD, whereas for the TM polarization there is
only one possible combination of the WGM + GS contributing
to the MD. Therefore, for the TM polarization, there would be
less BG and MD in the elastic scattering spectra.

The intensity of the WGMs should be on the same order of
magnitude in the TE and TM polarized spectra. However, the
intensity of the MD and the BG depend on the amount of extra
scattered light, that is, SI 4+ GS, available at that polarization.

4. EXPERIMENTAL SETUP

Figure 3 shows the schematic of the experimental setup.
A tunable diode laser (DL) with a wavelength of 1473 nm is
used in order to excite the WGMs of the silicon microsphere
through a single-mode OFHC, which couples 99.4% of the light
passing through the coupler when an index-matching oil is
placed on the OFHC [38]. The single-mode optical fiber clad-
ding thickness on the surface of the OFHC is on the order of a
micrometer. A single crystal silicon microsphere with a radius
of approximately a = 500 pm and refractive index 3.5 is
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Fig. 3. (a) Schematic of the experimental setup describing the elastic
scattering from the silicon microsphere. (b) Picture of the silicon
microsphere positioned on the silica OFHC.

placed on the OFHC. The silicon microsphere is produced
by the solidification of molten silicon melt and purified to a
high level [39]. Then the silicon microsphere is lapped and
polished mechanically to make a mirror-like finish with no
surface deformations [40]. The silicon microsphere has
approximately 2% ellipticity, which can result in WGM
degeneracy.

In order to tune the wavelength of the DL, the temperature
of the DL is controlled using a laser diode controller (LDC).
The temperature of the DL is tuned from 14°C to 16.2°C at a
constant operating DL current of 26.3 mA. That temperature
range of 14°C to 16.2°C corresponds to a wavelength range of
1472.56-1473.42 nm. The elastically scattered light from the
silicon microsphere at 90° is collected by a two-channel opti-
cal microscope and detected by an InGaAs photodiode (PD).
The elastically scattered light is separated by a beam splitter
placed at an angle of 45° with respect to the collected beam.
The polarization of the collected light is controlled with a Glan
polarizer, which is inserted before the InGaAs PD. The InGaAs
PD signal is sent to a digital storage oscilloscope (DSO) for
signal monitoring and data acquisition. An optical multimeter
(OMM) with an InGaAs power wave head (PWH) is used to
monitor the wavelength and power of the transmitted signal.
All the optoelectronic equipments are controlled using the
general-purpose interface bus standard.

5. EXPERIMENTAL RESULTS AND ANAYSIS

Figure 4(a) shows a spectrum of the elastically scattered (de-
tected without a Glan polarizer) light from the silicon micro-
sphere. Figures 4(b) and 4(c) present the spectra of the
elastically scattered light with a Glan polarizer in the detection
path (as shown in Fig. 3). The A4 of the WGMs is observed to
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be 0.27 nm, which agrees well with the Al estimated using
Eq. (1) for a 1 mm diameter silicon microsphere with refrac-
tive index of 3.5.

As we are using an OFHC made from a single-mode optical
fiber with a core radius of 2 pm, typical mode numbers (n) are
on the order of the size parameter x = 2000. These 2000 de-
generate modes cover a polar angular distribution of z/2 ra-
dians. For a 500 pm radius sphere, the polar angular coverage
of the fiber corresponds to 2/500 = 0.004 rad, which corre-
sponds to a WGM degeneracy of 5. However, using the ellip-
ticity Eq. (3), for our silicon microsphere with approximately
2% ellipticity, the WGM shifts are from 5 to 10 nm. Assuming a
degeneracy of approximately 2000, the minimum degenerate
mode spacing is approximately 5/2000 nm = 0.0025 nm,
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Fig. 4. Elastic scattering intensity (a) unpolarized, (b) TE polarized,
and (¢) TM polarized spectra from a silicon microsphere.
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which is on the order of our DL linewidth 61,5, = 0.0015 nm;
therefore we might not be able to discriminate between de-
generate WGMs.

Using the mode density from Eq. (2), the total number of
resonances is estimated to be approximately 18,000 for
the spectral range (0.83 nm) covered in Figs. 4(a), 4(b),
and 4(c). The observed number of WGMs in Figs. 4(a), 4(b),
and 4(c) is approximately 450, which is only 2.5% of the all
available resonances. The number of observed resonances
is limited by the quality factor of the laser Q. =
Naser/Ohaser = 1473/0.0015 = 106, Additionally, due to the
localization principle [35], only the WGMs at the right impact
parameter b are excited efficiently by the input Gaussian
beam in the OFHC. Also, because of the high refractive index
(3.5) of Si, the propagation constant k£ mismatch, leading to
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Fig. 5. Single-mode spacing (A1) spectral coverage for (a) unpolar-
ized, (b) TE polarized, and (c¢) TM polarized elastic scattering from a
silicon microsphere.
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Fig. 6. One-third of mode spacing (A1/3) in spectral coverage for
(a) unpolarized, (b) TE polarized, and (c) TM polarized elastic scat-
tering from a silicon microsphere.

phase mismatch [36], between the OFHC and the silicon
microsphere degrades the coupling to some WGMs.

The BG and the MD in Figs. 4(a), 4(b), and 4(c) are due to
the interference of elastic scattering contributions from the
WGMs, the OFHC SIs, and the GS [41]. As expected for the
TM polarization, there is less BG and MD in the spectrum
of Fig. 4(c) when compared to the BG and MD in the unpo-
larized and the TE polarized spectra in Figs. 4(a) and 4(b),
since there is less TM-polarized SI scattering.

Figures 5(a), 5(b), and 5(c) zoom in to a single-mode spac-
ing AA spectral region of Figs. 4(a), 4(b), and 4(c), respec-
tively. The occurrence of closely spaced resonances in the
spectra of Fig. 5 is the result of the large optical size of the
silicon microsphere. Figures 6(a), 6(b), and 6(c) zoom in to
a third mode spacing A4/3 spectral region of Figs. 4(a), 4(b),
and 4(c), respectively. The linewidths of the WGMs in the
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figures are found to be of the order of 10~ nm, which corre-
sponds to quality factors @ = A/ on the order of 10°.

6. CONCLUSIONS

The polarization behavior of the 90° elastic light scattering
spectra from a silicon microsphere with a radius of 500 pm
and a refractive index of 3.5 is analyzed in the near-infrared
S-band. The spectral mode spacing of the WGMs is observed
to be 0.27 nm, which correlates well with the optical size of the
silicon microsphere. The spectral linewidths of the WGMs are
on the order of 103 nm, which corresponds to quality factors
on the order of 10%. The TE and TM WGMs can be detected
selectively with the use of a Glan polarizer. The TE and TM
polarization selectivity provides the ability to select relative
WGM to MD or to BG levels. The TM polarization provides
higher WGM signal levels with respect to MD and BG and
is suitable for optical monitoring, sensing, or any other opto-
electronic application that requires a high-resolution optical
filter.
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