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Abstract
In this paper, we develop dielectric micro-optical sensors based on Whispering Gallery Mode Phenomenon (WGM)
for monitoring of chemical impurities in contaminated drinking water environments. Some sort of chemical impurities
could be toxic and carcinogenic to humans and animals. The biogeochemical reactions are governing the chance and
the movement of these impurities in the drinking water environment. Based on that, it is important to measure and
quantify the concentration of these impurities in the water medium. In the present paper, a high-resolution micro-optical
sensor concept is used to detect these chemical impurities. The sensing element is a silica microsphere acts as an optical
resonator. The proposed sensor aims to provide preliminary results demonstrating the practical use of these sensors for
effective monitoring of chemical impurities concentrations and contaminants such as sodium phosphate which can cause
serious kidney damage and possibly death. Results indicate that the WGM based-sensors are sensitive enough to refractive
index changes in the case of liquid media (water). Experiments were carried out to validate the analysis and to provide
an assessment of this sensor concept. Results indicate sensor resolutions of ∼0.0299 µm for sodium phosphate using this
approach.
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Introduction
Recently, optical microsphere resonators have sparked
interest due to their high quality factors. The quality factor, Q, is a measure of the resolution of the optical resonance, also known as the Whispering Gallery Mode
(WGM), of the sphere. Q is defined as, Q = λ/δλ, where
λ is the wavelength of the laser and δλ is the resonance
line width. There are reported Q values approaching a
material loss limit of 1010 [1]. It is these extremely high Q
values that provide the opportunity for detection of very
small morphology dependent shifts in micro spherical
sensor’s whispering gallery modes. A current method of
measuring the extremely high Q factors is by coupling a
laser into a micro-spherical resonator tangentially using
tapered single optical fibers [2]. To avoid any fluctuation
in the spectrum due to any disturbance between the fiber
and the sphere we recommend making the fiber mechanically touching the sphere to make the overall system stable. These morphological changes can result from changing stimuli in the environment and provides for a range

of new sensor development opportunities. By monitoring the effects of the stimuli on the microsphere WGM, it
is possible to determine the corresponding physical state
of the surrounding environment. These unique characteristics of micro-spherical resonators have been used in
multiple biological and mechanical sensing applications
including but not limited to: laser frequency locking and
stabilization, micro cavity laser technology, optical communications (switching, filtering and multiplexing [3-5]
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Figure 1: (a) Typical WGM sensor configuration; (b) Ray optics model of light traveling inside sphere for one round trip; (c)
Transmission spectrum for a spherical resonator.

and sensor technologies in temperature measurement
[6], mechanical forces measurement [7], electric field
detection [8,9], angular velocity measurement [10] and
biological applications [11].

index of refraction or the radius will induce a shift in the
WGM as

The simplest interpretation of the WGM phenomenon comes from geometric optics. When laser light is
coupled into the sphere nearly tangentially (Figure 1a), it
circumnavigates along the interior surface of the sphere
through total internal reflection.

Equation 1 is an approximation that helps us evaluate
the first order effects on WGMs of the sphere those due
to a change in R or n1. However, each time the light is
reflected off the inner surface of the sphere, the reflected wave experiences a certain “phase delay”. This phase
delay is a function of the light wavelength, λ, incidence
angle, θi as well as the sphere-to-surrounding refraction
index ratio, n1/n2.Therefore, for a given laser wavelength
and coupling angle, the total optical path length for the
round trip of the light is somewhat different from 2πRn1
and is a function of the refractive index of the surrounding medium, n2. By tracking the WGM shifts induced
by perturbations in n2, the surrounding medium can be
monitored provided that the induced shifts are in the order of dλ or larger. In this paper we will keep tracking the
WGM shifts due to the change of n2 because of sodium
phosphate. However, n2changes also affect the quality
factor, Q and hence dλ. In the analysis section in this paper the effect of n2 on the WGM resonance is analyzed
using a simple geometric optics and basic electromagnetic equations.

An optical resonance is realized when light returns to
its starting location in phase. A common method to excite WGMs of spheres is by coupling tunable laser light
into the sphere via an optical fiber. The approximate condition for resonance is

2π n1R = lλ 				

(1)

Where R and n1 are the sphere radius and refractive
index respectively, λ is the vacuum wavelength of the
light, and l is an integer indicating the circumferential
mode number. Equation 1 is a first order approximation
and holds for R >> λ (Figure 1b). At resonance, light experiences constructive interference in the sphere which
is observed as dips in the transmission spectrum through
the optical fiber (Figure 1c). A fractional change in the
Ali. Recent Adv Photonics Opt 2017, 1(1):7-15
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Figure 2: Typical ray optics model of light traveling inside (a) A spherical cavity; (b) A plan wave from a dielectric interference.
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Figure 3: Photograph of: (a) Heating and stretching process to taper the fiber; (b) Tapered fiber; diameter vs. length; (c) Typical
micro-optical cavity used as a sensor.

Figure 2 depicts the geometric optics view of the
WGM resonance condition. In this view, the laser light
circles the interior of the sphere through multiples of
total internal reflections and returns in phase. The approximate condition for optical resonance or WGM is
equation 1 satisfied.
Ali. Recent Adv Photonics Opt 2017, 1(1):7-15

Experimental Investigation
Sensing element fabrication
To prepare the cavity for that function the evanescent
field outside the fiber needs to be extended, in order to
achieve efficient optical coupling between the micro-opISSN: 2689-8667 |
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tical cavity and the fiber. This can be achieved by first
removing the outermost protective buffer layer and

then heating and stretching a portion of the fiber (with
both the cladding and core) to create a tapered section
with a minimum waist of 10 to 20 µm as seen in Figure
3a, Figure 3b respectively. A micro-torch is used in the
present work to prepare a tapered section of the fiber.
A micro-torch is used in the present work to prepare a
tapered section of the fiber as was done in our previous
studies [7,12-14].
Optical cavity is manufactured using a ~5 cm long
piece of optical fiber which is first stripped of its plastic
cladding using an optical stripper and then heated and
stretched to provide a stem end (with a tip diameter of
~60 µm). The tip of this silica fiber is then melted under
high temperature using a torch to form a cavity at the
end of the stem as shown in (Figure 3c).

Figure 4: Photograph of a typical coupling to the micro-cavity.

Figure 4, shows laser light is coupled to the cavity using the tapered fiber.
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Figure 5: Typical: (a) Schematic of the optoelectronics setup for the WGM sensor system; (b) Transmission spectrum for a
spherical resonator; (c) Block diagram for the optoelectronics setup; (d) Photograph: of the optoelectronics setup.
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Optoelectronics setup
Figure 5 shows a schematic, block diagram and photograph of the optoelectronics setup for the proposed sensor
design. The function generator supplies the tuning waveform to the laser controller which, thus, presents the same
waveform in electrical current to the laser to modulate its
wavelength. The laser output is coupled right into a single
mode optical fiber which is cut up into two; one side is coupled to the sensor resonator (in the present, a micro-cavity) supplying the transmission spectra at the same time the
other (with ~10% of the total intensity) is used as a reference signal. Every fiber is ended into a photograph diode as
demonstrated. Both the transmission spectra and the reference signal are sampled utilizing a 16-bit analog-to-digital
converter and processed by a host machine. The reference
is utilized to normalize the transmission spectra. A software module, created in-house, investigates the normalized
transmission spectra to monitor the WGM shifts.
The change in the surrounding medium of the cavity
due to the change of the n2 can cause change in the optical cavity and then it’s WGM. A tapered optical fiber
is used to couple the IR tunable laser where the WGM
would see as a sharp dips on the transmission spectrum
as shown in (Figure 5).

Experimental procedures
The output of the tunable distributed feedback laser diode was coupled into a single mode optical fiber with core
diameter of ~9 µm and cladding of 125 µm. The laser beam
is split in two by a beam splitter 90% and 10% so that the
10% of the beam intensity goes to a photodiode to monitor

Function
generator

Laser
controller

the laser beam intensity and use it as a reference signal. The
fiber with the 90% intensity was sent to the “sensor” side
of the fiber with the microsphere in contact with it. At its
output end, this fiber is connected to a fast photodiode to
monitor the transmission spectrum. This signal through the
sensor fiber was normalized using the reference signal. The
microsphere was brought very close to the tapered fiber at
a distance of the order of several nanometers to facilitate
good light coupling between fiber and resonator. The laser
is tuned by ramping the current into it using a laser controller. The controller, in turn, was driven by a function generator that provided a saw-tooth input to the controller. The
output of both photodiode was monitored by 16 bit digitizer data acquisition card that was part of a host PC. The
sphere diameters ranged between 100 ± 50 and 500 ± 50 µm
in the present experiments.
The details of the test section are shown in (Figure 6).
In these experiments, the effect of sodium phosphate concentration in water on the WGM shifts is studied. The
micro-sphere is placed in deionized water in a container.
A sodium phosphate solution was gradually added to the
container and allowed to diffuse for uniform concentration
before the WGM shifts are observed. The temperature of
the solution was monitored by a thermocouple and kept
a constant value of 25 °C. The transmission spectrum was
digitized and stored on the host PC to determine the WGM
shift. The measurements were repeated with increasing
concentrations of the solution.

Analysis Investigation
Starting with a quantum analogy-based theory developed by Johnson [15] describing the optical resonances
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Figure 6: Schematic of the opto-electronic system used in the experimental setup.
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of a sphere, Teraoka, et al. [16] carried out a perturbation
approach to study WGM shifts due to changes in the refractive index of the medium surrounding the sphere. More
recently, Schweiger and Horn [17] used a wave theory approach to obtain similar results. We present here a simple
approach using geometric optics, along with basic electromagnetic wave reflection expressions, to obtain equations
that accurately describe the resonant wave number k1 and
quality factor Q of the WGM. That is, using simple physical
modeling of reflections at an interface, we derive a modified
version of equation 1, together with an expression for the
associated Q, in which the effect of n2 is included. The analysis is valid for R >> λ and the sphere is treated as a cylinder
for conceptual simplicity with the light traveling on a plane
parallel to the end surfaces of the cylinder. When the order
number λ of resonance is large, the cylindrical resonance
condition would accurately model a spherical resonance
as well. The analysis yields two distinct equations for the
Transverse Electric (TE) and Transverse Magnetic (TM)
modes.
Consider the reflection of a plane wave from a dielectric interface, as shown in Figure 2b, when the angle of
incidence θi is larger than the critical angle. That is

ε
ε1

θi > θ critical
=

n2
		
n1

2
sin −1 =
sin −1

(3)

Where n and ε are the refractive indices and the dielectric constants of the resonator (1) and surrounding
media (2). The reflection from such a planar interface
should accurately model each individual reflection in the
ray optics description shown in Figure 2a. The reflection
coefficients ΓTE and ΓTM for the TE and TM polarizations
are expressed using equivalent impedances of the two
media as [18]

ZTE 2 − ZTE1
ZTM 2 − ZTM 1
=
, ΓTM
ZTE 2 + ZTE1
ZTM 2 + ZTM 1

(4)

Z0
, ZTE
n1 cos θ i

(5)

=
ΓTE
Where,
ZTE 1 =

2

=

Z0
2

− j n1 sin 2 θ i − n2

2

and,
2

ZTM 1

2

 Z0  1
Z  1
, ZTM 2  0 
=

 n1  ZTE1
 n2  ZTE 2

(6)

With Z0 = 377 Ω as the wave impedance of free space.
Our interest is the phase associated with each reflection
coefficient for large N.
Combining equations 4 and 5 for the TE polarization,

ΓTE

n1cosθ i + j n12sin 2θ i − n2 2
=
n1cosθ i − j n12sin 2θ i − n2 2
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(7)

arg(ΓTE ) = π − 2 tan −1

cos θ i
n 
sin θ i −  2 
 n1 

2

2

(8)

Referring to Figure 2a, we note that, for N >> 1, the
incidence angle θi is given by

θi =

π

2

−

π

N

≅

π

2

				

(9)

Therefore, arg (ΓTE) can be approximated as follows:

arg(ΓTE ) = π −

2π / N
2
 n2  			
1 −  
 n1 

(10)

Similarly, combining equations 4 and 6 for the TM
polarization,

−n 2 cosθ i − jn1 n12sin 2θ i − n2 2
ΓTM = 2
n2 2 cosθ i − jn1 n12sin 2θ i − n2 2

(11)

Yielding the argument

−2 tan −1
arg(ΓTM ) =

cos θi
n12
n12
2
−
sin
θ
i
n2 2
n2 2

(12)

Again, Equation 12 can be approximated using equation 9

−2π / N
arg(ΓTM ) =
n12
n12 			
1− 2
n2 2
n2

(13)

Equation 10 shows that the reflection phase is close
to π for the TE mode. We also know that the magnitude
of reflection is unity (total internal reflection). Therefore,
we may consider the case as a perturbation of an ideal
conducting wall for which |Γ| = 1 and arg (Γ) = π. Accordingly, the TE resonant condition for the dielectric
sphere of Figure 2a may also be considered as a perturbation of that for a sphere with an ideal conducting wall.
Using multiple ray-reflection model shown in Figure 2a,
we consider the resonant condition for the conducting
sphere first. The resonance radius is analytically known
from the first zero of the lth order Bessel function [18,19]
that is k1R ≈ l + 1.856l1/3. Here, k1 = 2π/λ is the wave number and λ is the wavelength in the sphere. Thus, from Figure 2a and using equation 9, the resonant condition can
N 2k1 R cos θ i ≅ N 2k1 R

π
N

≅ 2π k1 R = 2π (l + 1.856l 1/ 3 ) (14)
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The factor 1.856l1/3 in the equation (14) can be interpreted as a first order correction that accounts for the
spherical nature of the wave front and the curvature of
the resonator boundary, which is different from the simple plane wave treatment. For large mode numbers (l >>
1) this term would be small compared to l, resulting in
the approximate resonance condition of equation 1. The
resonant condition for the dielectric cavity of Figure 2a
may now be determined by including in equation (14)
and the phase contribution of equation 10

tal change in the refractive index of the surrounding medium can be obtained by differentiating equation 20

2π (l + 1.856l 1/ 3 ) + [arg(ΓTE ) − π ]N
1
≈ l + 1.856l 1/ 3 −
2
π 
n
2N  
1 − 22
N
n1

Equations 18 and 22 describe the dependence of the
resonant frequency WGM shift on the refractive index
of the medium surrounding the sphere for TE and TM
polarizations, respectively. Note that l is kept constant
in obtaining the above derivatives. In an earlier study,
Teraoka, et al. [16] carried out a perturbation analysis
based on an equivalent quantum theory model of the optical modes of spheres [15] to obtain expressions describing WGM dependence on Δn2. For k0R1 >> 1, equation
17 and the implicit formula obtained by [16] differs by
the ratio of {[[(l − 0.5) / k0 R]2 − n2 2 ] / (n12 − n2 2 )}0.5 . However,
when the order number is approximated by l = n1k0R
their expression for WGM shift becomes identical to
equation 17.

N [2k1 R cos θ i − [arg(ΓTE ) − π ]] = 2π (l + 1.856l 1/ 3 ) (15)

k1 R ≈

(16)

Note that the final resonant condition does not depend on N, which is the number of reflections the light
ray experiences for one full round trip in sphere as shown
in Figure 2a. Also, in principle, N need not be an integer.
The change in the resonant condition due to an incremental change in n2 can be evaluated by differentiating
equation 16.

∆(k1 R ) ≈ −

n2 ∆n2
2
n1
 n2 2 
1 − 2 
 n1 

3/ 2

=−

n1n2 ∆n2
2
2
(n1 − n2 ) 3 / 2

(17)

or,

∆(k1 R ) ∆(k0 R )
n ∆n
1
=
= − 2 2 22 3 / 2
k1 R
k0 R
(n1 − n2 ) k0 R

(18)

Where k1 = k0 n1

2

∆(k1 R ) ≈

n2 n2 ∆n2
2
2
n1 n1
 n2 2 
1 − 2 
 n1 

3/ 2

+

2n2 ∆n2
2
n1
 n2 2 
1 − 2 
 n1 

1/ 2

 n 2
n1n2 ∆n2 2 − 22 
n1 

=−
2
2
(n1 − n2 ) 3 / 2

(21)

or,

2

n 
n2 ∆n2 2 − 22 
n1  1
∆(k1 R ) ∆(k0 R )

=
=−
2
2 3/ 2
k1 R
k0 R
k0 R
(n1 − n2 )

(22)

The resonance analysis presented above models the
interface between the microsphere and the external medium (Figure 2a) as a planar surface (Figure 2b). This
results in total internal reflection, with magnitudes of
the reflection coefficients equal to unity. However, each
reflection generates some radiation, attributed to the
curvature of the interface. We model the radiation loss
with an equivalent radiation resistance Rre and Rrm, for
TE and TM polarizations, respectively. The reflection coefficients for the TE and TM modes, taking into account
the equivalent radiation resistance are given as

The treatment for the TE polarization presented above
can be repeated for the TM polarization, noting only the
key differences. From equation 13 we see that reflection
phase for TM polarization is close to zero for large N.
ZTE 2 + Rre − ZTE1
ZTM 2 + Rrm − ZTM 1
=
ΓTE
=
, ΓTM
(23)
Therefore, the resonant dielectric sphere of Figure 2a
ZTE 2 + Rre + ZTE1
ZTM 2 + Rrm + ZTM 1
may be considered as a perturbation of a sphere with an
The impedances Z , Z , Z , and Z TM2 are given
ideal magnetic wall for which |Γ| = 1 and arg (Γ) = 0. As by equations 5 and 6. TE1 TE2 TM1
in the TE resonance case, the TM resonant radius for the
The WGM shifts are sensitive to the refractive index
magnetic-walled resonator would also correspond to the
th
changes
in the case of liquid media (water). Using k =
first zero of the l order Bessel function [18,19] with k1R
1/3
2π/λ,
≈ l + 1.856l . So we have.
Equations 19 and 23 can be rewritten in terms of
N  2k1 Rcosθ i − arg ( ΓTM )  = 2π (l + 1.856l1/ 3 ) (19)
wavelength, λ for the TE as;
2
n
2π (l + 1.856l 1/ 3 ) + arg(ΓTE )N
1
∆λ
n2 ∆n2 λ
k1 R ≈
≈ l + 1.856l 1/ 3 − 22
2
(20)
=
π 
n1
n2
(24)
2N  
2
2 3 / 2 			
1−
λ
N

n1

The above equation is the TM counterpart of equation 16. Again, the resonance shifts due to an incremenAli. Recent Adv Photonics Opt 2017, 1(1):7-15
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Figure 7: Experimental measurements: (a) WGM shifts of the micro sphere under sodium phosphate concentrations; (b) Sensor
sensitivity for the micro microsphere with radius 100 ± 50 µm.
Table 1: Phosphate concentration resolution limits with different
methods.
Method

Resolution
limit (µM)
FIA-P
100
Amperometric molybdate complex
0.3
1
Amperometric POD/O2
3.6
Amperometric POD/H2O2
Ion chromatography
0.1
Capillary electrophoresis
0.1
Luminescent plate Europium-tetracycline 3
Fluorescent PVC matrix Al-morin ionophore 0.2

Refs.
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]

FIA-P: Flow injection potentiometric analysis; POD: Pyruvate
oxidase.

(

2

2πR n1 − n2
∆n2 =
λ2 n2

)

2 3/ 2

∆λ 		

(25)

Results and Discussion
Figure 7 shows the WGM shift of the micro sphere
under the effect of different sodium phosphate concentrations up to 0.1 µM concentration. The measurements
were repeated using silica microspheres with five different radii ranged from (100 ± 50 µm, to 500 ± 50 µm) as
shown in Figure 7a. The corresponding sensitivity plot of
WGM shift vs. phosphate concentrations for the sensor
with radius 100 ± 50 µm is presented in (Figure 7b). The
best fit of the data (solid line) indicates a sensitivity of =
394.64 pm/µM. The corresponding resolution limit for
this optical method is (∆M/∆λ)σs = 0.0299 µM. In this
case, the standard deviation (σs) of the data scatter was σs
= 11.83 pm. The change in the index of refractive index
∆n2 can be determined based on equation 25.
The amount of phosphate in the environment strongly influences the operations of living organisms. The
excess amount of phosphate is an indicator for possible
problematic algal growth in rivers [20]. In contrast, low
Ali. Recent Adv Photonics Opt 2017, 1(1):7-15

phosphate concentration causes death of vegetation since
plants utilize the inorganic phosphate for photosynthesis, respiration, and the regulation of enzymes [21].
Since phosphate plays an important role in the soil and
groundwater sediments both for uranium and living organisms as well as to ensure consistent water quality, the
phosphate concentration should be quantified and monitored in order to deploy the right quantity for remediation. Throughout the years, these factors encouraged the
scientists to investigate methods for phosphate detection [22-29]. Up to now, several sensor technologies for
monitoring phosphate species have been implemented.
Table 1 summarizes the resolution limits of phosphate
from various techniques. In this paper we show that
our new optical technique will be able to measure up to
0.0299 µM. Also, our optical technique will enhance and
improve the sensitivity level for the sodium phosphate
impurities in water compared to the published works of
sodium phosphate sensors as shown in (Table 1).

Conclusion
In this paper, a simple ray tracing, plane wave approach used in the present analysis results in equations
for dependence on n2. An optical chemical impurities
sensor based on the whispering gallery modes of spherical resonators has been demonstrated. The preliminary
data of the newly developed biosensor promises more
accurate and sensitive for sodium phosphate for water
treatment. So far, we have measured up to 0.0299 µM
phosphate concentrations in the water via employing
newly developed optical sensor based on WGM. Since
the research is still underway, we are targeting to lower
the phosphate detection limits as well as to test their field
application capacity. According to the literature, the stability of the multi enzyme-linked sensors depends upon
the life-span of the enzyme. In order to increase the durability of the sensor, the single enzyme technology was
ISSN: 2689-8667 | • Page 14 •
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chosen to develop the phosphate sensing system based
on the same optical technique that we presented in this
paper.
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