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Whispering gallery mode micro resonators for
multi-parameter sensing applications

ARUN KUMAR MALLIK,1,* GERALD FARRELL,1 MANJUSHA
RAMAKRISHNAN,1 VISHNU KAVUNGAL,1 DEJUN LIU,1 QIANG WU,2

AND YULIYA SEMENOVA1

1Photonics Research Centre, Dublin Institute of Technology, Kevin Street, Dublin 8, Ireland
2Department of Mathematics, Physics and Electrical Engineering, Northumbria University, Newcastle
Upon Tyne, NE1 8ST, United Kingdom
*arun.kumarmallik@mydit.ie

Abstract: A novel fiber optic sensing configuration for simultaneously measuring ammonia
vapor (NH3) concentration and relative humidity (RH) in air is proposed and experimentally
demonstrated. The system comprised two silica whispering gallery mode (WGM) microsphere
resonators coated with different polymer layers. One of the microspheres was dip-coated with
sol gel silica polymer and another with a 0.5 % wt./vol. agarose hydrogel. WGMs in both
microspheres were excited simultaneously by evanescent coupling using a single adiabatic fiber
taper. The optical properties of both coating layers change due to their exposure to ammonia
and water molecules in the surrounding atmosphere, resulting in the spectral shifts of the
WGM resonances relevant to each of the microspheres. By measuring the relevant WGMs’
spectral shifts, the NH3 concentration in air and the RH can be determined simultaneously. The
experimentally demonstrated sensitivity of the proposed sensor array to ammonia was estimated
as 19.07 pm/ppm (NH3 molecules in air) and its sensitivity to relative humidity as 1.07 pm/% RH.
Detailed studies of the coatings’ cross-sensitivity and temperature dependence are also presented.
The proposed sensor array is compact, highly sensitive and potentially low cost.
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Whispering gallery mode (WGM) microsphere resonators have been successfully investigated
as sensors in numerous areas including refractive index, temperature, force, electromagnetic
field, gas, and bio sensing in recent years due to their high quality factors (Q), low mode volume
and inexpensive fabrication processes [1–7]. The WGM operating principle relies on strong
confinement of light through total internal reflection inside the microcavity and retaining the
same phase after each cycle of propagation. Silica microspheres are shaped by natural surface
tension forces during fabrication, resulting in a clean, smooth silica surface with very minimal
loss and negligible scattering, making such silica microspheres suitable for the next generation
of high-performance optical sensors. The spectral positions of WGM resonances are strongly
dependent on the geometry of the dielectric resonator (diameter, sphericity), the optical properties
of the resonator material and also on the refractive index (RI) of the medium in the environment
surrounding the resonator. Either a very small deformation of the microcavity or a minute change
in material properties (such as RI) can be easily quantified by monitoring the WGM resonance
wavelength shift. Much of the research effort to date has been focused on using a single WGM
resonator to sense a single physical, chemical or biological quantity, with only limited research
focused on multi-parametric sensing [8]. However, in real life applications simultaneous sensing
of multiple parameters is often required. Many effective techniques have been developed to
realize multi-parametric measurements with fiber optic sensors. For example, simultaneous
measurement of humidity and temperature has been proposed using a combination of a long period
grating (LPG) inscribed in a fiber loop mirror [9], a combination of a fiber Bragg grating (FBG)
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and Fabry-Perot interferometer cavity [10], a FBG and photonics crystal fiber interferometer [11],
a LPG partially coated with PAH/PAA poly electrolyte complexes [12], nafion-crystal violet film
based optical sensor is to measurement of humidity and ammonia in air simultaneously [13], nano
porous layer of alumina is also proposed for sensing of both humidity and ammonia gas [14] and
many others. All the above mentioned sensing techniques rely on measurements of characteristic
wavelength shifts in the spectra of the sensors influenced by the physical parameters of interest.
Some of these configurations suffer from complexity of interrogation and a poor wavelength
resolution. WGM microsphere resonators have advantage over the sensors above due to their
high Q-factors (up to 109) [15], resulting in much higher wavelength resolution and low detection
limits. Recently we proposed and demonstrated an highly sensitive relative humidity (RH) sensor
based on a silica microsphere coated with a thin layer of agarose hydrogel [16]. We have also
demonstrated a silica gel coated silica microsphere for a very low detection limit ammonia
sensing and a silica gel coated optical fiber sensors for highly sensitive detection of ammonia in
water [17, 18].Ammonia is a colorless, highly corrosive and toxic gas with pungent smell which
has adverse effects on human health including burning nose, throat and respiratory track irritation
even after a long term exposure at lower concentrations of ammonia [19,20]. Therefore, some
means to sense and also quantify ammonia concentration in air is needed. Similarly, humidity is
one of the important environmental conditions which plays a very significant role in agriculture,
the food industry, clinical medicine, manufacturing, civil engineering, textile manufacture, the
semiconductor industry and many other fields. Humidity measurement in industries is critical
because it may affect the quality of the product, for example the shelf-life of foodstuffs. Hence,
humidity sensing is very important, especially in the control systems for industrial processes.
In many of the applications listed above, a means for simultaneous measurement of ammonia
concentration in air and RH is required. For example, a recent study by Wei et al. demonstrated
a strong influence of both NH3 concentration and ambient RH on the immune system of broiler
chickens, highlighting the need for simultaneous monitoring and control of both parameters in
the atmosphere of poultry or animal houses [21].

In this article, we propose a novel fiber optic sensor’s configuration for simultaneous measure-
ment of both ammonia concentration and relative humidity in air. To realize this we excited
WGMs in two microspheres coupled to the same optical fiber taper. The two microspheres
have nearly the same diameter of 250 µm and 255 µm and were used to measure ammonia and
humidity simultaneously. An adiabatic tapered fiber with the uniform waist diameter of 3-4
µm was used to simultaneously couple the light into both microspheres forming a small array.
One of the microspheres was coated with a layer of sol-gel silica whose optical properties are
very sensitive to ammonia, while the second microsphere was coated with a highly hygroscopic
layer of 0.5 % wt./vol. agarose hydrogel. To the best of our knowledge this study is the first
experimental demonstration of multi-parametric sensor based on the WGM phenomenon that
offers simultaneous high resolution measurement of both ammonia concentration in air and
relative humidity. A study of the temperature sensitivity of the proposed sensing system was also
performed showing minimal temperature dependence compared to other fiber optic sensors.

2. Sensor Fabrication and Experimental setup

In our experiment the agarose hydrogel for the coating was made from a commercially available
agarose powder from Sigma Aldrich (A6013). The hydrogel solution was prepared by adding
0.5% wt./vol. of the agarose powder mixed in deionized (DI) water, followed by continuous
stirring at 80◦C temperature until all the agarose powder was completely dissolved in the DI
water. Preparation of the sol-gel silica coating was carried as described in ref. [22]. The sol-gel
was prepared by hydrolysis and condensation of TEOS (Tetraethyl ortho silicate) in presence
of water and ethanol. The molar ratio of TEOS, ethyl alcohol and DI water was 1:4:16 mixed
in a 250-mL measuring flask and kept at continuous stirring conditions for 1.5 hour. 3-4 drops
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Fig. 1. SEM images of cross sections of singlemode fibers coated with (a) silica sol-gel; (b)
0.5% wt. vol. agarose hydrogel.

of hydrochloric acid (HCL) were used as catalyst. The solution was kept for two days at room
temperature. Both silica microspheres were fabricated at the tip of an unjacketed cleaved single
mode fiber using the electric arc of a fusion splicer, as described in [16]. After applying a series
of 3 electric discharge arcs to the cleaved surface of the fiber tip using a fusion splicer, the
fiber tip assumed spherical shape due to surface tension. Two microspheres of almost the same
diameter (250 µm and 255 µm) were prepared for our experiments. Agarose and silica coating
layers were applied separately on each of the microsphere’s surfaces by dip coating method with
the pulling speed of 2 mm/sec. For identification we labeled the silica gel coated microsphere as
sensor ‘A’ and the agarose coated microsphere as sensor ‘B’. Both microspheres were kept dry
at room temperature for 24 hours before the experiments. The coating thickness was estimated
by analyzing the SEM images of cross-sections of singlemode fiber ends dip coated with the
respective gels using the same method and pulling speed (2 mm/sec), similarly dried and cleaved.
Figure 1 shows the SEM images of the respective cleaved surfaces where the thickness of the
coating is measured as 300 - 400 nm for the silica gel and 500-600 nm for agarose.
To allow for coupling of light in and out of the microspheres, an adiabatic tapered fiber was

fabricated using a customized micro heater brushing technique [23]. In our experiment the
tapered waist diameter was approximately 3-4 microns. To improve mechanical stability, the
fabricated fiber taper was placed in direct contact with the microspheres and fixed on a glass slide
at a height of 5 mm from the slide surface using two drops of UV curable epoxy (Norrland).A
schematic diagram of the experimental setup is shown in Fig. 2. The experimental set up
consisted of a broadband light source (Thorlabs S5FC1005S), polarization controller, optical
spectrum analyzer (OSA, Advantest Q8384) and a temperature controlled humidity chamber
(ETS 5503). Each coated microsphere was mounted on an XYZ nano-positioning stage and then
slowly brought in contact with the tapered fiber inside the humidity chamber.

3. Results and Discussion

Light from the broadband superluminescent light source (SLD) operating in the wavelength range
1530-1570 nm was launched into the fiber taper and the corresponding transmission spectrum
was observed at the taper output by means of the OSA. The wavelength resolution of the OSA
was 10 pm. The WGM excitation in both microspheres was achieved by evanescent coupling to
the tapered fiber. At first, the silica gel coated microsphere (sensor A) was gradually and carefully
brought in direct contact with the tapered fiber until the WGM resonances were clearly observed
in the transmission spectrum of the fiber taper. The input light polarization was adjusted using a
manual polarization controller to achieve maximum light coupling efficiency. The transmission
spectrum after coupling Sensor A is shown in Fig. 3, where WGM resonances near 1540.6
nm can be clearly seen. Without changing the setup, the second microsphere (sensor B) was
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Fig. 2. Experimental setup for multi parameter sensor characterization.

positioned near the silica gel coated sphere and coupled to same tapered fiber. The resulting
transmission spectrum showing the WGM resonances due to both microspheres is labelled “A+B”
in Fig. 3. Red curve “Sensor B” in Fig. 3 illustrates the WGM spectrum of the tapered fiber
when only sensor B is coupled. As one can see from the figure, both groups of “A” and “B”
resonances are clearly visible and distinguishable in the combined “A+B” spectrum. The optical

Fig. 3. Transmission WGM spectra for both sensors separately and when both microspheres
are coupled simultaneously.

properties of the agarose coating are very sensitive to relative humidity, while those of the silica
coating strongly depend on the ammonia concentration in the surrounding atmosphere and to a
lesser extent on its relative humidity. Therefore changes in either of the parameters will result in
spectral shifts of the WGM resonances, which can be expressed as:

∆λA

∆λB

 =


K11 K12

K21 K22




%RH

%NH3

 (1)

where K11 and K12 are the linear coefficients representing sensitivity of sensor A to relative
humidity and ammonia concentration respectively.similarly, K21 and K22 are the ammonia
sensitivities of sensor B. After experimental calibration of the sensors and determining the values
of the coefficients, it is possible to independently find both humidity and ammonia concentration.
Experimental measurements of humidity inside the humidity and temperature controlled
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Fig. 4. Transmission spectrum for sensors A and B simultaneously at different humidity
levels inside the chamber. The inset graphs are enlarged selected portions of the overall
spectrum for sensors ‘A’ and ‘B’ at constant temperature of 25 ± 0.1 ◦C.

chamber were carried out with both sensors A and B in the range of relative humidity values
from 40 % to 70 %RH at constant temperature of 25 ± 0.1 ◦C. The sensing mechanism for
both sensors A and B are based on the change of effective refractive index and thickness of the
coating layer due to adsorption of water vapor by the coating surface. This process leads to
the air inside the micro pores of the coating layer being replaced with water molecules under
capillary forces. As a result, the effective refractive index and thickness of the coating increases
and WGMs experience a red spectral shift. Figure 4 represents the WGM spectra of both sensors
at different levels of relative humidity in the chamber. A commercial electronic hygrometer was
used as a reference for humidity measurement inside the chamber. The Q-factors of the selected
WGMs for sensors A and B in Fig. 4 were estimated using equation Q= λR

∆λFWHM
, where λR

is the resonance wavelength and ∆λFWHM is the full width at half-maximum of the resonant
lobe calculated by fitting the resonant dip with the Lorentzian function. The quality factors were
calculated as Q =5.22 × 104 for sensor A and Q= 9.81 × 104 for sensor B, respectively

It should be noted the measured values of the Q-factor shown in Fig. 4 are lower compared to
those reported in the literature for silica microspheres [2, 3]. One of the reasons is the limitations
of the experimental setup employed in our experiment, which consisted of a broadband light
source and optical spectrum analyzer with a wavelength resolution of 10 pm. Another reason
might be the increased absorption and scattering loss due to the applied coatings on the surfaces
of the microspheres. Figure 5 is a plot of the spectral shifts of the selected WGM resonances
for sensors A and B as functions of relative humidity inside the chamber. One can see from
the graph that both dependences are very close to linear and the corresponding sensitivities to
humidity are K11= 0.8 pm/%RH for sensor A and K21=1.07 pm/%RH for sensor B. The same
experimental setup was used to investigate the optical responses of the sensors A and B to
different concentrations of ammonia vapors at constant temperature of 25 ± 0.1◦C and constant
humidity of 40% RH inside the chamber. A small amount of ammonium hydroxide (NH4OH)
liquid was injected into and then removed from the gas chamber after the measurement, in order
to create three low ammonia vapor concentrations corresponding to 0.46 ppm, 1.46 ppm, and
2.19 ppm of ammonia in air. Spectral data were was recorded using an OSA connected to a PC

                                                                                              Vol. 26, No. 24 | 26 Nov 2018 | OPTICS EXPRESS 31833 



Fig. 5. Linear fitted graph of the selected WGM wavelengths versus relative humidity for
both the silica gel coated (sensor A) and agarose coated (sensor B) microspheres.

through a GPIB cable and a customized LabView program. It should be noted that the WGM
spectral shift dynamics depends on the diffusion rate of ammonia vapors inside the chamber.

Fig. 6. (a) Transmission spectrum for the sensor system recorded at different times after
injection of ammonia vapor in concentration of 0.46 ppm inside the chamber at constant
temperature of 25 ± 0.1 ◦C and humidity 40% RH. Insets represent the enlarged portions
of the spectrum corresponding to sensors A and B; (b) A and B WGM spectral shifts in
response to three different concentrations of ammonia (0.46 ppm, 1.46 ppm and 2.19 ppm)
after injection of the vapors inside the chamber. Inset figure illustrates the response to 0.46
ppm concentration of ammonia only; (c) WGM spectral shifts for the sensors A and B as a
function of ammonia concentration.

Figure 6(a) illustrates the spectrum for both the microspheres coupled to the same tapered fiber
after injection of ammonia vapor at 0.46 ppm concentration inside the chamber. As can be seen
from the figure and inset A (dotted oval in the main graph), the WGM resonance associated with
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the silica gel coated microsphere experiences red shift during the sensor’s exposure to ammonia
vapor. The corresponding spectral shift of the WGM resonance associated with sensor B (inset B,
dotted rectangle in the main graph) also occurs in the direction towards the longer wavelengths
but is much smaller. Figure 6(b) illustrates the dynamics of the WGM spectral shifts for both
of the microspheres as they were exposed to 0.46 ppm, 1.46 ppm and 2.19 ppm concentrations
of ammonia inside the chamber. The inset graph in Fig. 6(b) shows that the total shift of the
selected WGM resonance wavelength for sensor A was approximately 95 times larger than that
for the sensor B during their an exposure to 0.46 ppm ammonia vapor concentration. This is
due to presence of silanol group on the surface of silica gel coated sphere producing ae dipole
interaction between hydroxyl group and NH3. The adsorption of these ammonia molecules on the
surface of silica gel microsphere increases themuch higher sensitivity of the effective refractive
index of silica gel coating more than to ammonia compared to that of the agarose layer on the
surface of B microsphere. When the gas was removed from the chamber by opening its exhaust
valve, the WGM resonances returned back to their original positions. Total spectral shifts of the
WGM resonances for both the microspheres are plotted as a function of ammonia concentration
in Fig. 6(c). The ammonia sensitivity coefficients K12 and K21 were derived from the linear fits
of the experimental data as K12=19.07 pm/ppm and K22=0.2 pm/ppm at constant temperature of
25 ± 0.1 ◦C and 40% RH humidity.

It should be noted that the above sensitivity coefficients for both of the sensors were determined
at a constant ammonia concentration (0.46ppm) and humidity (40%RH) level respectively, and
at first were assumed to be independent. It is possible, however that both coatings have some
cross-sensitivity issues, so that the values of the linear coefficients are not fully independent. In
particular, the porous nature of the silica gel coating layer is more likely to make it susceptible
to the presence of water molecules, affecting its sensitivity to ammonia at a different RH. To
investigate this, we carried out an additional study of response of the silica gel coated microsphere
towards ammonia at several different relative humidity levels, namely at 10, 22, 35, 45, 60 and
75% RH. Figure 7 shows the dependence of the sensor A sensitivity to ammonia (coefficient K12)
as a function of relative humidity at constant temperature of 25◦C. The same values of ammonia
concentrations as in the previous experiments were used in this study. As one can see from
Fig. 7, sensitivity to ammonia for sensor A is a non-linear function of relative humidity in the
chamber. Ammonia sensitivity decreases with an increase of relative humidity saturating above
60% RH. This is likely because ammonia molecules are more easily adsorbed by the surface
water rather than the silica coating. Similarly, at lower humidity levels, a greater number of
ammonia molecules are adsorbed directly on the surface of the silica coating pores resulting in
greater change of the coating’s effective refractive index due to ammonia.

Fig. 7. K12 as a function of RH at constant temperature of 25◦C

The fit of the experimental results with a logistic function in Fig. 7 gives the approximate
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sensitivity of the sensor A in presence of humidity in the range from 15% RH to 75% RH with
less than ±1% error.It is clear that K12 in Eq. (1) is not a constant independent of the humidity
level. However the dependence of K12 on the humidity level is predictable and can be determined
from the following approximate equation:

K12 = 9.58 +
18.32

1 + (%RH
41.6 )3.67

(2)

Since K12 can no longer be considered as a constant, it appears that Eq. (1) can no longer be
used for accurate detection of both parameters changing independently in the surrounding the
sensor system atmosphere.
Substituting the K12 coefficient’s values in Eq.(1) we get:

∆λA

∆λB

 =


K11 9.58 + 18.32
1+(%RH

41.6 )3.67

K21 K22




%RH

%NH3

 (3)

To determine the value of K12 unambiguously one only needs to have an accurate value for the
%RH level, which Sensor B can provide, and which is not dependent on the level of ammonia.
Thus to determine the %RH and ammonia concentrations levels requires a two step approach.
Assuming both sensors are calibrated, then as first step use Sensor B to measure %RH and then
as a second step use the value of the %RH to determine the value of the coefficient K12 and then
directly determine the ammonia concentration using this value and the measured wavelength
shift for Sensor A.

A study of the influence of temperature on the performance of the proposed sensor array was
also carried out using the same environmental chamber. The temperature inside the chamber
was gradually increased in a step like fashion from 20 ◦C to 40 ◦C. Each WGM spectrum was
recorded when the temperature inside the chamber was stable at the set point. Figure 8 shows the
temperature responses of sensors A and B at 40 % RH. The linear fits of the experimental data
allow to determine the temperature sensitivities as 5.8 pm/ ◦C for sensor A and 6.7 pm/◦Cfor
sensor B.

Fig. 8. Temperature dependence of the WGM spectral shift for sensors A and B at constant
humidity of 40% RH.

The detection limit (DL) for a sensor represents the smallest measurable physical parameter
change and it can be expressed as DL = R

S , where R is the resolution of the sensor and S is its
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sensitivity. R can be calculated as

R = 3 ×
√
σ2
N + σ

2
T + σ

2
SR

(4)

where σN , σT , σSR represent the standard deviations associated with the amplitude noise
limited SNR of the detection system, temperature fluctuations and detector spectral resolutions
respectively [24]. We assumed the signal-to-noise ratio of the system to be approximately 60
dB, so that σN is calculated as 0.2 pm and 0.1 pm for sensors A and B, respectively [24]. The
standard deviation due to temperature stabilization is taken as σT = 0.01 pm for both the sensors.
The error in determining the position of the resonant mode is uniformly distributed between -0.3
pm and +0.3 pm and the resulting standard deviation associated with the standard deviation of
the spectral resolution of the broadband source is σSR = 0.17 [24] in both cases. The overall
sensor resolution calculated for sensor A is R =0.8 pm and for sensor B is R =0.6 pm. The
corresponding DLs for sensors A and B are listed in Table 1

Table 1. Individual detection limit estimates for sensors A and B at 40 %RH
Parameters Humidity Ammonia

Sensor A 1%RH 42 ppb

Sensor B 0.56%RH 3000 ppb

4. Conclusion

In conclusion, a novel approach to simultaneous measurement of ammonia vapor and humidity
in air has been proposed and demonstrated experimentally. WGMs were excited at the same
time in the array of two microspheres coated with different polymers, namely, silica gel and
agarose hydrogel, coupled to a single adiabatic fiber taper. The experimental results revealed
that the silica gel coated microsphere was more sensitive to ammonia than the agarose coated
microsphere. Similarly, the agarose coated sphere had better sensitivity to humidity than the
silica gel coated microsphere. It has been demonstrated that by monitoring the spectral positions
of two WGM resonances relevant to each of the microspheres, it was possible to simultaneously
determine ammonia concentration and relative humidity in the surrounding the array atmosphere.
The maximum measurement resolutions of the two parameters were estimated as 42 ppb for
ammonia and 5.6 × 10−1%RH for humidity at the temperature of 25 ± 0.1◦C. The proposed
method offers the advantages interrogation using a single fibre along with a compact sensor size,
high resolution and simple fabrication. The potential applications can be expanded to sensing of
other chemical and biological quantities utilizing various coatings and possibly increasing the
number of sensors within the array.
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