Ultrasensitive chemical sensors based on whispering
gallery modes in a microsphere coated with zeolite

Nai Lin," Lan Jiang,"* Sumei Wang,' Lei Yuan,'? Hai Xiao,?
Yongfeng Lu,® and Hailung Tsai*

'Laser Micro/Nano Fabrication Laboratory, School of Mechanical Engineering,
Beijing Institute of Technology, 100081, China

?Department of Electrical and Computer Engineering, Missouri University of Science
and Technology, Rolla, Missouri 65409, USA

®Department of Electrical Engineering, University of Nebraska—Lincoln, Lincoln, Nebraska 68588-0511, USA

“Department of Mechanical and Aerospace Engineering, Missouri University of Science
and Technology, Rolla, Missouri 65409, USA

*Corresponding author: jianglan@bit.edu.cn

Received 12 July 2010; revised 6 October 2010; accepted 15 October 2010;
posted 18 October 2010 (Doc. ID 131484); published 16 November 2010

We propose a highly sensitive chemical sensor by functionally coating a zeolite film on the external sur-
face of an optical microsphere. Using the perturbation theory, a model is developed to calculate sensor
sensitivity and analyze the impact of the zeolite film thickness. The quality factor and detection limit are
also investigated by using an approximate model. Simulations show that a zeolite coating can effectively
increase sensitivity. The results provide physical insights for the design and optimization of various
parameters for desired sensor performance. © 2010 Optical Society of America

OCIS codes:

1. Introduction

Increasing research activities have been focused on
optical microspheres with whispering gallery modes
(WGMs) used as refractive index optical sensors for
broad applications such as the detection of biological
materials, and measurement of chemical composi-
tion or concentration changes [1-6]. Hanumegowda
et al. developed a refractometric optical sensor based
on fused silica microspheres, which has a sensitivity
of nearly 30 nm/refractive index unit (RIU) [3]. Zhu
et al. developed an optical microsphere resonator
biosensor using an aptamer as the receptor for the
detection of thrombin [4]. Vollmer et al. reported spe-
cific detection of proteins absorbed on a spherical sur-
face by observing the resonant wavelength shift of
WGMs [5], and they found that the theoretical shift
for a single protein can be extremely sensitive [6].
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They also described a perturbation theory for the
wavelength shift of WGMs in a transparent sphere
[7,8]. In addition, they examined properties of WGMs
in a microsphere coated with a high-refractive index
layer, and found that the high-refractive index layer
would enhance the sensitivity of WGM wavelength
shift sensors [9,10]. But sensitivity is still low be-
cause all the reported microsphere sensors utilize
the evanescent field leaked into the surrounding
medium to detect the refractive index change. Also,
it remains challenging to obtain a stable output sig-
nal in practical applications of the microsphere sen-
sors, especially for gas detection, which is mainly due
to the microsphere small surface-to-mass ratio and
poor adsorbability to most chemical molecules.
Furthermore, an optical microsphere has no selectiv-
ity to mixtures and requires time-consuming surface
treatment or sample separation for measurement.
Most recently, it was discovered that the unique
combination of optical and chemical properties of
zeolite could be used to develop ultrasensitive optical
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chemical sensors [11-13]. And the WGMs in zeolite-
based microcavities have also been experimentally
demonstrated, such as microlasers based on zeolite
containing embedded dyes [14], and the fiber-
taper-coupled zeolite cylindrical microcavity [15].
Zeolite is a class of crystalline aluminosilicate mate-
rials with uniform subnanometer- or nanometer-
scale pores determined by their crystal structures.
With very large surface-to-mass ratio, zeolite pores
can adsorb chemical molecules of specific size from
the ambient efficiently and selectively [16,17]. Then
the adsorbed analyte molecules are organized and or-
iented in the pores, which causes a refractive index
change of the zeolite that can be examined by various
optical methods. Hence, with the zeolite coating as
an effective sample concentrator, an optical probe in-
tegrated with a sensitive photonic device can be used
to develop chemical sensors.

This study proposes an ultrasensitive chemical
sensor by functionally coating a zeolite film on an op-
tical microsphere. To our knowledge, a chemical sen-
sor based on a zeolite-coated microsphere has not
been reported previously. The concept of the sensor
and a brief introduction to its operating principle
are included in Section 2. In Section 3, the model
to calculate sensitivity is developed based on the per-
turbation theory presented by Teraoka and Arnold
[8-10]. The detection limit, coupling efficiency, and
free spectral range (FSR) are also considered in Sec-
tion 3. In Section 4, the influences of the zeolite coat-
ing on the sensitivity, quality factor, and detection
limit are investigated in detail. Lastly, important
results are summarized in Section 5.

2. Sensor Concept

As shown in Fig. 1, this study proposes an ultrasen-
sitive chemical sensor by functionally coating a thin
layer of zeolite film on an optical microsphere, and
the coated microsphere is closely coupled with a ta-
pered fiber. The size of the fiber and its distance to
the microsphere should be precisely determined
and controlled to obtain a desired WGM excitation
in the microsphere. Then a series of resonance bands
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Fig. 1. (Color online) Proposed zeolite-coated microsphere
sensor.
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can be detected in the fiber transmission spectrum in
the laser illumination.

The proposed sensor detects the molecular adsorp-
tion-induced refractive index change of the zeolite,
which is different with most microsphere sensors
that use the evanescent field of WGMs to detect
the refractive index change of the surrounding med-
ium. With selective adsorption of the target analyte
molecules from the environment, the refractive index
of the zeolite thin film increases. On the other hand,
the release of adsorbed molecules from the zeolite
pores results in a decrease in the zeolite refractive
index. The refractive index of zeolite was reported to
change dramatically on loading and unloading of
guest molecules in the zeolite cavities [18]. And
the wavelengths of the resonant bands are very
sensitive to the refractive index change. Ultrasensi-
tive detection of the target chemicals can thus be
achieved by monitoring the resonant wavelength
shift (64 in Fig. 1) in the transmission spectrum.
In addition to the advantages of microsphere sensors,
such as small size and capability of multiplexing,
zeolite-coated microsphere sensors have ultrahigh
sensitivity, good selectivity and stability, and capabil-
ity of in situ detection of most chemicals, including
gases. The operating temperature of the proposed
sensor should be well controlled because the zeo-
lite adsorbing selectivity is sensitively affected by
temperature [12].

The primary performance factor of the proposed
sensor is detection sensitivity. Other important fac-
tors include detection limit, coupling efficiency, and
FSR. These performance factors depend on a number
of parameters, such as the microsphere size, zeolite
film thickness, tapered fiber size, and its distance
from the microsphere.

3. Theory

A. Whispering Gallery Modes in a Microsphere

Over the years, the WGM modal structures and re-
sonance spectra of the microspheres have been
widely studied [19-21]. The WGM is characterized
by a set of integers: [, m, and v, which represent an-
gular, azimuthal, and radial mode numbers, respec-
tively. For an ideal sphere, modes with the same [ and
v, but arbitrary m have the same resonant wave-
length. When m =1 and v = 1, the modes are fre-
quently called fundamental WGMs. Also, a WGM
has either TE or TM polarization, and the two polar-
izations can be selectively excited by controlling the
polarization in the tapered fiber. In general, the re-
sonance spectrum of the WGMs is determined by the
size of the microsphere and spatial distribution of the
refractive index inside/outside the microsphere. Con-
sidering an ideal microsphere with the radius of a
and refractive index of n,, surrounded by a medium
with the refractive index of n,, the characteristic
equation to specify the resonant wavelengths Az of
the WGMs in the resonance spectrum is expressed
by [8]
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where k = 27/ is the resonant wave vector; 7, =
ng/n, (TE modes), n,/ny (TM modes); and y; and
x; are the spherical Ricatti—-Bessel function and sphe-
rical Ricatti—-Neumann function, respectively. If the
microsphere is coated with a zeolite film of thickness
h and refractive index n;, the characteristic equation
to specify Az can be given as [9,10]

xi(nokay)  Byyj(nakay) + y(nakay)
xi(nokay)  Bu(ngkaq) + yi(ngkaq)’

Mo (2)

where a; = ag + h is the total radius of the whole
microsphere including the zeolite film; 5y = ng/ny
(TE modes), ny/ny (TM modes); B; is a coefficient,
and its expression is given by
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For a given value of , there are multiple values of Ap
that satisfy the characteristic equations. These reso-
nant modes are called the first-order mode, the sec-
ond-order mode..., and the vth order mode in the
decreasing value of Ap.

According to Eq. (1), when a refractive change én,
occurs in the surrounding medium, a shift 61z in the
resonant wavelength would take place correspond-
ingly. When the sphere is coated with a zeolite film,
both changes in ny and n, will cause the wavelength
shift, according to Eq. (2). But, as described pre-
viously, the proposed sensor mainly detects the mo-
lecular adsorption-induced refractive index change of
the zeolite. So, only én,; is considered for the zeolite-
coated microsphere. 61 can be calculated by substi-
tuting the refractive index change into Eqs. (1) or (2).
But, it is difficult to derive an explicit formula to de-
scribe the relation between 6 and én,; (or éng) from
the characteristic equations.

B. Sensitivity

The sensitivity S, is defined as S = 61 /én. For an un-
coated microsphere, én =édng, and for a zeolite-
coated microsphere, én = én,. The sensitivity can
be calculated by

where &, is the wave vector before the refractive in-
dex change and 6% is the wave vector shift induced by
én. If the refractive index change is uniform and
8(n?) < 1, the fractional shift 6k /k, can be calculated
by the perturbation theory developed by Teraoka and
Arnold [8-10]. In the case of an uncoated micro-
sphere, 6k /k is given as [9,10]

(@) 8 [5 T304,
ko) 2 [5n(nTo(r)Pd,’
ok

(o =

TM modes,

TE modes,
(5a)
8(ng)[=To(ag)Th(ag) + n(z)kz [5 T5d,]

ik [o T2 (r ’
(5b)

where n(r) = ny(r < ag), no(r > ag) aj is infinitesi-
mally greater than a, 7'(r) is the function to describe
the electric field distribution of WGMs along the
radial direction, and T, denotes the field before
the refractive index change. For an uncoated micro-
sphere, T'(r) is expressed as
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where D; is the coefficient, and D; = y;(nka,)/

11(nokagy). Substituting (5) and (6) into (4), and con-
sidering § (n2) =~ 2noén, if 5(n2) < 1, the sensitivity
Sy for the TE and TM modes in an uncoated micro-
sphere can be, respectively, expressed as
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In the situation of a zeolite-coated microsphere,
using the perturbation theory, 6k/k, can be derived:
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where n(r) =n.(r<ay), nglag<r<a;) and
no(r > a); aj is infinitesimally smaller than a;.
For the zeolite-coated microsphere, 7'(r) is given as
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where A; and C; are the coefficients determined by
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Substituting (8) and (9) into (4), and considering
5(n?) = 2n,on,, if 5(n%) < 1, the sensitivity for the
TE and TM modes in a zeolite-coated microsphere
can be expressed by

ngArly

the resonant wavelength shift becomes difficult for
a broad resonance linewidth. This suggests that a
narrow resonance (thus a high Q.. value) is pre-
ferred to achieve a small detection limit. The total
quality factor is calculated by [23]

111
Qtot Qin Qex ’

where @j, is the intrinsic quality factor that is re-
lated to the quality of the resonator itself, and Q.
is the extrinsic quality factor that describes the light
coupling condition between the resonator and the
tapered fiber. ., can be calculated by using the
coupled mode theory, and it was found that @, in-
creases with the coupling distance between the fiber
and resonator [21].

Q;, is calculated by Q;, = 27n/alg, where a is the
lumped loss of light in the resonator. The losses in-
clude the scattering loss from surface irregularities,
optical absorption loss due to molecular resonances,
Raleigh scattering loss, and tunneling loss [24]. Tun-
neling loss is due to the curvature of the waveguiding
boundaries in the direction of propagation, and it is

(11)

Stg = — 5 57 (10a) also referred to as the whispering gallery loss. The
nsls +ngle +nglo tunneling and scattering loss are small for the
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The unit of sensitivity is nm/RIU.

C. Detection Limit

The detection limit, defined as the smallest detect-
able change of the refractive index, is proportional
to 1/(S x Q1) [22], where @ is the total quality fac-
tor of the sensor system defined as the ratio of the
resonant wavelength to the full width at half-maxi-
mum of the resonance. In practical applications of
the sensor, various noises can perturb the resonance
spectrum. In these cases, the accurate detection of
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well-fabricated and air-clad microsphere with a ra-
dius larger than 15 ym. The optical absorption loss
of the optical fiber grade glass is about 0.2 dB/km
at the wavelength of 1550 nm. This corresponds to
a very high absorption-limited @;, factor, on the
order of 10! [21]. In our case, the proposed sensor
utilizes the nanoporous zeolite coating as an inter-
mediate film to translate the molecule adsorption
to the refractive index change. This coated zeolite
film improves the sensitivity. But, unfortunately,
the zeolite film may impair the @;, factor due to
its possible large absorption loss of light. Considering
a microsphere (ay > 15 ym) coated with a defect-free
and smooth-surface film, the @;, factor is mainly
determined by the material absorption loss of the
microsphere and the film [25,26], which can be esti-
mated by

1 1
Qin n (Qin)h:O

+ 12 (12a)

1
(Qin)psn,

where (Qin);_o is the quality factor of the micro-
sphere before coating and (@jy )55, is the quality fac-
tor of the coated microsphere with the film thickness
lager than the threshold A, (discussed in detail in



Section 4). For a defect-free film with a smooth sur-
face, (Qin)nsn, = 27n/aqAr, Where a, is the optical
absorption loss of the film; ; and 7, denote the frac-
tions of light energy traveling in the microsphere and
the film, which can be calculated by

nZI
n = P} P} 5T
nils +n5l, +ngl
n?llcl (TE modes) (120)
= modes
" 02 2L, + nil, ’
I 1,
_ s I Y .
ML T, T T L, T, N medes)
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The sum of ; and 7, is nearly 1 because the fraction
of light energy in the surrounding medium is
negligible.

D. Other Main Performance Factors

In addition to high sensitivity and a small detection
limit, high coupling efficiency is also important for
accurate sensing, because it implies a deeper reso-
nant peak and a better signal-to-noise ratio. Two con-
ditions must be met to achieve the maximum (100%)
coupling efficiency: (i) the propagation constant of
the WGM is matched with the propagation constant
of the appropriate mode in the tapered fiber [27] and
(ii) the coupling distance is adjusted to meet Q., =
Q;in, which is commonly referred to as the case of cri-
tical coupling [23]. The FSR, defined as the difference
between two adjacent resonant wavelengths, is an-
other important parameter. A small FSR will impose
a limit on the dynamic range of the refractive index
measurement as it becomes difficult to differentiate
the corresponding order of the resonance peaks. A
small FSR also makes it hard to multiplex a number
of microspheres to form a sensor array. It was found
that the FSR is mainly determined by the size of the
microresonator [28]. Large resonators are preferred
for achieving high quality factors (thus an enhanced
detection limit), but they usually have a small FSR
(thus a small detection range). The trade-off between
the detection limit and the detection range should be
decided by the specific sensing requirements.

4. Results and Discussion

In the studied case, a silica microsphere of n, = 1.452
coated with a zeolite film is considered. The whole
device is assumed to be immersed in nitrogen with
a refractive index of ny = 1.0. Considering that iso-
propanol molecules are mixed with the nitrogen,
the zeolite film will adsorb the isopropanol mole-
cules, which leads to an increase in the refractive in-
dex. As found by Zhang et al., the refractive index n;
of zeolite increases from 1.336 in pure nitrogen to
1.402 in 5353 parts per million isopropanol vapor

in nitrogen [13]. The parameters that have a signifi-
cant impact on the sensitivity are the microsphere
radius a, and the zeolite film thickness h. Figure 2
shows the sensitivity for the WGMs of two polariza-
tions and v = 1 and 2 as a function of the zeolite film
thickness. The radius of the microsphere is ag =
25 ym, and the mode numbers / are chosen to have
a similar resonant wavelength, 1z = 1550 nm, which
corresponds to the center wavelength of the tapered
fiber operating wave band.

As shown in Fig. 2, the sensitivity increases with
the zeolite film thickness for the WGMs of v = 1, un-
til it reaches a threshold thickness A, above which
sensitivity reaches the highest value Syax. While,
there is an oscillation of the sensitivity changes for
the WGMs v = 2. The threshold thickness for the
modes of v = 2 is larger than that of v = 1. In Fig. 2,
ho = 3 um for the modes of v = 1, as compared with
ho = 4.5 ym for the modes of v =2. Figure 2 also
shows that the sensitivity changes are similar for
two polarizations, and Syax for the TE modes is
slightly larger than that of the TM modes. Figure 3
shows the sensitivity for the TE modes of v = 1 in mi-
crospheres of different radii. From Fig. 3, the sensi-
tivity of a larger sphere increases more slowly with
the thickness and its threshold thickness is larger.
The sensitivity can be increased by about 2 orders
of magnitudes if the microsphere is coated with a zeo-
lite film thicker than the threshold thickness. For
instance, at the microsphere radius of 25 ym, S in-
creases from Sy =15.17 nm/RIU at A =0 um to
Smax = 1138.60 nm/RIU at A = 3 ym, which pres-
ents an increase of about 75 times.

The sensitivity changes can be explained by the
electric field distributions along the radial direction
Ty(r). Figure 4 shows Ty(r) for TE modes ofv = 1 and
2, in the microsphere of ay =25 ym coated with
zeolite films of various thicknesses. All the curves
in Fig. 4 are normalized for comparison, and the
curves for the TM modes are similar to those for
the TE modes. At A = 0 um, the evanescent field in
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Fig. 2. Sensitivity of TE modes (solid curves) and TM modes
(dashed curves) of two orders (v = 1, 2) as a function of the zeolite
film thickness.
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the surrounding medium is the key to explain the re-
fractive index changes of the surrounding medium.
As shown in Fig. 4, the evanescent field is just a very
small part of the whole field, which implies a small
sensitivity. If the microsphere is coated with a zeolite
film, the electric field inside the zeolite film is the
main factor for sensitivity, because the refractive in-
dex change is transferred from the surroundings into
the zeolite film. For the modes of v = 1, with A in-
creasing from 0 ~ 3 ym, Ty(r) gradually shifts into
the zeolite film, which implies the increase of sensi-
tivity. If the zeolite film is thicker than 3 ym, most of
the electric field is inside the film, which corresponds
to the highest sensitivity. While for the modes of
v = 2, with A increasing, the electric field has a re-
bound from the zeolite film into the microsphere
(when h = 2-3 ym), which implies the oscillation of
sensitivity in Fig. 2.

After the sensitivity is determined, we can easily
calculate the wavelength shift by 61z =d6n xS.
Figure 5 shows 61 as a function of én for TE modes
of v =1, at ag = 25 um with zeolite films of various
thickness. The solid curves represent results by
8/ = 6n x S. Hence, the slopes of the lines are actu-
ally the sensitivity. The discrete spots represent the
actual values of 61y that are numerically calculated
based on the resonance conditions (1) and (2).
Figure 5 indicates that errors between the solid lines
and the actual values are very small and can be ig-
nored, regardless of the zeolite film thickness, if
én < 0.01. While for én > 0.01, the errors may be sig-
nificant when 0 < & < hy (hg =3 um at ag = 25 ym
in the example). This can be explained by the follow-
ing statements. The perturbation theory uses the
field distribution T4(r) before the refractive index
change to replace T'(r) after the change [9,10]. But
the refractive index change may have a significant
impact on the field distribution, as shown in Fig. 6.
If the microsphere is uncoated (A = 0), a refractive
index change of the surrounding medium has little

[ - 45 32 S o

0.00 0.01 0.02 0.03 004 005 0.06
Sn

Fig. 5. 64p as a function of 6n for TE modes ofv = 1 at ag = 25 ym

with various coating thicknesses. The lines represent 51z = én x S.

The discrete spots represent the actual values of 545 calculated by
Egs. (1) and (2).
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impact on the field distribution (top curve in Fig. 6).
While, if the microsphere is coated with a zeolite film
(0 < h < hy), the refractive index change of the zeo-
lite film has a significant impact on the field distri-
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bution. Thus, in these cases, the actual sensitivity
changes with the refractive index of the zeolite film.
Figure 6 also shows that if 2 > h, the field distribu-
tion remains almost unchanged even at én = 0.06,
and, therefore, the sensitivity is almost a constant.
In other words, the zeolite-coated microsphere has
a linear sensing characteristic in a much greater
range of refractive index changes if the coating thick-
ness is larger than the threshold value.

The aforementioned analysis demonstrates that
the sensitivity of the proposed sensor increases with
the electric field (thus the light energy) in the zeolite
film. But, as the fraction of light energy in the film
increases, the @;, factor may be significantly de-
creased due to the possible significant light loss in
the film, which eventually leads to the impairment
of the detection limit. Especially when the light en-
ergy is mostly distributed in the film, the @;, factor
reaches the minimum value, which is almost comple-
tely determined by the film absorption loss (i.e.,
Qin = 27ny/a Ag). Figure 7 shows Q;, as a function
of h by calculating Eq. (12), for the WGMs of v =1
and 2 in a zeolite-coated silica microsphere of ay =
25 ym, at Az = 1550 nm. The quality factor of the mi-
crosphere before zeolite coating is taken to be about
10° [25], and a is assumed to be 0.05, 0.5, 5, and
50 dB/m, which corresponds to (Qin)ss. = 108, 107,
10%, and 105, respectively. From Fig. 7, the intrinsic
quality factor decreases with the film thickness for
the WGMs of v = 1, which is significant for a large
optical absorption loss of the film. While for the
WGMs of v = 2, there is an increase of the intrinsic
quality factor when h =2~ 3 ym. When the film
thickness exceeds the threshold A, the light energy
is almost completely confined in the film (thus
ng = 1), and the @;, factor reaches the minimum val-
ue, (Qin)psn,- Considering the critical coupling (thus,
Q.x = Q;,) between the tapered fiber and the zeolite-
coated microsphere, the total quality factor is
Qiot = Qin/2. Figure 8 shows S x @ as a function
of h, which is inversely proportional to the detection
limit. Figure 8 illustrates that a larger S x @y, i.e.,
the smaller detection limit, occurs at a smaller opti-
cal absorption loss of the film. For example, S x Q.
decreases quickly to ~0.6 and ~0.06 m with the film
thickness increasing, at a,; = 5 and 50 dB/m. While,
S x @y, basically increases with A to a much larger
value at a,; = 0.05 dB/m. So it is important to ensure
a relatively small optical absorption loss of the film
for a small detection limit.

The optical absorption loss of zeolite films is influ-
enced by many factors, such as the zeolite structure
type, coating uniformity, crystal sizes, and molecular
species adsorbed in the zeolite pores. To date, a num-
ber of zeolites (e.g., LAU, FAU, and MFI) have been
successfully grown into continuous films on sub-
strates of different materials and various geometries.
But, as a result of the polycrystalline nature of zeo-
lite films and the current lack of suitable optical mod-
els, there have been no quantitative studies reported
on the optical absorption loss of zeolite films in the
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near-IR region (~1550 nm). Further experiments
can be conducted to study the optical attenuation
properties of zeolite films through the WGMs excited
in zeolite-coated microspheres and the approximate
model based on Eq. (12).

5. Conclusions

This study proposes a chemical sensor based on a
zeolite-coated microsphere. A numerical model is de-
rived to calculate the sensitivity. Based on the nu-
merical model, the influence of the zeolite film is
investigated, which shows that the sensitivity can
be increased by nearly 2 orders of magnitudes if
the microsphere is coated with a zeolite film. It is also
demonstrated that the zeolite-coated microsphere
has a linear sensing characteristic in a wide range
of refractive index changes if the coating thickness
is larger than a threshold value that increases with
the sphere radius. The possible influences of a zeolite
coating on the quality factor and detection limit are
also discussed by an approximate model. The predic-
tions by our models can effectively guide the selec-
tion of various parameters for the fabrication and
application of the proposed sensor.

6470 APPLIED OPTICS / Vol. 49, No. 33 / 20 November 2010

In our future work, the optical absorption loss of
zeolite films will be experimentally investigated in
detail for a number of zeolite types, based on the plat-
form of the proposed device and models in this study.
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