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a  b  s  t  r  a  c  t

Fluorescent  core  microcapillary  (FCM)  structures  present  an  alternative  to optofluidic  ring  resonators
for  refractometric  or biosensing  applications.  Instead  of a thin-walled  capillary  that  needs  to be  probed
with  a tuneable  laser,  FCMs  are  comprised  of  a fluorescent  coating  deposited  on  the  channel  walls  of
a  microcapillary.  The  high  refractive  index  of  the  coating  serves  to  confine  the  fluorescence  and  leads
to  the development  of whispering  gallery  modes  (WGMs)  whose  field  profile  extends  into  the  capillary
channel.  This  work  first  investigates  theoretically  the  conditions  required  to optimize  the  refractometric
eywords:
hispering gallery modes

ensing
icrocapillary
uantum dots
icrocavity

sensitivity  of  these  structures.  The  optimal  fluorescent  coating  thickness  ultimately  represents  a  trade-off
between  sensitivity  and  the  mode  Q factors.  We  then  use  a spectral–spatial  mapping  method  to  obtain
WGM  information  along  the length  of a capillary  with  variable  film  thickness.  The maps  agreed  well  with
the  theoretical  predictions  with  one  main  exception:  the  experimental  sensitivities  were  higher  than  the
predicted  values  for  some  modes,  possibly  owing  to interference  modulation  effects.
ensitivity

. Introduction

Capillary-based devices have numerous existing and develop-
ng sensor applications [1]. In one example, capillaries can be used
n microfluidic arrangements to sense local changes of the refrac-
ive index of liquid analytes in microfluidic devices [2–5]. In the
efractometric mode, a capillary sensor measures only the change
n the local index of refraction of the fluid in the channel; whereas
n the biosensing mode, the channel surfaces must be chemi-
ally pre-treated or functionalized to bind target biomolecules.
any applications have been explored, including disease detec-

ion [6], pesticide sensing [7], protein detection [8], and capillary
lectrophoresis [9]. Furthermore, microcapillary sensors can be
ompatible with dense, viscous fluids [10]. Capillary-based sen-
ors can be classified into two broad types: liquid-core optical ring
esonators (LCORRs) or fluorescent-core microcapillaries (FCMs).

The LCORR, or optofluidic ring resonator, is comprised of a
hin-walled glass capillary [4–7,9–11]. Light from a tunable laser
s confined by total internal reflection at the interface between

he outer wall and the outside air, leading to the development
f the cylindrical resonances known as whispering gallery modes
WGMs). Because the walls of the LCORR are thin (i.e., 1–5 �m),  a

Abbreviations: WGM,  whispering gallery mode; FCM, fluorescent core micro-
apillary; Q factor, quality factor.
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part of the electric field of the WGM  extends into the capillary chan-
nel, where it can interact with an analyte. This interaction causes
a shift of the resonance frequencies, which forms the fundamental
sensor transduction mechanism.

In contrast, the FCM makes use of a high-refractive-index
fluorescent layer that coats the capillary channel walls (Fig. 1)
[5,10,12–14]. The WGMs  develop because of the index contrast
between the fluorescent layer and the glass wall. In this case a
tunable laser is not needed, since the electric field is built up via
fluorescence in the coating, which can be excited with a diode laser
or LED. These devices are robust, but it is difficult to control the
thickness of the coating [5,14], which can affect the sensitivity of
the structure to analytes pumped into the channel region. Thus,
an objective of the present work was to perform a theoretical and
experimental analysis of the effects of the fluorescent coating thick-
ness on the sensitivity of the FCM structure. This can determine the
geometries (e.g., film thickness and capillary diameter) required for
optimal sensing performance.

2. Materials and methods

Microcapillaries with a fluorescent quantum dot layer coating
the channel were prepared using methods previously described
[15]. Briefly, capillaries from Polymicro Technology with a nom-

inally 30 ± 2 �m inner diameter were first heated for 45 min at
650 ◦C in flowing O2 to ash the polyamide jacket. Next, the capillar-
ies were filled with a solution of hydrogen silsesquioxane (HSQ)
dissolved in methyl isobutyl ketone (MIBK). The capillaries were

dx.doi.org/10.1016/j.snb.2013.09.029
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2013.09.029&domain=pdf
mailto:ameldrum@ualberta.ca
dx.doi.org/10.1016/j.snb.2013.09.029
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Fig. 1. Cross sectional diagram of the FCM structure, which consists of a high-index
fluorescent layer (n2) coated onto the channel wall of a glass capillary (n3). The
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In Eqs. (1)–(3), J and H1,2 are the cylindrical Bessel and Hankel
nalyte (n1) flows within the channel. The electric field profile of a WGM  resonance
s  represented schematically by the black line.

hen annealed in a two-step procedure: 3 h at 300 ◦C to evaporate
he MIBK, and a subsequent hour at 1100 ◦C to cause the remaining
SQ to separate into a coating consisting of fluorescent silicon
uantum dots embedded in a silica film. Some of the fluorescent
apillaries formed with this method contain films that have vary-
ng thickness along the length of the capillary. A single capillary
howing considerable variation in film thickness along its length
as chosen for these experiments.

An approximately 4-cm-long capillary was supported such that
t extended over a microscope objective. The ends of the capillary

ere glued to Teflon tubing (using Norland #76 adhesive) and a
yringe pump was used to inject fluids into the tube. The fluo-
escence was excited using a 445-nm diode laser incident on the
apillary via free space, focused to a spot size on the capillary of
everal hundred �m2. The fluorescence was collected through the
bjective (Fig. 2) and sent to an SGS imaging spectrometer from the
anta Barbara Instruments Group. In this instrument, first optic is a
irror with a 100-�m entrance slit located in the center. One cam-

ra (the “tracking CCD”) is aligned to accept images reflected from
he mirror (which will contain a dark image of the slit superim-
osed on the microscope image). Light that passes through the slit
nters the spectrograph part of the instrument and the spectrum is
ecorded by a second imaging CCD.

The capillary was carefully rotated so that its axis would be par-
llel to the spectrometer entrance slit, as observed on the tracking
mage (see Fig. 2). This orientation permits a spectral map  to be
btained along the length of the capillary; the resulting spectral
ap  has wavelength on the horizontal axis and distance (parallel

o the capillary length) on the vertical one. Initially, the capil-
ary tended to settle or drift slightly in its mounting, a tendency
hat caused some difficulty in obtaining data from the identical
egion of the capillary over long time periods. This behavior was

inimized by mounting the capillary firmly using a low-melting-

emperature wax and waiting for several hours before starting data
ollection.

Fig. 2. Diagram illustrating th
rs B 190 (2014) 752– 759 753

In order to measure the refractometric sensitivity, deionized
water and then ethanol were pumped into the channel while flu-
orescence spectra were being collected. The collection time was
20 s per spectrum. Dispersion effects are quite small over the wave-
length range of 790–850 nm over which the spectra were collected,
so we used fixed values of nwater = 1.329 and nethanol = 1.357 to esti-
mate the experimental sensitivity. All spectra were calibrated for
wavelength and intensity, by using an HgAr calibration lamp and a
blackbody source (the LS1 from Ocean Optics), respectively.

3. Basic theory

We use the work of Teraoka and Arnold [16,17] as the starting
point for understanding layered capillary structures. Their work
showed how the refractometric sensitivity of a layered sphere can
be controlled by film thickness. One of the most interesting results
was that there was an optimal film thickness at which the sensitiv-
ity of a layered microsphere reaches a maximum. Essentially, when
the high-index coating is very thin, it tends to “pull” the electric field
from the inside toward the sphere surface and allows a greater frac-
tion to extend outward into the analyte, increasing the sensitivity.
However, as the high-index layer is made thicker, the evanescent
field in the analyte also begins to contract inward toward the film
and the sensitivity is reduced. Lin et al. subsequently extended the
work toward a sensitivity and temperature analysis of the LCORR
structure [18], and Franchimon et al. examined the WGM  frequency
shifts induced by nearby waveguides or fiber tapers [19].

Here, we follow the work of Teraoka and Arnold [16,17],
extending it toward capillary structures with an absorbing layer.
Accordingly, for a capillary with a single channel layer, the electric
field profile can be written as:

Ez(r) = Z

⎧⎪⎨
⎪⎩

AJl(n1k0r), r ≤ a − t

BH2
l

(n2k0r) + CH1
l

(n2k0r), a − t < r ≤ a

DH1
l

(n3k0r), r > a

⎫⎪⎬
⎪⎭

(1)

where a is the inner radius of the capillary, t is the film thick-
ness, and Z is a proportionality constant. Applying the appropriate
boundary conditions leads to the following two  equations for the
transverse electric (TE) and transverse magnetic (TM) polariza-
tions:

TE :
n3H1′

l
(n3k0a)

n2H1
l

(n3k0a)
= (Bl/Cl)H2′

l
(n2k0a) + H1′

l
(n2k0a)

(Bl/Cl)H2
l

(n2k0a) + H1
l

(n2k0a)
(2)

TM :
n2H1′

l
(n3k0a)

n3H1
l

(n3k0a)
= (Bl/Cl)H2′

l
(n2k0a) + H1′

l
(n2k0a)

(Bl/Cl)H2
l

(n2k0a) + H1
l

(n2k0a)
(3)
l l
functions of order l, where l is the angular mode number of the
WGM,  defining the number of wavelengths that “fit” around the
capillary circumference. The prime indicates the radial derivative

e experimental setup.
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Fig. 3. Electric field amplitude profile of a second-order mode (n = 2, l = 195, TE polar-
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Fig. 4. First-order mode profiles (angular mode number l = 195) for different film
thicknesses, for a glass (n3 = 1.45) capillary of inner radius 15 �m, with water in
the  channel (n1 = 1.33). The coating thicknesses correspond to 0.2, 0.4, 0.6, 0.8, and
1.0  �m, and the refractive index is 1.67. The resonance wavelength for these modes
zation) of a capillary with a radius of 15 �m and a film thickness of 0.8 �m.  The
oating is bounded by the vertical gray lines. This is an example of a low-Q mode
Q  = 430), as evidenced by the large evanescent extension.

f the function, as usual. The polarizations are defined with respect
o the WGM  plane, so that E (TE) and H (TM) are parallel to the
apillary axis. The ratios Bl/Cl are given by:

Bl

Cl

)
TE

= n2Jl(n1k0z)H1′
l

(n2kz)  − n1J′
l
(n1k0z)H1

l
(n2k0z)

−n2Jl(n1k0z)H2′
l

(n2kz)  + n1J′
l
(n1k0z)H2

l
(n2k0z)

(4)

Bl

Cl

)
TM

= n1Jl(n1k0z)H1′
l

(n2kz)  − n2J′
l
(n1k0z)H1

l
(n2k0z)

−n1Jl(n1k0z))H2′
l

(n2kz)  + n2J′
l
(n1k0z)H2

l
(n2k0z)

(5)

Eqs. (2) and (3) have an infinite number of roots, k0, correspond-
ng to the radial mode orders with complex wavevectors k0,1, k0,2,
0,3. . ..  Here, we will only examine the three lowest-order solutions
orresponding to the cases where 1–3 intensity maxima extend in
he radial direction. An example result is shown in Fig. 3, in which
he field profile is shown for an n = 2 mode. As we will show below,
he first-order solutions are the dominant ones experimentally in
CM structures; for n ≥ 2, the modes tend to be lossy and usually
o not appear in experiment.

We will assume that the capillary wall is lossless, but examine
he effects of absorption-related losses in the fluorescent layer and
n the analyte, by numerically finding the complex roots of Eqs. (2)
nd (3). The solutions give a resonance wavelength (�0 = 2�/Re[k])
nd Q-factor (Q = Re[k]/2Im[k]), as is well known (e.g., Ref. [18]). The
efractometric sensitivity d�/dn1 can be calculated by integration
17,18], although in an FCM structure the relatively low index con-
rast between the film and the glass wall can lead to open resonator
ssues with the integration limits, similar in a sense to the case for

ode volume calculations [20]. Here, we simply find the solutions
o Eqs. (2) and (3) over a narrow range of refractive index in the
ore, and calculate ��/�n1 over this range. This method is reason-
bly accurate, as the sensitivity is virtually constant over a narrow
ange of n1.

The detection limit, D, depends on the sensitivity and the resolu-
ion, R, of the spectrometer system: D = R/S, in refractive index units.

 is the minimum WGM  wavelength shift detectable by the spec-
rometer, typically within a 3� level of certainty. A high Q factor was
enerally thought necessary for a good resolution [21]; however, a
omplete consideration showed that high Q factors are not strictly
ecessary, especially if the resonances are periodic [22]. An impor-
ant question here is to determine whether there is an optimal
uorescent coating thickness for the case of a capillary structure.

. Results and discussion
.1. WGM  field calculations

The calculated electric field profiles for the first-order radial
odes are shown as a function of film thickness in Fig. 4. The layer

is  close to 770 nm.
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Fig. 5. Resonance wavelength, Q factor, and sensitivity for the first-order l = 165,
180, and 195 WGMs,  as a function of layer thickness. In the center plot, the l = 180
S. Lane et al. / Sensors and A

ndex was assumed to be 1.67, in agreement with ellipsometry
esults for a flat quantum-dot film made by similar methods [5]. For
he thinnest films, much of the mode extends into the glass capil-
ary, although a fraction remains in the analyte. As the film becomes
hicker, the mode is “concentrated” into the film region from both
ides. The TM mode profiles (not shown) evolved similarly.

When the fluorescent film is very thin, increasing its thickness
eads to a nearly exponential increase in the radiation-limited Q
actor (Fig. 5(b)), similar to what happens for microspheres [23],
s well as a decrease in the sensitivity (Fig. 5(c)). However, as the
lm becomes thicker, the Q factor tends to saturate. Once the mode
eld profile is completely inside the coating there is little further
ffect to increasing the thickness. The sensitivity of the first-order
odes in FCM structures decreases monotonically over the cal-

ulated range of t (Fig. 5(c)). For film thicknesses below ∼0.2 �m,
he Q factor becomes extremely low (i.e., <100), and for such thin
oatings the finesse is so low that the FCMs may  be impractical
or refractometric sensing. Calculations also showed that the TM-
olarized modes are more sensitive to refractive index changes in
he analyte than are the TE-polarized ones, and have slightly lower

 factors.
In the case of thin-walled LCORRs, the higher-order radial modes

resent an excellent option for improving the sensitivity [10,24].
or the FCM structures investigated here, the situation is some-
hat different. Essentially, the higher index of the wall material

compared to air in the case of LCORRs) gives the second-order
adial modes a larger amplitude in the glass capillary wall (Fig. 6),
imilar to the behavior of an evanescent field of a bound waveg-
ide mode. This implies that these modes will be much lossier
han the first-order case. Thus, although the second-order modes
o extend farther into the analyte for a 1-�m-thick film, the field
rofiles suggest that they are only weakly confining and would
hus be difficult to observe in a fluorescence spectrum – in other
ords, FCMs are “single moded” [14], at least as long as the chan-
el fluid index is not too high [10]. Furthermore, unlike the LCORR,

n which a significant fraction of the field can extend into the
nalyte if the capillary walls are very thin, a relatively smaller
raction of the field extends into the FCM channel region for all
oating thicknesses (essentially the WGM  field profile is skewed
n a manner that depends on the refractive indices of the three
ayers).

The Q factors and sensitivities of the first three radial modes are
ompared in Fig. 7. The higher-order radial modes always have a
reater sensitivity, although the Q factors are orders of magnitude
maller. Thus, despite the higher sensitivity, the n = 2,3 modes will
robably not be observable in a typical fluorescence spectrum, with

 relatively low-index fluid such as water or ethanol in the capillary
hannel.

Fluorescent coatings may  have non-negligible absorption at the
mission wavelengths. In the case of the Si–QD films used in this
ork, the extinction coefficient was measured by ellipsometry to be

 = 0.0006 at wavelengths near 800 nm.  While the structure of a flat
D film may  be slightly different than it would be in a capillary, we
ssumed this value for the channel coating. Absorption losses do not
ignificantly affect the resonance wavelength or the sensitivity, but
hey do of course limit the ultimate Q factor achievable in an FCM
evice (Fig. 8). For � = 6 × 10−4, the Q factor for both polarizations
aturates at around 1500 when the film thickness reaches approx-
mately 300 nm (TE) or 400 nm (TM). This result will be compared

ith the experimental values shortly.
The effect of analyte absorption on the WGMs  may  offer an

lternative transduction mechanism for sensing [25]. The total Q

actor is simply given by 1/Qtotal = 1/Qrad + 1/Qabs + ..., where Qrad
s the radiation limited Q factor and Qabs incorporates material-
elated losses such as absorption. Thus, material losses can be a
ominant effect for some structures, especially for an FCM where
mode occurs between the other two, but is not labeled. Solid red lines indicate TE,
and  dashed blue lines indicate TM polarization.

the fluorescent layer is absorbing. In order to investigate this fur-
ther, the Q factors were calculated as a function of film thickness,
for different values of the analyte extinction coefficient (Fig. 9).
There are essentially three regimes, which depend on coating thick-

ness. For coatings thinner than 300–400 nm,  the Q factors increase
almost exponentially. In this regime, increasing the coating thick-
ness greatly enhances modal confinement and reduces the fraction
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Fig. 6. Second-order mode profiles (angular mode number l = 195) for different film
thicknesses, for a glass (n3 = 1.45) capillary of inner radius 15 �m, with water in the
channel. The coating thicknesses are 0.6, 0.8, and 1.0 �m and the refractive index is
1.67. The peak wavelength for these modes is close to 705 nm. For the 600 �m film,
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WGMs  were cropped from the spectrum and fit with a modified
skewed Lorentzian function [22,26] given by
he  Q factor is only ∼60.

f the mode within the absorbing analyte. In the second regime, for
oating thicknesses between about 0.4 and 1.5 �m,  the Q factors
ncrease at a slower rate. In this regime, the main effect of increas-
ng coating thickness is to decrease exposure of the mode field to
he absorbing analyte. Finally, at a thickness about ∼1.5 �m,  the
ffect of further thickening the coating becomes negligible, since
here is essentially no longer any extension of the mode field into
he analyte.

Of course, a real sample may  have absorption both in the fluo-
escent coating and in the analyte. In that case, the effect of analyte
bsorption is smaller (in terms of a change in the Q factor). Thus,
sing the change in Q due to analyte absorption as a sensing mech-
nism in FCMs would likely be difficult to achieve, requiring thin
oatings and/or very low absorption in the QD layer.

.2. Comparison with experiment

A representative capillary and the corresponding TM polarized
GM spectrum is shown in Fig. 10. The QD film appears as a bright

ine along the channel walls. Tracking a single bright band vertically
long the image shows how that particular mode shifts in wave-
ength along the capillary due to changes in the film thickness. In
he thicker-coating regions, the spectral map  shows more detailed,

atterned mode structure (Fig. 10, inset).

The WGMs  are clear and well-formed in both polarizations, and
re characterized by a free spectral range (FSR) of 3.6–4.0 nm,  a vis-
bility up to 0.4, and a finesse as high as 8.0 (Fig. 11). The modes tend
Fig. 7. A comparison of the resonance wavelength, Q factor, and sensitivity for the
first  three radial orders (l = 195, TM polarization).

to be highly asymmetrical and are skewed to shorter wavelengths.
Thus, in order to estimate the resonance wavelengths, individual
P(�) = 2A/��(�)

[1 + 4(� − �0/�(�))2]
(6)
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Fig. 8. Resonance Q factor for the first-order l = 190 WGM,  as a function of absorbing
layer thickness. The extinction coefficient steps in units of 0.0002. Solid red lines
indicate TE, and dashed blue lines indicate TM polarization. The inset shows the
Q-factor at saturation, as a function of extinction coefficient for a 2 �m thick coating.

Fig. 9. Resonance Q factor for the first-order l = 190 WGM,  as a function of analyte
absorption. Solid red lines indicate TE, and dashed blue lines indicate TM polariza-
tion.

Fig. 10. Fluorescence spatial–spectral map  (left) of a section of microcapillary and
its  corresponding TM spectrum. The inset shows finer mode structure in the thick
region. The right side shows a fluorescence image of the capillary channel with the
position scale approximately aligned to the spectral map.

Fig. 11. TE (a) and TM (b) polarized fluorescence spectra for thin (black lines) and
thick (green lines) films on the microcapillary, with water in the channel. Data is
offset for clarity. The inset in (a) shows the experimental l = 206 TM mode for the

thin film on the microcapillary fit with the modified skewed Lorentzian function (Eq.
(6)). The sidebar (c–f) illustrates the agreement between experiment (data points)
and  theory (line) for films with a thickness of 695 nm (thin) and 930 nm (thick).

Here, �0 is the central wavelength, A is a normalizing factor, and
the peak width � describes the wavelength-dependence width:

�(�) = (1 + B)�0

1 + Bea(�−�0)
(7)

Eq. (6) provides an excellent fit to the data (see Fig. 11(a), inset)
and permits one to find the peak position more accurately than
simply by visual estimation, although this equation does not have
a specific physical meaning with respect to the WGMs.

The film thickness at any location in the capillary was estimated
by modeling the peak positions of the experimental WGM  spectra
using Eqs. (2) and (3), and solving for the capillary radius and film
thickness that matched the experimental observations. The results
are shown in the sidebar of Fig. 11, for two regions of the FCM
with water in the channel. The agreement between theory and
experiment is excellent for coating thicknesses of 695 nm (thin
region) and 930 nm (thick region), for both polarizations and for
both fluids in the channel (water and ethanol), with a capillary
radius of 17.2 �m,  which is close to but somewhat outside the
nominally 15 ± 1 �m radius of these capillaries according to the
manufacturer [27].

The mode skewing is due to a set of spiraling modes trav-
eling with a component of the wavevector along the capillary
axis [28,29]. The data show that for thinner films, the WGMs
are broadly skewed to shorter wavelengths, but no individual
spiraling modes can be observed. For thicker films, the spiraling
modes become better resolved into a set of small peaks on the
short-wavelength side of the main one (Fig. 12). These modes are
not simply higher-order radial modes, since they do not follow the
expected spectral positions, Q factors, or sensitivity for different
fluids in the capillary channel (instead, they simply tend to closely
follow the main WGM).  Similar spiral mode effects have been
seen previously in an LCORR structure [3], in which the spiral
modes were sometimes resolvable (similar to Fig. 12: thick film) or
otherwise appeared as a broad, short-wavelength skewing, more
like the thin-coating spectra presented here. This skewing makes

the measured Q factors for the peaks shown in Fig. 12 lower than
the theoretical ones for thinner coatings. When the main WGM
becomes clearly separate from the adjacent set of spiral modes,
however, the Q factor was  measured to be ∼1450. This is in close
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Fig. 12. The experimental l = 206 TM mode for different coating thicknesses. The
data has been offset for clarity. The top inset shows the spectral map from which
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he  measurements were taken, with the line profiles color-coded to match the
ain spectra. The WGM  Q factor appears to increase as the skew modes become

ncreasingly well resolved for the thicker-coatings.

greement with the theoretical value shown in Fig. 8 for a film
ith � = 6 × 10−4 (keeping in mind that the calculations described

arlier do not model wave propagation along the cylinder axis).
The experimental and theoretical sensitivities are shown for two

ifferent film thicknesses in Fig. 13. The TM modes were always
ore sensitive, in agreement with theory. One surprising result in

he experimental data is the appearance of an oscillation in the sen-
itivity of adjacent angular modes in some cases (this is especially
oticeable for the “TM thin” data set). One set of alternating angu-

ar modes has sensitivities that agree well with theory, while the
ther set is much more sensitive. Similar effects were observed to

ome degree in several of the other spectra as well. In some cases,
he alternating sensitivity pattern is not observable (i.e., TE thick)
ut all of the modes are more sensitive than expected.

ig. 13. Measured (blue) and calculated (red) sensitivities as a function of angu-
ar  mode number, for FCMs with a thin (695 nm)  or thick (930 nm) QD coating.
ote the variation in the sensitivities of alternating angular modes that is especially
pparent in the thin film TM case. The theoretical sensitivity closely matches the
ower-sensitivity group of modes. In the other cases, this alternating behavior is not
s  clear, and but all the modes are more sensitive to changes in the core index than
ould be predicted by theory. Error bars were calculated from the uncertainty in

he peak fitting procedure for each WGM.
ors B 190 (2014) 752– 759

While a full study of the enhanced sensitivity effect is outside
the scope of this work, we hypothesize that the periodic oscillations
observed in Fig. 13 (which, in fact, correspond with intensity oscil-
lations in some spectra in Fig. 11) can arise from an interference
modulation effect. Fabry–Perot (F–P) type resonances in the film
[30] could couple to the WGMs,  but can be ruled out on account
of the very large FSR for F–P resonances in the QD coating. Interior
resonances of the capillary channel could also couple to the main
WGMs,  but these would have very low Q factors associated with
lossy external reflections at the channel-coating interface. On the
other hand, outer “wall interferences” similar to those reported in
Ref. [31] could be important in the present case also.

Capillary wall interferences are caused by external reflection of
a portion of the emitted fluorescence at the interface between the
capillary wall and the outside air. Knight et al. [31] used a simple ray
picture to describe the condition required for the wall reflections
to interfere constructively with the core WGMs.  Following their
method, we  find that there is nearly a 5:2 ratio for the resonance
periods of the wall reflections and the core WGMs, respectively, for
an outer capillary radius of 156 �m,  in close agreement with the
thickness measured for the same capillary with the jacket removed.
This suggests the possibility that interference from wall reflections
could cause the modulations observed in the peaks heights and
sensitivity for alternating WGMs.

A complete investigation of this effect is outside the scope of
the present work; here, we simply find that whenever a WGM
moves from constructive to destructive interference with the cal-
culated wall reflections (or vice versa) when the analyte in the
channel changes, the sensitivity is higher than predicted for that
mode. Analysis of the WGM  spectra showed that this occurred for
all the resonances in the thick film case (“high” peaks changed to
“low” peaks, and vice versa, on changing from water to ethanol in
the channel) so they are all “too sensitive”, but for only one set of
alternating angular resonances in the thin film case. If correct, this
hypothesis implies that, by optimizing the capillary wall radius for
a given structure, these interference modulations could in princi-
ple be used to improve the sensitivity of FCM structures beyond the
values predicted from Eqs. (2) and (3).

5. Conclusion

In the first part of this work, we mapped the predicted behav-
ior of the wavelength, Q factor, and sensitivity over a wide range
of coating thicknesses, for FCM-type refractometric sensors. Unlike
the case for a microsphere, these structures have no optimum coat-
ing thickness required to achieve the highest sensitivity. Instead,
thinner films are always better, at least until the Q factor degrades
to the point at which the WGMs  become difficult to resolve. The
TM-polarized WGMs  are also predicted to always have a higher
sensitivity than the TE case. For thicker coatings, the Q factors sat-
urate at values depending on the losses in the fluorescent film.
These results were in agreement with experiment, for an FCM in
which silicon QDs were used as the high-index fluorescent coating
layer.

By imaging the luminescence spectrum along the length of a
capillary, a complete map  of WGM  spectral information can be
obtained as a function of varying QD-coating thickness along the
capillary length. This method can permit more information to be
obtained than does the method used previously [5,10], but it was
found to be very sensitive to sample drift. The WGM  spatial–spectra
map  showed considerable structure, featuring the development
of spiraling modes that appeared on the short-wavelength tail of

the main WGMs.  These modes were always better resolved when
the coating was thicker. Finally, many of the individual WGMs
were more sensitive than predicted theoretically, reaching values
of ∼20 nm/RIU for the first-order TM WGMs  for a coating thickness
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f 695 nm.  This could be due to an interference modulation associ-
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