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Abstract
A simple three-step method for making silica hollow bottle resonators (HBRs) was developed.
This procedure is advantageous because it uses commercially available materials, is cost
effective, and is easy to implement. Additionally, the use of these HBRs as whispering gallery
mode based chemical sensors is demonstrated by preliminary absorption sensing results in the
near infrared (1580–1660 nm) using a trace gas (CH4) in air at atmospheric pressure and a dye
(SDA2072) in methanol solution.

Keywords: silica resonator fabrication, whispering-gallery modes, hollow microresonators,
chemical sensors

1. Introduction

Gas and liquid sensing in the near infrared (NIR) is extremely
important for the analysis of various chemical species in
industrial settings and in the life sciences. Some sensing
technologies in the NIR make use of passive optical resona-
tors probed over a range of tens of GHz using a frequency-
scanned tunable laser. In particular, silica-based whispering
gallery mode (WGM) resonators such as microspheres have
been widely used in chemical sensing for more than a decade.
The work presented herein develops another type of silica
WGM chemical sensor.

Here we describe a method for the fabrication of a hollow
bottle resonator (HBR) that is not only simpler than some
earlier schemes but also partially automated; in addition, we
give some preliminary examples of its use in chemical
absorption sensing via a technique that is new for hollow
resonators. The HBR is made by etching a silica capillary to
reduce its wall thickness, then heating while pressurizing to
form a bulge that will provide axial confinement of its
WGMs, which are excited via tapered-fiber coupling. The
HBR is thus a hybrid of the capillary-based optical ring

resonator [1–6] and the bottle microresonator [7–12]. The
result is sometimes called an HBR [13–19] and sometimes a
‘bubble’ microresonator [17–31], roughly depending on
whether the bulge diameter is slightly or significantly greater
than the original diameter of the capillary.

As a sensor, the HBR takes advantage of intracavity
enhancement (because it is a microresonator), and in addition
it combines the advantages of capillary-based optical ring
resonators (because it is hollow) and whispering-gallery bottle
resonators (because of the bottle shape). Capillary-based
optical ring resonators [1–6] are advantageous because they
permit internal sensing, which means that much smaller
volumes of analyte are required, and it is easy to incorporate
the sensor into microfluidic and/or chromatographic systems.
Bottle resonators [7–12] provide the benefits of high quality
factor (Q), tunability (by stretching), axial mode confinement,
and mode selectivity (e.g., by positioning the coupling fiber).
The HBR [13–31], then, has all of these positive attributes,
and can be used in any application where a capillary-based
sensor could, while providing significantly enhanced sensi-
tivity owing to the HBR’s one- to two-order-of-magnitude
higher Q. The internal sensitivities found here are several
times better than the external sensitivities demonstrated earlier
with solid microresonators [32–35].
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2. HBR Fabrication

The method that gave the best results in terms of obtaining a
small wall thickness (<10 μm) in a silica HBR of high optical
quality is an original variation on the pioneering work of
Murugan et al [14] and Henze et al [24]. Unlike previous
approaches, our method is simple and cost effective in that it
does not use a CO2 laser [15, 20, 22–25, 29] or arc discharge
[14, 16, 18, 19, 31] with in-house produced capillaries, but
rather commercial silica capillaries and a H2/O2 jeweler’s
torch. The fabrication procedure follows this sequence: after
HF etching to reduce the wall thickness, and removal of the
capillary’s polyimide coating by hot sulfuric acid, the
uncoated middle section of the capillary is uniformly heated
using a hydrogen–oxygen torch and compressed air is intro-
duced into the sealed capillary channel. The softened region
of the capillary then expands, forming a bulge whose size and
shape is determined by the compressed air pressure, flame
size, and flame temperature.

2.1. Step 1—Etching

The commercial silica capillaries used for making HBRs were
produced by Polymicro TechnologiesTM. Two types of
polyimide-coated capillaries were chosen for their relatively
thin walls: TSP700850™ (802 μm silica outer diameter,
51 μm silica wall thickness, 24 μm polyimide coating thick-
ness) and TSP250350™ (324 μm silica outer diameter, 37 μm
silica wall thickness, 18 μm polyimide coating thickness).
The small silica wall thickness reduces the required etch-
ing time.

Aqueous HF was used for etching, since the handling of
HF vapors, which is a procedure specific to dry etching [36],
requires expensive safeguards and sophisticated hardware.
The etching solution that was used consisted of equal
volumes of aqueous HF (48%—Sigma Aldrich) and metha-
nol. The HF–methanol solution allowed for uniform and
consistent etching. Preliminary results showed that etching
with aqueous HF alone had two important drawbacks: a high
etching rate that is not easily adjustable, and a highly irregular
etched surface. Adding methanol greatly improves the out-
come in that the etched inner surface is smooth well into the
sub-μm range, and the etching rate is decreased and more
easily controlled.

A schematic of the etching apparatus is shown in
figure 1. One or two capillaries (7 cm to 20 cm in length) are
epoxied into holes pierced near the bottoms of two plastic
cuvettes. Initially, 1 mL of HF/methanol solution is pipetted
into each cuvette (stage 1 of figure 1) and the cuvettes are
sealed using paraffinated paper and plastic caps. Etching is
performed by replenishing the HF solution inside the capil-
laries every 10 min, following the 20 s sequence shown in
figure 1. First, the HF mixture in one of the cuvettes is pushed
by compressed air through the capillaries (a syringe pump
feed is connected through an opening near the top of the first
cuvette) to produce the situation shown in stage 2. Then, after
allowing a few seconds for the solution to settle, the entire
volume in the second cuvette (2 mL) is run through the

capillaries into the first cuvette (stage 3), and after the solution
settles, 1 mL of the solution is returned to the second cuvette
so that at the end of the process (stage 4), the two plastic
containers contain equal volumes of HF solution. The total
etching time ranges from 4 to 6 h depending on the initial and
final wall thicknesses.

Although etching is the lengthiest part of the fabrication
process, this step is automated so as to require a minimal time
commitment from the operator. The task of HF circulation
through the capillaries is performed using a computer con-
trolled 60 cm3 syringe pump. The basis of this pump is a
linear stage driven by a bipolar stepper motor with USB-
based controller (Phidgets Inc.) operated by a LabVIEW
program. The 20 s duration of the sequence was chosen to
ensure a consistent average etching rate. The speed at which
HF is pushed back and forth in the capillaries strongly affects
this rate.

The average etching rate ranged from 115 to
125 nmmin−1; the lower value was typical for the larger-
diameter capillaries and the higher value was typical for the
smaller capillaries. Some variation in final wall thickness is
due to the fact that the initial wall thicknesses of the capil-
laries can vary over a range of 11 μm for TSP700850 and
6 μm for TSP250350. The final wall thickness, after creating
the bulge in Step 3, was estimated to be between 5 and 10 μm.
This estimate was made by using a simple optical microscope
with ∼5 μm resolution to observe the ends of etched capil-
laries and occasionally the cross section of a broken HBR.
Variations in the initial wall thickness and in the etching
process produced only a small dispersion in the desired final
wall thickness.

The good consistency of the etching rate would not be
possible without etching taking place in a very small volume.
Etching starts strongly as soon as fresh HF mixture is intro-
duced into the capillary. However, due to the small reaction
volume, the etching agent quickly becomes saturated with
dissolved silica crystals. This self-quenching process is
extremely important because it ensures that toward the end of
each 10 min etching cycle, the internal surface of the capillary

Figure 1. The sequence of events for HF circulation through the
capillaries. A single 20 s pumping cycle is repeated every 10 min,
following the sequence indicated in stages 1–4.
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becomes smoother; this smoothness improves further as the
HF mixture loses its efficiency late in the etching process.

2.2. Step 2—Coating removal

In order to create the HBR, the region in the middle of the
length of the etched capillary must undergo chemical treat-
ment in a hot (270 °C) H2SO4 bath for 15–20 min, so that a
small section (1.5 cm) of the 18–24 μm thick polyimide
coating can be removed. Immediately after the coating comes
off, methanol must be applied to the uncoated region in a few
vigorous short bursts. An additional short (5 min) hot acid
treatment using clean H2SO4 can be further applied to the
bare capillary in case the initial treatment does not fully
detach microscopic portions of the coating. Care must be
taken that the detached coating not disintegrate in the H2SO4

bath and render the solution cloudy-brown, thereby irrever-
sibly downgrading the optical quality of the uncoated
capillary.

2.3. Step 3—Heating and pressurization

After coating removal, the etched capillary is epoxied to the
two tines of a U-shaped metal holder (see figure 2) for con-
venient handling. One end of the etched capillary is sealed
using a small drop of epoxy, and the other end is connected to
a syringe feed for pressurization. The ensemble is then
mounted on the same rig that contains the hydrogen–oxygen
jeweler’s torch. The nozzle on the torch must have a shape
that will ensure uniform flame coverage around the silica
capillary. A modified crescent-shaped nozzle as shown in
figure 2, sonicated in a methanol bath for 10 min before every
usage, produced excellent results.

The syringe is operated manually, increasing the internal
air pressure by 150–800 Torr. As soon as a bulge of desired
size was formed the flame was quickly withdrawn and the
newly formed bottle resonator was left to cool down. For a
given final pressure, flame temperature (dictated by the oxy-
gen content), and capillary wall thickness, it was possible to
obtain silica HBRs of various lengths, wall thicknesses at the
point of maximum bulge diameter, and shapes (bottle or

bubble). Figure 3 shows a typical HBR obtained through this
method. The HBR is larger than typical solid bottle resonators
[7–12]; multiple identical HBRs are not necessary; and the
utility of the HBR does not depend on the precision of its
dimensions. For these reasons, no attempt was made to
achieve some arbitrary level of accuracy in the fabrication
process.

3. Preliminary sensing results

3.1. Methodology

Chemical sensing with the silica HBR is performed in a
manner similar to that used for chemical sensing using a silica
microsphere. As illustrated in figure 4, tunable and polariza-
tion-controlled laser light is injected into an optical fiber
whose tapered region permits excitation of the HBR’s WGMs
of either polarization family (TE or TM).

As the laser frequency scans through a WGM resonance,
the throughput shows a dip of Lorentzian profile whose width
is proportional to the total loss, intrinsic loss (predominantly
surface scattering) plus coupling loss. Interaction of the ana-
lyte with the evanescent component of a WGM results in a
change in the detected throughput signal. Because of the
HBR’s thin wall, some WGMs have internal evanescent
fields, allowing either external or internal sensing, as shown
in figure 5. The more advantageous internal sensing was used
for the results presented in the next subsection.

Figure 2. The positioning of the jeweler’s torch relative to the
support holding the etched capillary.

Figure 3.A hollow bottle resonator obtained by manual compression
of air inside the capillary.

Figure 4. Simplified schematic of a generic HBR chemical sensing
experiment. The gas cell may be used as a reference for trace gas
detection.
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Several microresonator-based sensing methods have
commonly been used [30, 37]. Interaction with the analyte
can change the effective refractive index of the WGM,
shifting its resonance frequency; this frequency (or wave-
length) shift is often used for detection, of nanoparticles [27],
of temperature [26], and for optomechanical chemical sensing
[15]. Frequency splitting in coupled resonators can also be
used, e.g., for biosensing [16]. In addition, absorption in the
analyte can effectively increase the intrinsic loss, leading to a
reduction in the measured Q of the WGM, and thus another
sensing method. Absorption can also be detected via obser-
vation of the subsequent fluorescence [28].

In contrast to these methods, the absorption sensing
technique used here makes use of the change in the relative
depth of the WGM resonance dip [32–35]. The dip depth
depends on the ratio of the two losses, and is maximum
(100%) when the intrinsic and coupling losses are equal—
critical coupling. If the WGM is undercoupled (intrinsic loss
greater), an increase in intrinsic loss due to analyte absorption
causes the dip to become shallower, whereas if the WGM is
overcoupled (coupling loss greater) the dip will become
deeper. Because it is the fractional depth that is measured by
comparing throughput on resonance to throughput off reso-
nance, the method is insensitive to laser power changes and
insensitive to frequency drifts. As will be shown below, this
technique of measuring change in dip depth [32] can be
significantly more sensitive than measuring change in Q (i.e.,
change in WGM linewidth). This method is demonstrated
here with preliminary results for the (internal) absorption
sensing of methane (CH4) in air and dye (SDA2072) in
methanol solution.

3.2. Results

The trace gas detection method uses molecular vibrational
overtone absorption lines in the 1580–1660 nm window. The
narrow absorption lines of the CH4 used here can affect
WGM characteristics only in very specific frequency regions,
of the order of a few GHz in width. The reference cell in
figure 4 aids in finding these absorption lines. Not shown in
figure 4 is the WGM strain-tuning apparatus that allows
WGMs to be shifted into and out of CH4 absorption lines by
piezoelectric control of lengthwise stretching of the HBR.

Also not shown in figure 4 is the gas handling and
pressure measurement system. Once the CH4/air mixture is
introduced into the system, CH4 absorption lines around
1650 nm are identified by detecting the power transmitted
through the 16.5 cm reference cell as the laser is frequency-
scanned over a range of 18 GHz.

A preliminary result demonstrating the potential of HBRs
for use as (internal) gas sensors is presented here. An
experiment was performed using a silica HBR, similar to the
one in figure 3 but with a central wall thickness smaller than
5 μm. The variation in the dip depth of the WGM in figure 6
shows that detection thresholds substantially lower than 0.1%
(partial pressure) can easily be obtained with a thin-walled
resonator around 1640 nm.

The fractional dip depth of the overcoupled sensing
WGM in figure 6 increases from Mi=0.317 at wavelengths
longer than that of the main CH4 absorption resonance (top
trace) to M=0.503 on resonance, a change of 59%. The dip
depth depends on the ratio x=κ2/αL of tapered-fiber cou-
pling loss per round trip to other loss per round trip (L is the

Figure 5. Sensing principle for external and internal WGM-based
sensing. (a) Schematic of HBR with length L, equatorial radius a,
and wall thickness t. The region in the dashed box is rotated and
expanded in the following parts of the figure. (b) Fundamental radial
mode with external evanescent fraction only. (c) External and (d)
internal evanescent sensing, using a higher-radial-order mode having
both external and internal evanescent fractions to interact with
external and internal analytes, respectively.

Figure 6. WGM affected by CH4 absorption lines around 1641.1 nm
in a 1% CH4/air mixture. The bottom blue trace shows the
absorption features as observed in the reference cell transmission for
pure CH4 at 100 Torr. The arrow indicates the frequency shift of the
affected WGM as it is moved into and out of the main absorption
resonance: top trace, WGM frequency below resonance; second
trace from top, on resonance; third trace from top, WGM frequency
above resonance.
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indicating that the decrease in Q (or corresponding increase in
WGM linewidth) is only 6.5%, in contrast to the 59% change
in dip depth. This is in rough agreement with a measurement
of mode widths (here Qi=4.9×106), confirming that dip
depth change is a more sensitive measure of analyte
absorption [32]. Analyte absorption increases the loss
coefficient from αι to
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where αα is the analyte absorption coefficient and f is the
(internal) evanescent fraction, the part of the mode volume
interacting with the analyte. With this, the inverse loss ratio
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This expression shows that the sensitivity depends on the
product Qif of the WGM quality factor and the (internal, here)
evanescent mode fraction. As discussed below, we do not
know the mode indices and so cannot calculate f a priori, but
the 1% CH4/air absorption coefficient can be calculated from
data in the literature [38, 39], particularly the HITRAN
database. Doing so for the main absorption line, whose fre-
quency is 6093.21 cm−1, gives αa=1.48×10−1 cm−1, and
then equation (5) gives f=0.54%. This value is reasonable,
being about three times as large as a typical external eva-
nescent fraction [33].

Also note that as the WGM is shifted to shorter wave-
lengths, its dip depth decreases to only 0.385. The fact that
this value is slightly greater than in the longer-wavelength
off-resonance region is explained by the WGM’s positioning
between the two absorption features located at 6093.21 and
6093.49 cm−1, as shown in figure 6. (They are thus separated
by 8.4 GHz; the apparent 6 GHz separation in figure 6 appears
to be the result of a scan range miscalibration.) Using pressure
broadening data from the literature [38, 39], the linewidths in
the 1% CH4/air mixture are about 4 GHz, so they overlap a
bit; in the bottom trace in figure 6, at a lower pressure in the

reference cell with pure CH4, Doppler broadening and pres-
sure broadening contribute approximately equally to the
linewidths of about 1 GHz.

A WGM in an HBR is described by three mode indices
[14]: the azimuthal index m is the number of wavelengths in
the circumference, the radial index p is the number of radial
intensity maxima, and the axial index q is the number of axial
field nodes. For the HBRs used here, m≈2740; the fre-
quency spacing of modes of adjacent values of m (keeping the
other mode indices constant) is about 67 GHz. The frequency
spacings of modes of adjacent values of p and q are
approximately 1295 GHz and 25 GHz, respectively. Because
of the large values of m and the various free spectral ranges,
we cannot reliably assign mode indices because of the
uncertainty of our HBR radius measurement and the limited
(18 GHz) scan range. From the observed spectral density of
modes (a little less than 1 per GHz), we can estimate that
WGMs with q values ranging from 0 to 7 and p values ran-
ging from 1 to 6 are excited in figures 6 and 7. Calculations of
the radial mode profiles indicate that WGMs with p>1
should have internal evanescent fractions in the results shown
in figure 6 (thinner wall, air inside) and in figure 7 (thicker
wall, methanol inside).

A preliminary qualitative result featuring liquid sensing,
specifically the NIR-active dye SDA2072, is shown in
figure 7. In this experiment, small volumes of methanol-
diluted SDA2072 were introduced into a silica HBR similar to
the one in figure 3, with a wall thickness of about 10 μm and
WGMs excited by a laser at 1581 nm. The variation of the dip
depth for the boxed WGMs, which have Q values ranging
from (1–3)×106, is a clear indicator that these micro-
resonators’ internal evanescent fractions of higher-radial-
order WGMs are responsible for sensing of the broadband
absorption in the dye. Specifically, in the experimental results

Figure 7. Set of WGMs at different analyte concentrations. The
frequency-scan traces are displaced upward with increasing analyte
concentration. Of the four highlighted WGMs (boxed), three are
overcoupled (dip depth increases with concentration) and one is
undercoupled.
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outlined in figure 7, the boxed WGMs show strong detection
sensitivity for sub-nanomolar levels of SDA2072, even
though the absorption coefficient of the solvent, methanol, is
five orders of magnitude larger than that of SDA2072 at this
wavelength [32, 35].

4. Conclusions and future work

A simple and cost-effective three-step method for fabricating
silica HBRs for optical sensing was outlined. The procedure
used commercial off the shelf capillaries of different external
diameters (320 and 800 μm). The steps include the HF-
mediated automated etching procedure, the removal of the
capillary’s polyimide coating, and the use of a H2/O2 jewe-
ler’s torch in conjunction with a so-called ‘soften and pres-
surize’ procedure. Following these steps, HBRs with wall
thicknesses between 5 and 10 μm could be obtained. The
bottle shape and the smooth interior surface enable Q values
as high as 108 to be obtained.

Additionally, it was shown that these thin walled HBRs
can be used as internal evanescent wave WGM-based optical
absorption sensing devices for NIR-active gases. The detec-
tion threshold for a mixture of CH4 in air was determined to
be substantially less than 0.1% (partial pressure). The detec-
tion threshold could easily be lowered by an order of mag-
nitude with the help of WGM locking and lock-in detection
techniques [33]. Although this detection threshold was
modest, this preliminary result indicated that internal sensing
for NIR-active gases can be easily accomplished using silica
HBRs. A three-order-of-magnitude improvement in detection
threshold (to well below the ppm level) could be accom-
plished by exciting fundamental vibrational modes rather than
overtones. This could be done using HBRs produced from
fluoride glasses and exciting the WGMs in these HBRs with
frequency scanned interband cascade or quantum cascade
lasers that emit at wavelengths longer than 3.5 μm.

For sensing of liquid chemical solutions, sensitivities
better than those for immersed microspheres [35] were
demonstrated. Furthermore, internal sensing has the advan-
tage of requiring much less analyte.

Finally, the internal evanescent field of a silica HBR can,
of course, also be used in frequency-shift sensing experiments
[15, 16, 26, 27, 30, 37]. An advantage of the HBR is that its
sensitivity to other frequency shifts, such as those due to
temperature changes, can be greatly reduced. This is because
some WGMs have no internal evanescent fields (see figure 5),
and so will undergo no analyte-dependent frequency shifts,
allowing them to be used as references for the relative fre-
quency shifts of those WGMs that are sensitive to the analyte.
Results of experiments using such relative frequency shifts to
sense changes in pH will be reported elsewhere; these
experiments employ swellable polymers coating the interior
surface of an HBR [40].
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