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Soap bubbles are simple, yet very unique and marvelous objects. They exhibit a number of interesting
properties such as beautiful interference colors and the formation of minimal surfaces. Various optical
phenomena have been studied in soap films and bubbles, but so far they have not been employed as optical
cavities. Here we demonstrate that dye doped soap or smectic liquid crystal bubbles can support whispering
gallery mode lasing, which is observed in the spectrum as hundreds of regularly spaced peaks, resembling a
frequency comb. The lasing enabled the measurement of size changes as small as 10 nm in a millimeter-
sized, ~100-nm-thick bubble. Bubble lasers were used as extremely sensitive electric field sensors with a
smallest measurable electric field of 110 Vm~"' Hz~!/2, They also enable the measurement of pressures up
to a 100 bar with a resolution of 1.5 Pa, resulting in a dynamic range of almost 107. By connecting the
bubble to a reservoir of air, almost arbitrarily low pressure changes can be measured while maintaining an
outstanding dynamic range. The demonstrated soap bubble lasers are a very unique type of microcavities
which are one of the best electric field and pressure microsensors to date and could in the future also be

employed to study thin films and cavity optomechanics.

DOI: 10.1103/PhysRevX.14.011002

I. INTRODUCTION

A soap bubble is made of a thin film composed of water
and surfactants, which encloses air and forms a spherical
shape [1]. Bubbles are interesting from a variety of
perspectives including mathematics, physics, chemistry,
and even biology, due to their similarity to the biological
membranes. Soap bubbles were studied in terms of the
interference colors [2], geometry [3.4], fluid motion [5,6],
mechanical oscillations [7], and, recently, branched flow of
light [8]. A bubble can also be made purely from surfactant-
like molecules. Specifically, smectic liquid crystals, whose
molecules form well-defined molecular layers, are used for
this purpose [9-12]. The mixture of soap and water can
actually also form liquid crystalline (lyotropic) phases. In
fact, the origin of the word “smectic” is related to soap.
Smectic bubbles have some very unique properties. Since
the smectic liquid crystal molecules form well-defined
layers, the film thickness is quantized; that is to say, the
film has an integer number of molecular layers. For
example, bubbles with a completely uniform thickness
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of 11 nm as large as 1 cm in diameter were made [9].
Therefore, quite uniquely, the ratio of the bubble size to its
thickness can be as large as 6 orders of magnitude. The
layered structure of the smectic bubbles makes their
thickness completely stable and enables virtually infinite
bubble lifetime as long as the air volume inside the bubble
is kept constant.

Optical resonances called whispering gallery modes
(WGMs) are formed when the light is trapped in a spherical
object due to multiple total internal reflections and circu-
lates near the surface of the sphere. WGMs were studied
in various geometries including solid hollow cavities in
the form of glass microbubbles [13,14] and glass capillaries
[15], which were employed for sensing applications [16]
and lasing [15,17]. However, WGMs were not studied until
now in soap bubbles.

Here we show that dye doped soap and smectic bubbles
can support WGM lasing. Because of their fluid nature the
bubbles are very soft compared to their glass counterparts,
which influences the lasing and enables some unique
applications.

I1. RESULTS
A. Lasing of regular soap bubbles

Millimeter-sized soap bubbles doped with a fluorescent
dye, inflated at the end of a capillary, and illuminated with a
pulsed laser were used to demonstrate the laser emission

Published by the American Physical Society
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A soap bubble formed at the end of a capillary. (a) Scheme of the experimental configuration. A dye doped soap bubble is

inflated at the end of a horizontal capillary and illuminated by a laser from below. The soap film is composed of a layer of water,
surfactant molecules, and fluorescent dye molecules. (b) A soap bubble in reflected light. Interference colors are visible. (c) Fluorescence

image of a dye doped bubble.

[Fig. 1(a)]. To create the bubbles, a capillary was dipped
into the soap solution and the air pressure in the capillary
was briefly increased to inflate the bubble (Supplemental
Material, Video 1 [18]). The soap bubble could be later
inflated or deflated to reach the desired size (0.4—4 mm).
Based on the interference colors [2] observed in reflection
[Fig. 1(b)] the thickness of the soap film was typically in
the range 100-800 nm and changed slowly in time as the
bubble aged. The soap bubbles had a relatively uniform
fluorescence intensity, except at the end of the capillary
where there was a larger amount of the solution [Fig. 1(c)].

When a bubble was illuminated by a pulsed laser it
emitted laser light due to the circulation of WGMs. When
the center of the bubble was pumped, laser light was
generated in all vertical planes except the ones intersecting
with the capillary (Supplemental Material, Fig. S1 [18]).
This was observed as a bright rim, except on the opposite
side of the capillary [Fig. 2(a)]. When the bubble was
illuminated at an edge, the generated light preferentially
circulated in one plane, which was observed as a bright
narrow ring [Fig. 2(b)].

Sharp spectral lines were present in the spectrum of the
emitted light [Fig. 2(c)]. A clear lasing threshold was
observed when the pump laser energy was increased
[Figs. 2(d) and 2(e)]. Typical thresholds were in the order
of a few microjoule. The WGMs can be approximated as

2xrngg = Al (1)

where r is the radius of the bubble, n. is the effective
refractive index of the mode, A is the wavelength of the
mode, and [ is the azimuthal mode number. Since the
bubbles were usually relatively large (~1 mm) compared to
the wavelength of the light, as a first approximation, the
light propagation can be described as a flat slab waveguide.
The effective refractive indices [Fig. 2(f)] were calculated

using standard equations for light propagation in a flat slab
waveguide [19], where the slab is the soap film (n = 1.364)
and both sides are air (n = 1). Calculating the positions of
WGMs by using the effective index for flat slab is accurate
to a few percent compared to the WGMs simulations [20].
For a typical bubble with a thickness of 600 nm the
effective refractive indices were 1.319 and 1.307 for first
radial order TE and TM modes, respectively. For a typical
soap bubble thickness, not only the fundamental but also
higher guided modes may be present. In the lasing
spectrum no regularly spaced peaks could be observed.
This is probably due to a large number of possible modes
and irregularities of the soap film. With each pulse of the
pump laser the spectrum changed slightly [Fig. 2(g)]. Some
modes disappeared, while some others appeared, but there
was a general trend toward a shift toward longer wave-
lengths. The shifting of the peaks in time was probably
caused by a combination of size, thickness, and refractive
index changes. However, from the spectrum alone we
cannot determine how each of the three parameters con-
tributes to the shift in the spectrum.

Lasing was also achieved in free-floating soap bubbles.
A bubble was blown into a tank filled with CO, so that it
was floating on the surface of the CO,. The bubble was
illuminated by the pump laser by using an optical fiber
and a lens [Figs. 3(a) and 3(b)]. The same lens and optical
fiber were also used to collect the generated light and
send it to the spectrometer. Spectra with sharp spectral
lines corresponding to lasing were also observed in this
case [Fig. 3(c)].

B. Lasing of smectic bubbles

To better control the thickness and the refractive index
of the film, bubbles made out of smectic liquid crystal
were employed. Specifically, 4’-octyl-4-biphenylcarboni-
trile (8CB) was used, which has a smectic-A phase at room
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FIG. 2. Soap bubbles emitting laser light. (a) A soap bubble illuminated in the center (red cross) by a pump laser. The drawing
shows the gain regions (red) which are formed at the positions where the laser beam (green) passes through the soap film. The
WGMs circulating in any vertical plane (black lines) pass through the two gain regions and are therefore excited. (b) Another bubble
but illuminated at its rim, which generates a bright ring of circulating light. The gain region in this case is in the shape of a vertical
patch. WGMs circulating in a narrow band in a vertical plane experience the most gain and are therefore observed as a bright ring.
(c) A typical emission spectrum when a bubble is pumped above the lasing threshold. (d) Lasing intensity summed over a 5-nm-wide
spectrum range as the input laser pulse energy was increased shows a typical threshold behavior. The dashed lines are a guide to the
eye. (e) Spectrum emitted by a soap bubble attached to the end of a capillary when the pulse energy of the pump laser is increased.
At lower energies only fluorescence is observed, while at higher energies sharp peaks appear. (f) Slab waveguide modes for a soap
film at the wavelength of 555 nm. The shaded area corresponds to the approximate thickness range of the bubbles used in the
experiments. (g) Spectra of consecutive pump laser pulses. Displaying a smaller wavelength range reveals a shift of the modes
toward longer wavelengths.

temperature. Under transmitted light the smectic bubbles
looked completely uniform [Fig. 4(a)] indicating that the
whole surface had thickness of equal number of molecular
layers [Fig. 4(b)]. If some region had one more or one less
molecular layer this would result in a well visible island or
hole, respectively [11]. The thickness of the bubbles could
be approximately controlled by how fast they were inflated,
with the faster inflation resulting in a thinner bubble.
Typically the bubbles employed in this study had a thick-
ness in the range of 30-120 nm, which was determined
from the intensity of the transmitted light [21].

Imaging a bubble in between crossed polarizers [22]
indicates a uniform radial orientation of the molecules
[Figs. 4(c) and 4(d)].

When pumping with a pulsed laser, the dye doped
smectic bubbles emitted laser light visible as a ring and
two bright spots [Fig. 5(a)]. The smectic bubbles were
extremely stable and the experiments on a single smectic
bubble could be performed for up to 30 min. For a typical
bubble thickness (30—120 nm) only TM,, and TE,; modes
exist [Fig. 5(b)]. Since the smectic film is birefringent
(n, = 1.51 and n. = 1.68), the bulk refractive indices of
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Free-floating bubbles. (a) Experimental setup for the free-floating soap bubbles. (b) A photograph of a larger floating soap

bubble, which is illuminated by the pump laser, and emits laser light. (c) Spectrum from a ~2-cm-diameter free-floating bubble.

TE and TM modes are different. The effective refractive
indices were calculated in the same way as for soap bubbles,
by using standard equations for light propagation in a flat slab
waveguide [19], but using the following refractive indices:
N, = 1 on both sides of the film and for the smectic film, 7,
for TE polarized light, and n, for TM polarized light. At a
thickness of 50 nm the TE,, has a significantly larger effective
refractive index (1.049) than TM, mode (1.014) and is the
only mode lasing, as also identified by measuring the
emission intensity through a polarizer.

At this typical bubble thicknesses higher radial modes
are not allowed. This is a significant advantage over bulk
WGM microcavities which will typically display lasing of a
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FIG. 4. Smectic bubbles. (a) A smectic bubble in transmitted
light. (b) Scheme of the molecular structure of the film. Drawn is
an example of a three layer smectic film composed of ordered
liquid crystal and dye molecules. (c) Same bubble under crossed
polarizers. The typical bright cross is observed indicating uniform
molecular orientation either parallel or perpendicular to the
bubble surface. (d) Same bubble with an additional wave plate
inserted between the polarizers. From the resulting colors it can
be deduced that the molecules are oriented perpendicular to the
surface, that is, in the bubble radial direction.

number of different modes when their size is large. On the
contrary, the emission spectrum above the lasing threshold
was very regular with equally spaced spectral lines,
resembling a frequency comb [Fig. 5(c)]. The emission
typically spanned 10-20 nm. For a 1.8-mm-diameter
bubble the average free spectral range (FSR) was
0.06 nm and the spectrum contained ~250 lasing peaks.

(a)

400 600
Thickness (nm)

() 1~ : . . T T
£
o
£
2
2
Q
£
o Ui B AR .MMH ‘l..“m .JMn“mm.nn.m L Y
600 602 604 606 608 610
Wavelength (nm)
1 T T T T
B
S
£
2
2
1
0 A ,
602 602.2 602.4 602.6 602.8 603
Wavelength (nm)
FIG. 5. Lasing of smectic bubbles. (a) Image of a lasing smectic

bubble. The cross indicates the pump laser beam position.
(b) Effective refractive indices for different modes calculated for
a slab waveguide at the wavelength of 610 nm. The shaded area
corresponds to the approximate thickness range of the bubbles
used in the experiments. The bulk refractive indices of TE and
TM modes are different (dashed lines). (c) Frequency-comb-like
spectrum of a lasing smectic bubble 1.75 mm in diameter.
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The azimuthal mode number of WGMs at the wavelength
of 605 nm is /= 10000 £ 100. The contrast between the
fluorescent background and the lasing peaks in the spec-
trum was excellent with the background being practically
zero. From the measured FSR and the diameter of the
bubble determined from the image (1.90 4+ 0.02 mm), the
effective refractive index is calculated to be 1.06 £ 0.01.
For TE modes, using equations for a slab waveguide, this
corresponds to a bubble thickness of 57 £ 5 nm. Smectic
bubbles thinner than ~30 nm did not generate laser
emission due to too low effective refractive index causing
significant radiative light leakage and the fact that a thin
layer also results in very few dye molecules to be present,
resulting in a low gain. The estimated gain length of
pyrromethene 597 recalculated for a 100-nm-thick slab
waveguide is 180 pm [23,24], which is much larger
compared to the bubble thickness.

The size of smectic bubbles can be changed in real time,
within a few seconds, by inflating or deflating them in at
least the size range 0.5-5 mm resulting in a large tunability
of the FSR in the range of 0.02-0.2 nm. This enables us to
use them as largely tunable frequencylike light source. This
tunability is significantly larger than for their solid-state
counterparts.

When the volume of the bubble is increased or decreased
very quickly, stable circular floating islands with larger
thickness than the rest of the bubble can be formed
[Fig. 6(a)] [9,11]. The islands can also be created by
illuminating a thicker bubble (=200 nm) with a pulsed
laser, where each pulse can create one island (Supplemental
Material, Fig. S3 [18]). The size of the islands can be from a
few micrometers up to being as large as the bubble itself.
Islands larger than ~100 pm emitted laser light upon
excitation with a pulsed laser by the circulation of light
around the perimeter of the island [Fig. 6(b)]. The resulting
WGM lasing was observed as periodic peaks in the
spectrum [Fig. 6(c)]. A typical effective refractive index
calculated for the island size and FSR was 1.3 +0.1. This
enabled stable laser emission with periodic lasing peaks
with a wide range of FSR values (0.1-0.9 nm) and
azimuthal mode numbers from 700 to 6100 depending
on the size of the islands.

C. Precise measurement of the smectic bubble laser size

The changes in the bubble size were measured by
following shifts of the lasing peaks [Fig. 7(a)]. The relative
size change is approximately equal to the relative wave-
length shift:

Ad/d ~ AL (2)

From the size measurement in time it is visible that the
size of the bubble slowly decreases in time [Fig. 7(b)] due
to the diffusion of air molecules through the thin wall
(Appendix A) [25]. For real applications the size decrease
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FIG. 6. Lasing of smectic islands. (a) Two smectic islands
(indicated by the arrows) on a bubble. (b) Image of a lasing island
observed as a red ring (white arrow) on the surface of the bubble
(indicated by the red arrows). (c) Lasing spectra of two smectic
islands of a different diameter d.

could be compensated by pumping additional air into the
bubble, stabilizing the size, or simply reinflating the
bubble when it becomes too small, thus enabling almost
indefinitely long measurements. The diameter change
rate was 1.1 pm/s for a 1.9-mm bubble. The time
dependence was fitted to the equation for the air diffusion
Eq. (Al) and subtracted from the data. The remaining
residuals are extremely small with a standard deviation of
only 10 nm [Fig. 7(c)]. This means that size changes as
small as 10 nm can be measured, corresponding to an
exceptional relative accuracy of 5x 107, A part of the
observed noise may come from the environment, such as
air pressure fluctuations and air currents, so that the
actual optically limited measurement noise may be even
lower than observed. To be able to track the spectral
shifts, the shift in between two measurements (laser pump
pulses) should be smaller than half the FSR. In the case
of faster changes, FSR was measured instead, which
enabled the measurement of arbitrarily large and fast size
changes with a still excellent accuracy of 50 nm. By
taking into account the typical effective refractive index,
the absolute size of the bubble can be measured via the
FSR value by using Eq. (1).
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FIG. 7. Measurement of smectic bubble size. (a) Lasing spectrum from a 1.75-mm smectic bubble in time. The color represents the
intensity. The white line highlights the shifting of a single lasing mode in time due to the decreasing size of the bubble. (b) Change in the
diameter of a bubble in time measured by following the lasing peaks in (a). The initial size was measured from the FSR. The bubble size
was slowly decreasing due to air diffusion through the thin wall. Since the size measurement is very precise, the plot looks like a
perfectly smooth line. (c) When the decrease in size is subtracted from the data, only an extremely small noise remains.

D. Smectic bubble lasers as electric field sensors

The smectic bubble lasers are very soft and therefore
sensitive to external factors, which can change their size
and shape. Simultaneously, these changes can be measured
very precisely via the lasing spectrum. Therefore, this
makes soap bubble lasers excellent sensors.

The bubble lasers were employed as electric field
sensors and electrically tunable laser sources. Already
applying less than 1 V across the bubble deformed it [26]
and caused a measurable shift in the laser peaks (Fig. 8).
The sensitivity was 0.008 nm(V/mm)~!, which is on par
or larger than best previous reports using WGM micro-
cavities [27-29]. The minimum measurable field deter-
mined from the measurement noise and the sensitivity
was 110 Vm~' Hz~!'/2, With this, our sensors outperform
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FIG. 8. Electric field measurement with smectic bubble lasers.

Shift of the lasing modes when an electric field is increased
continuously to 30 V/mm and back to zero. The continuous
decrease in the size due to diffusion was subtracted from the data.

most micro dc electric field sensors including sensors
based on microelectromechanical systems [30,31], piezo-
electric [32], optical [33-35], and nitrogen-vacancy
centers in diamond [36,37]. Further, in contrast to
some other electric field sensors, the bubbles are not
conducting and therefore do not distort the measured
electric field.

E. Smectic bubble lasers as pressure sensors

The compressibility of the air within the bubble and the
ability to measure the size extremely precisely enables the
use of the bubbles as pressure sensors. The spectral shift for
pressure change is Al/A=~ —Ap/3py, where Ap is the
pressure change and p, is the initial pressure. In all the
following measurements and calculations, the initial pres-
sure was equal to the atmospheric pressure. This gives a
size independent sensitivity AA/Ap of 2 x 1073 nm/Pa.
This is several orders of magnitude more than previously
reported for WGM microcavities, such as hollow polymer
spheres (2 x 107% nm/Pa) [38] and glass microbubbles
(4 x 1077 nm/Pa) [39].

To test the performance of the pressure sensor, the
pressure around the bubble was controllably changed
and the diameter of the bubble was calculated from the
measured FSR value. When the pressure was increased by
400 Pa above the atmospheric pressure, the bubble diameter
decreased by 52 pm [Fig. 9(a)]. In all experiments the
bubble was connected to a capillary which provided an
additional fixed volume of air. Since a larger volume of
air is easier to compress, this significantly increases the
pressure sensitivity.

A pressure difference between the interior and the
exterior of the bubble is given by the Laplace law. For a
small change in the external pressure, the size of the bubble
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FIG. 9. Pressure measurement with smectic bubble lasers. (a) Change of the bubble size measured from the lasing spectrum as the

pressure outside the bubble was increased by 400 Pa above the atmosp

heric pressure. The volume of the capillary in this experiment was

80 ul and the initial volume of the bubble was 4.2 pl, resulting in V./V,, 4+ 1 = 20 for this particular case. (b) The calculated pressure

sensitivity of a 2-mm bubble as a function of total volume relative to th

e volume of the bubble (V,./V,, + 1). The dotted line would be for

a bubble with zero surface tension. The red circle in all panels represents the maximum V. used in the experiments. (c) Critical additional
volume relative to the volume of the bubble, at which the bubble becomes unstable. Above this additional volume the bubble collapses
due to the Laplace pressure. (d) Maximum measurable positive and negative pressure. (¢) The minimum measurable pressure change.
(f) The dynamic range for positive pressure change, that is, the ratio between the highest and the lowest measurable pressure changes.

changes such that the pressure difference satisfies Laplace
condition. The pressure in the bubble is changed due to the
change in the volume of the bubble. If we assume that the
process is isothermal, the pressure inside the bubble after
the change p/ is

(3)

where p; is the initial pressure in the bubble, and V and V’
are the initial and final volumes of the bubble, respectively.
Since the bubbles are connected to the capillary, the volume
of both the capillary (V., which remains unchanged) and
the bubble (V,) must be included in Eq. (3); therefore,
V=V.+V,and V' = V_+ V). The Laplace pressure can
be written explicitly as the difference between the pressures
on both sides of the film:

Vi¥es
PL-}ZPi—POs (4)
4o
P'L:?—Pi—(P0+AP)’ (5)

where p; and p) are Laplace pressures before and after the
change, p, is the initial external pressure, and Ap is the
change in the external pressure. Combining Eqgs. (3)-(5) an
equation that relates the change in external pressure to the
change in bubble size is obtained:

\% \%
APZVPL_IJ,L"FPO(V_I)‘ (6)

In the approximation of small radius change, the relation
between the small size and pressure change is
AR 41
Ap '

4o

%) )

R R

3

K |:Vc/vb +1 (po "
The volume of the bubble is also changing because of the
diffusion of air molecules through the thin wall. Therefore,
if the measured pressure change is not significantly faster
than the diffusion, this needs to be taken into account.
Specifically, the shrinkage rate depends on the size and the
size is dependent on the pressure and diffusion. To account
for both contributions, Eqgs. (6) and (A2) should be
combined. It is worth noting that the sensitivity for V., =0
is not dependent on the size of the bubble, so not dependent

011002-7



ZALA KORENJAK and MATJAZ HUMAR

PHYS. REV. X 14, 011002 (2024)

on the air diffusion. On the other hand, for V./V,+1=60
the sensitivity changes for 12% in one minute, which is
significant and should be taken into account.

Further, the temperature change of the air has the same
effect on the bubble volume as the pressure change, so it
needs to be taken into account as well (Appendix B).
In practice, a separate thermometer with a resolution of at
least 6 mK could be used to compensate for temperature
changes.

The sensitivity is calculated by solving Eq. (6) while
taking into account Eq. (2). At small additional volumes the
sensitivity is inversely proportional to the total volume of the
system V. + V,,, or more conveniently written as the total
volume relative to the volume of the bubble V./V, + 1
[Fig. 9(b)]. In the experiments up to V./V, + 1 = 60 was
used providing a sensitivity of 0.12 nm/Pa.

Above approximately V./V; + 1 = 1000, for a surface
tension of 0.024 N/m, the surface tension starts to have a
significant contribution and make the bubble unstable. At
V. higher than V¢t the bubble is not stable any more and
collapses by itself due to the Laplace pressure. Vit is
dependent on the surface tension and size of the bubble
[Fig. 9(c)]. At the critical volume the sensitivity diverges.
Therefore, by having a very large additional volume, an
arbitrarily high sensitivity can be in principle achieved.
In the experimental case (V./V, + 1 =60) the critical
volume is V&it/V, + 1 = 3130.

The bubble also collapses at any V. > 0 if a large
enough positive outside pressure is applied. This maximum
measurable pressure change [Fig. 9(d)] depends on the
additional volume in the capillary V. and is calculated by
solving Eq. (6). It is the maximum pressure change at
certain V. at which the solutions exist. The maximum
measurable positive pressure change is also limited by the
minimum size of the bubble which is still capable of lasing
(~0.5 mm). The maximum measurable negative pressure
change is limited by the maximum size of the bubble
(~5 mm) for which the spectral lines can still be distin-
guished by the spectrometer.

The resolution of the measurements is the smallest
detectable pressure change [Fig. 9(e)] and is calculated
from the sensitivity and the smallest measurable wave-
length shift. By increasing V. the smallest detectable
pressure change can be almost arbitrarily small, however,
at the expense of the maximum measurable pressure. For a
stand-alone bubble (V. = 0) the smallest measurable pres-
sure change is 1.5 Pa, while the largest positive pressure
change is almost 107 Pa, that is 100 bar. Namely, a pressure
change of 107 Pa would shrink a bubble from 3 to
0.65 mm, well within the lasing regime. This gives an
exceptionally large dynamic range of almost 107. For the
largest additional volume used in the experiments
(V./Vy,+1=060), the smallest measurable pressure
change is 0.024 Pa, while the largest positive and negative
measurable pressure changes are 1400 and —1.9 x 10* Pa,

respectively. Therefore, by only changing the additional
volume V., the pressure measurement range can be tuned in
a huge range while preserving outstanding dynamic range
of ~10° [Fig. 9(f)].

These values far exceed the performance of the best
pressure sensors of a comparable size [40-48]
(Supplemental Material, Table S1 [18]). Especially the
dynamic range of the bubble laser pressure sensors is several
orders of magnitude larger than other pressure microsensors
demonstrated till now. Further, the significant advantage of
the bubbles over pressure sensors using solid transducers,
such as strain gauges and diaphragms, is that the smectic
layer is very soft as well as practically infinitely stretchable,
due to its fluid nature. The bubbles also do not experience
any material fatigue. Further, the bubble pressure sensors do
not need any calibration, since their sensitivity depends only
on the compressibility of the air (for V. = 0). This is in stark
contrast to almost all sensors, where variability in the
mechanical properties and nonlinearities of the material
(e.g., diaphragms), hysteresis, and manufacturing tolerances
play a crucial role in the accuracy of these sensors.

I11. DISCUSSION

In conclusion, we demonstrated lasing in soap and
smectic bubbles. Compared to solid or droplet micro-
cavities, bubbles are made of a very thin film of fluid,
resulting in truly unique optical and mechanical properties.
The size of a bubble laser can easily be changed by a factor
of 10 or more in real time. Only a multimode fiber and a
simple lens are needed to pump the bubble and observe the
lasing. The smectic bubbles have a completely uniform
thickness down to a molecular level. The thin walls support
only a single optical mode; therefore they can be employed
as tunable laser sources with frequency-comb-like emis-
sion, with orders of magnitude larger tunability compared
to solid microlasers. Small thickness also results in small
weight and therefore almost perfectly spherical shape. The
bubbles are extremely stable in time and could in principle
survive indefinitely. Lastly, the bubbles are very easy to
form, not requiring any complicated manufacturing proce-
dures, and if a bubble is destroyed, a new one can be
formed within seconds. These outstanding properties en-
able a number of prominent applications. Their exceptional
sensitivity enables sensing of electric field and pressure
with record high sensitivity, resolution, and dynamic range.
In the future, they could also be used to measure other
quantities, which change the bubble shape, such as air flow
or magnetic field by doping with magnetic particles. On the
other hand, to enhance the stability of the bubbles, they
could be made solid, by either cooling them to crystallize or
using polymerizable liquid crystals or liquid crystal elas-
tomers [49]. Apart from the demonstrated applications,
the bubble lasers could be used in the future to study thin
films and basic phenomena such as, for example, cavity
optomechanics [50-52].
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A. Materials and methods

A mixture of water, glycerol, and liquid hand soap
(containing sodium laureth sulfate) in a 2:1:1 volume
ratio was used to make the soap bubbles (n = 1.364).
Alternatively, 2.5% of sodium dodecyl sulfate dissolved in
1:1 volume ratio of water and glycerol was used. For the
gain, 0.1% of fluorescein sodium salt was dissolved in
the above mixtures. For the smectic bubbles, 8CB liquid
crystal doped with 0.2% pyrromethene 597 (Exiton) was
used. Plastic pipette tips (Eppendorf) of different sizes
(10, 20, and 100 pl) were used as capillaries to inflate
the bubbles. The pipette tip was connected by a thin tube
to a glass syringe (Hamilton, 1.0 ml). The syringe was
mounted onto a microfluidic syringe pump (New Era
Pump Systems, NE-1002X) or pushed by hand to inflate
the bubble. The syringe and the connection tube to the
pipette tip were filled with water, except for the last few
millimeters in order to decrease the air volume. The
capillary was dipped into the solution so that a small
amount entered the capillary. For electric field tuning the
bubble was placed in between two flat electrodes with an
area of 18 x 20 mm and a spacing of 5.46 mm. One of the
electrodes had a hole with a diameter of 2.6 mm through
which the pipette tip was inserted so that the bubble
was in the center between the electrodes. For pressure
measurements the pipette tip was inserted through a
hole into a transparent container, which was connected
to a pressure controller (Elveflow, OB1, 0-20 kPa). The
bubbles were observed with an inverted microscope (Nikon
Ti2) through a 4x, 0.13 NA objective. The bubbles were
pumped with a nanosecond pulsed optical parametric
oscillator (Opotek, Opolette 355) at 494 nm for the soap
bubbles and 525 nm for the smectic bubbles, at a repetition
rate of 20 Hz. The resulting fluorescent light was captured by
a high-resolution spectrometer (Andor Shamrock SR-5001)
at 0.007 nm spectral resolution.

All data that support the plots within this paper and other
findings of this study are available from the corresponding
author upon reasonable request. Additionally, the codes
that support the findings of this study are available from the
corresponding author upon reasonable request.
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APPENDIX A: AIR PERMEATION THROUGH
SMECTIC BUBBLES

The permeation of gas through the smectic film is
described in Ref. [53]. It depends on a phenomenological
parameter of gas permeation y describing the volume of gas
passing through the film per pressure difference and area.
The equation that describes the radius time dependence is

R*(1) = R} — gt, (A1)
with the initial radius Ry = R(0) and the fitting parameter
g(d, T) = 8oy. For longer times, the first-order correction
takes into account that the area of the bubble is smaller due
to the capillary opening (r.). This results in a corrected
equation for the size time dependence [53]:

2 2

r’ r’ r’ r
R2+Zln RZ—Z :R3+Zln R%—Z —gt. (A2)

The experimental data of the smectic bubble radius
shrinkage over time were fitted with Eq. (A2). The
fitted parameters are Ry = 592 pm, r. = 336 pum, and
g=3.85x 1071 m?/s. The gas permeation parameter y
obtained from the fit is y = (2.0 +0.1) x 10~ m/Pas,
where the surface tension value for 8CB smectic is assumed
to be 6 = 0.024 N/m [54]. The good agreement of data
and fit indicates that there was no leakage of air through
the apparatus for bubble inflation, since the time depend-
ence of the radius would be different in the case of leakage
(R* — R} « 1) [53].

The permeation of gas through smectic film depends
strongly on the film thickness and temperature, as well as
on the species of the gas molecules [25,53]. The permeation
of gas molecules follows Fick’s law, which describes the
flow of a gaseous solute within a liquid solvent [25]:

A
J=pr=L

; (43)

where P = DS is the permeability coefficient of the gas
through the smectic film and depends on the diffusion
constant and the solubility of the gas molecules in the
smectic, Ap is the pressure difference between the sides of
the film, and d is the film thickness.
If we combine the measured value of y with the
permeability coefficient P from the model, we can write:
y=P/d. (A4)
Using the known permeability coefficients P for different
gases from the study [25], we can calculate the thickness of
the observed bubble. Assuming that air is composed of
78% nitrogen and 22% oxygen, we use the permeability
coefficients Py, = (3.840.3) x 107> molPa~'m~'s~! and
Po, = (1.1£0.1) x 107" molPa~' m~'s™" to calculate
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the effective permeability coefficient for air, P, =
(5.3+£0.5) x 107> molPa~' m~'s~!. Expressing y in
units of moles instead of the volume of air exiting the
bubble, we can calculate the thickness of the bubble as

(5.3+£0.5) x 107" molPa~! m~'s~!
d= =65+9 nm.
(8.1 £0.4) x 1078 molPa~' m~!s~! m

(AS)

This value is consistent with the value calculated from the
measured effective refractive index.

APPENDIX B: TEMPERATURE CHANGE
EFFECTS

Since we assume that the size of the bubble changes
according to the ideal gas law,

! !

v=a (B1)
v piT

the temperature change (7" — T) of the air inside the bubble
has the same effect on the bubble volume as the pressure
change (p} — p;). The spectral shift for both pressure and
temperature change is AA/A~—(Ap/3py— AT/3T,),
where Ap is the pressure change, p is the initial pressure,
AT is the temperature change, and T, is the initial
temperature. The equation (6) that relates the change in
external pressure to the change in bubble size taking into
account the temperature change is

\% AT 1% AT
AP—V<I+T>PL—P2+‘D()|:W(1+T>—1:|.

(B2)

In the approximation of small radius change, the relation
between the small size, pressure, and temperature change is

3(1 + AT/T 4, 4o]-1
AR — g|PUFAT/T) () 40 4o
14+V./V, R) R

TPOR p|-

Apart from the temperature changes in the environment,
the pump laser could have an effect as well. To estimate the
temperature rise of the air in the bubble, we consider the
total absorbed pump laser energy which depends on
the concentration of the dye in the bubble and bubble
thickness. The extinction coefficient of fluorescent dye in
smectic bubbles is 80000 M~ cm~! [55] and its concen-
tration is 5.3 mM. Since the bubbles are very thin
(~50 nm), only a small fraction of the incident pump
energy is absorbed (~0.2%). A fraction of that energy is

(B3)

converted into fluorescence light so the remaining energy
that is converted into heat is given by Q = (1 — ®)E,,,
where the quantum yield (D) of the fluorescent dye is
0.77 [23]. At pump pulse energy of 3 pJ, that gives us the
total heat energy of 2 nJ. We assume that this energy is
evenly distributed across the whole bubble with the heat
capacity of smectic layer 1.3 pJ/K and the air inside (heat
capacity 5.1 pJ/K). This gives a temperature increase of
AT = 0.3 mK for each laser pulse, which is a relative
change of 107® compared to room temperature. That is
lower than the relative pressure resolution (5 x 107°), so it
does not limit our measurements. Also during the experi-
ments the pump laser was always turned on and the bubble
was in the stationary regime, meaning there are no changes
in the temperature during the measurement. It could
only have an effect as the measurement is started and
the laser is turned on. In order to test this, lasing was
observed immediately after switching on the pump laser
(Supplemental Material, Fig. S6 [18]). Apart from the
change in size due to air diffusion, there was no additional
size change due to the increase in temperature on a short
timescale. Even with longer observations the increase in
temperature seems to have no effect (Supplemental
Material, Fig. S5 [18]).

[1] C. Isenberg, The Science of Soap Films and Soap Bubbles
(Tieto, Clevedon, England, 1978).

[2] Y. Afanasyev, G.T. Andrews, and C. Deacon, Measuring
soap bubble thickness with color matching, Am. J. Phys. 79,
1079 (2011).

[3] F.J. Almgren and J. E. Taylor, The geometry of soap films
and soap bubbles, Sci. Am. 235, 82 (1976).

[4] J. E. Taylor, The structure of singularities in soap-bubble-
like and soap-film-like minimal surfaces, Ann. Math. 103,
489 (1976).

[5] G.d. Debrégeas, P.-G. De Gennes, and F. Brochard-Wyart,
The life and death of “bare” viscous bubbles, Science 279,
1704 (1998).

[6] T. Meuel et al., Intensity of vortices: From soap bubbles to
hurricanes, Sci. Rep. 3, 1 (2013).

[7] U. Kornek, F. Miiller, K. Harth, A. Hahn, S. Ganesan, L.
Tobiska, and R. Stannarius, Oscillations of soap bubbles,
New J. Phys. 12, 073031 (2010).

[8] A. Patsyk, U. Sivan, M. Segev, and M. A. Bandres,
Observation of branched flow of light, Nature (London)
583, 60 (2020).

[9] R. Stannarius and C. Cramer, Self-supporting bubbles of
thermotropic smectic liquid crystals, Europhys. Lett. 42, 43
(1998).

[10] K. May, K. Harth, T. Trittel, and R. Stannarius, Dynamics of
[freely floating smectic bubbles, Europhys. Lett. 100, 16003
(2012).

[11] N. A. Clark et al., Realization of hydrodynamic experiments
on quasi-2D liquid crystal films in microgravity, Adv. Space
Res. 60, 737 (2017).

011002-10


https://doi.org/10.1119/1.3596431
https://doi.org/10.1119/1.3596431
https://doi.org/10.1038/scientificamerican0776-82
https://doi.org/10.2307/1970949
https://doi.org/10.2307/1970949
https://doi.org/10.1126/science.279.5357.1704
https://doi.org/10.1126/science.279.5357.1704
https://doi.org/10.1038/srep03455
https://doi.org/10.1088/1367-2630/12/7/073031
https://doi.org/10.1038/s41586-020-2376-8
https://doi.org/10.1038/s41586-020-2376-8
https://doi.org/10.1209/epl/i1998-00543-x
https://doi.org/10.1209/epl/i1998-00543-x
https://doi.org/10.1209/0295-5075/100/16003
https://doi.org/10.1209/0295-5075/100/16003
https://doi.org/10.1016/j.asr.2017.04.014
https://doi.org/10.1016/j.asr.2017.04.014

SMECTIC AND SOAP BUBBLE OPTOFLUIDIC LASERS

PHYS. REV. X 14, 011002 (2024)

[12] T. Lopez-Leon, A. Fernandez-Nieves, M. Nobili, and C.
Blanc, Nematic-smectic transition in spherical shells,
Phys. Rev. Lett. 106, 247802 (2011).

[13] M. Sumetsky, Y. Dulashko, and R. Windeler, Optical
microbubble resonator, Opt. Lett. 35, 898 (2010).

[14] A. Watkins, J. Ward, Y. Wu, and S. N. Chormaic, Single-
input spherical microbubble resonator, Opt. Lett. 36, 2113
(2011).

[15] S.I. Shopova, H. Zhou, X. Fan, and P. Zhang, Optofiuidic
ring resonator based dye laser, Appl. Phys. Lett. 90,
221101 (2007).

[16] J.M. Ward, N. Dhasmana, and S.N. Chormaic, Hollow
core, whispering gallery resonator sensors, Eur. Phys. J.
Special Topics 223, 1917 (2014).

[17] Y.-C. Chen, Q. Chen, and X. Fan, Lasing in blood, Optica 3,
809 (2016).

[18] See  Supplemental Material at http:/link.aps.org/
supplemental/10.1103/PhysRevX.14.011002 for additional
figures, measurements, additional table with the comparison
of pressure sensors and Supplemental Video descriptions.

[19] K. Kawano and T. Kitoh, Introduction to Optical Waveguide
Analysis: Solving Maxwell’s Equation and the Schrodinger
Equation (John Wiley & Sons, New York, 2004).

[20] C. Zhang, A. Cocking, E. Freeman, Z. Liu, and S.
Tadigadapa, On-chip glass microspherical shell whispering
gallery mode resonators, Sci. Rep. 7, 1 (2017).

[21] R. Stannarius, C. Cramer, and H. Schiiring, Self-supporting
smectic bubbles, Mol. Cryst. Liq. Cryst. 329, 423
(1999).

[22] G. Mirri, M. Skarabot, and 1. MuSevi¢, In situ laser-
imprinted surface realignment of a nematic liquid crystal,
Soft Matter 11, 3347 (2015).

[23] M. Vellaichamy, M. Skarabot, and I. Mugevi, Optical gain
and photo-bleaching of organic dyes, quantum dots, per-
ovskite nanoplatelets and nanodiamonds, Liq. Cryst. 50,
935 (2023).

[24] M. Lyu and C. Gmachl, Correction to the effective refractive
index and the confinement factor in waveguide modeling for
quantum cascade lasers, OSA Contin. 4, 2275 (2021).

[25] Y. Ishii and Y. Tabe, Gas permeation of LC films observed
by smectic bubble expansion, Eur. Phys. J. E 30, 257 (2009).

[26] Y. Ishii, S.-Y. Sugisawa, and Y. Tabe, Anomalous deforma-
tion of smectic bubbles under DC electric field, Mol. Cryst.
Lig. Cryst. 549, 166 (2011).

[27] A. Kiraz, Y. Karadag, and A. Coskun, Spectral tuning of
liquid microdroplets standing on a superhydrophobic sur-
face using electrowetting, Appl. Phys. Lett. 92, 191104
(2008).

[28] A.R. Ali, T. Ioppolo, and M. Otiigen, High-resolution
electric field sensor based on whispering gallery modes
of a beam-coupled dielectric resonator, in Proceedings of
the 2012 International Conference on Engineering and
Technology (ICET) (IEEE, New York, 2012).

[29] M. Humar, M. Ravnik, S. Pajk, and 1. MusSevic, Electrically
tunable liquid crystal optical microresonators, Nat. Pho-
tonics 3, 595 (2009).

[30] A. Kainz, H. Steiner, J. Schalko, A. Jachimowicz, F. Kohl,
M. Stifter, R. Beigelbeck, F. Keplinger, and W. Hortschitz,
Distortion-free measurement of electric field strength with a
MEMS sensor, National electronics review 1, 68 (2018).

[31] Z. Han, J. Hu, L. Li, and J. He, Micro-cantilever electric
field sensor driven by electrostatic force, Engineering 24,
184 (2022).

[32] F. Xue et al., Piezoelectric—piezoresistive coupling MEMS
sensors for measurement of electric fields of broad band-
width and large dynamic range, IEEE Transactions on
Industrial Electronics 67, 551 (2019).

[33] B. Zhang et al., Review of surface transient charge
measurement on solid insulating materials via the Pockels
technique, High Volt. 6, 608 (2021).

[34] V. Calero et al., An ultra wideband-high spatial resolution-
compact electric field sensor based on lab-on-fiber
technology, Sci. Rep. 9, 8058 (2019).

[35] T. Zhu, L. Zhou, M. Liu, J. Zhang, and L. Shi, High sensitive
space electric field sensing based on micro fiber interfer-
ometer with field force driven gold nanofilm, Sci. Rep. 5, 1
(2015).

[36] F. Dolde et al., Electric-field sensing using single diamond
spins, Nat. Phys. 7, 459 (2011).

[37] E. H. Chen, H. A. Clevenson, K. A. Johnson, L. M. Pham,
D.R. Englund, P.R. Hemmer, and D. A. Braje, High-
sensitivity spin-based electrometry with an ensemble of
nitrogen-vacancy centers in diamond, Phys. Rev. A 95,
053417 (2017).

[38] T. Ioppolo and M. V. Otiigen, Pressure tuning of whispering
gallery mode resonators, J. Opt. Soc. Am. B 24,2721 (2007).

[39] R. Henze, T. Seifert, J. Ward, and O. Benson, Tuning
whispering gallery modes using internal aerostatic pres-
sure, Opt. Lett. 36, 4536 (2011).

[40] J. K. Sahota, N. Gupta, and D. Dhawan, Fiber Bragg
grating sensors for monitoring of physical parameters:
A comprehensive review, Opt. Eng. 59, 060901 (2020).

[41] E. Vorathin, Z. Hafizi, N. Ismail, and M. Loman, Review of
high sensitivity fibre-optic pressure sensors for low pressure
sensing, Opt. Laser Technol. 121, 105841 (2020).

[42] M. F. Domingues, C. A. Rodriguez, J. Martins, C. Tavares,
C. Marques, N. Alberto, P. André, and P. Antunes, Cost-
effective optical fiber pressure sensor based on intrinsic
Fabry-Perot interferometric micro-cavities, Opt. Fiber
Technol. 42, 56 (2018).

[43] S.-E.Zhu, M. Krishna Ghatkesar, C. Zhang, and G. Janssen,
Graphene based piezoresistive pressure sensor, Appl. Phys.
Lett. 102, 161904 (2013).

[44] Q. Wang, W. Hong, and L. Dong, Graphene microdrums on
a freestanding perforated thin membrane for high sensitivity
MEMS pressure sensors, Nanoscale 8, 7663 (2016).

[45] Y. Javed, M. Mansoor, and I. A. Shah, A review of principles
of MEMS pressure sensing with its aerospace applications,
Sensor Review 39, 652 (2019).

[46] H. Lin, F. Liu, H. Guo, A. Zhou, and Y. Dai, Ultra-highly
sensitive gas pressure sensor based on dual side-hole fiber
interferometers with Vernier effect, Opt. Express 26, 28763
(2018).

[47] M. Sigkins er al., Sensitive capacitive pressure sensors
based on graphene membrane arrays, Microsyst. Nanoeng.
6, 102 (2020).

[48] M. Chen, W. Luo, Z. Xu, X. Zhang, B. Xie, G. Wang, and
M. Han, An ultrahigh resolution pressure sensor based on
percolative metal nanoparticle arrays, Nat. Commun. 10,
4024 (2019).

011002-11


https://doi.org/10.1103/PhysRevLett.106.247802
https://doi.org/10.1364/OL.35.000898
https://doi.org/10.1364/OL.36.002113
https://doi.org/10.1364/OL.36.002113
https://doi.org/10.1063/1.2743884
https://doi.org/10.1063/1.2743884
https://doi.org/10.1140/epjst/e2014-02236-5
https://doi.org/10.1140/epjst/e2014-02236-5
https://doi.org/10.1364/OPTICA.3.000809
https://doi.org/10.1364/OPTICA.3.000809
http://link.aps.org/supplemental/10.1103/PhysRevX.14.011002
http://link.aps.org/supplemental/10.1103/PhysRevX.14.011002
http://link.aps.org/supplemental/10.1103/PhysRevX.14.011002
http://link.aps.org/supplemental/10.1103/PhysRevX.14.011002
http://link.aps.org/supplemental/10.1103/PhysRevX.14.011002
http://link.aps.org/supplemental/10.1103/PhysRevX.14.011002
http://link.aps.org/supplemental/10.1103/PhysRevX.14.011002
https://doi.org/10.1038/s41598-016-0028-x
https://doi.org/10.1080/10587259908025965
https://doi.org/10.1080/10587259908025965
https://doi.org/10.1039/C5SM00282F
https://doi.org/10.1080/02678292.2023.2188614
https://doi.org/10.1080/02678292.2023.2188614
https://doi.org/10.1364/OSAC.431383
https://doi.org/10.1140/epje/i2009-10517-4
https://doi.org/10.1080/15421406.2011.581151
https://doi.org/10.1080/15421406.2011.581151
https://doi.org/10.1063/1.2927373
https://doi.org/10.1063/1.2927373
https://doi.org/10.1038/nphoton.2009.170
https://doi.org/10.1038/nphoton.2009.170
https://doi.org/10.1038/s41928-017-0009-5
https://doi.org/10.1016/j.eng.2022.06.017
https://doi.org/10.1016/j.eng.2022.06.017
https://doi.org/10.1109/TIE.2019.2893837
https://doi.org/10.1109/TIE.2019.2893837
https://doi.org/10.1049/hve2.12073
https://doi.org/10.1038/s41598-019-44644-y
https://doi.org/10.1038/srep15802
https://doi.org/10.1038/srep15802
https://doi.org/10.1038/nphys1969
https://doi.org/10.1103/PhysRevA.95.053417
https://doi.org/10.1103/PhysRevA.95.053417
https://doi.org/10.1364/JOSAB.24.002721
https://doi.org/10.1364/OL.36.004536
https://doi.org/10.1117/1.OE.59.6.060901
https://doi.org/10.1016/j.optlastec.2019.105841
https://doi.org/10.1016/j.yofte.2018.02.016
https://doi.org/10.1016/j.yofte.2018.02.016
https://doi.org/10.1063/1.4802799
https://doi.org/10.1063/1.4802799
https://doi.org/10.1039/C5NR09274D
https://doi.org/10.1108/SR-06-2018-0135
https://doi.org/10.1364/OE.26.028763
https://doi.org/10.1364/OE.26.028763
https://doi.org/10.1038/s41378-020-00212-3
https://doi.org/10.1038/s41378-020-00212-3
https://doi.org/10.1038/s41467-019-12030-x
https://doi.org/10.1038/s41467-019-12030-x

ZALA KORENJAK and MATJAZ HUMAR

PHYS. REV. X 14, 011002 (2024)

[49] V.S.R. Jampani, R. H. Volpe, K. Reguengo de Sousa, J.
Ferreira Machado, C. M. Yakacki, and J. P. F. Lagerwall,
Liquid crystal elastomer shell actuators with negative order
parameter, Sci. Adv. 5, eaaw2476 (2019).

[50] M. Aspelmeyer, T.J. Kippenberg, and F. Marquardt, Cavity
optomechanics, Rev. Mod. Phys. 86, 1391 (2014).

[51] K. H. Kim, G. Bahl, W. Lee, J. Liu, M. Tomes, X. Fan,
and T. Carmon, Cavity optomechanics on a microfluidic
resonator with water and viscous liquids, Light Sci. Appl. 2,
el10 (2013).

[52] M. Asano, Y. Takeuchi, W. Chen, S. K. Ozdemir, R. Ikuta,
N. Imoto, L. Yang, and T. Yamamoto, Observation of

optomechanical coupling in a microbottle resonator, Laser
Photonics Rev. 10, 603 (2016).

[53] J. Li, H. Schiiring, and R. Stannarius, Gas permeation
through ultrathin liquid films, Langmuir 18, 112 (2002).

[54] R. Stannarius and C. Cramer, Surface tension measurements
in freely suspended bubbles of thermotropic smectic liquid
crystals, Liq. Cryst. 23, 371 (1997).

[55] J. B. Prieto, F. L. Arbeloa, V. M. Martinez, T. A. Lépez,
and I. L. Arbeloa, Photophysical properties of the pyrro-
methene 597 dye: Solvent effect, J. Phys. Chem. A 108,
5503 (2004).

011002-12


https://doi.org/10.1126/sciadv.aaw2476
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1038/lsa.2013.66
https://doi.org/10.1038/lsa.2013.66
https://doi.org/10.1002/lpor.201500243
https://doi.org/10.1002/lpor.201500243
https://doi.org/10.1021/la010627a
https://doi.org/10.1080/026782997208307
https://doi.org/10.1021/jp0373898
https://doi.org/10.1021/jp0373898

