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Abstract
This paper reports for thefirst time the observation of stimulated emissions from the gas–liquid
interface between two adjacent bubbles in highly ordered foams containing Rhodamine 6 G and
surfactant. Stimulated emissions centred at 595 nmwere observedwhen amonolayer of foam (∼liquid
fraction 0.11), placed on a highly reflective surface, was pumpedwith a 532 nm continuouswave laser
directed along∼45° from the direction perpendicular to the substrate. Additionally, using confocal
microscopy andmicro-photoluminescence, it was found that the liquid fraction of the foam, the gap
between two adjacent bubbles and the incidence angle of the laser are important parameters in guiding
the light and promoting stimulated emissions at the interface. The adsorption of the polymer and dye
increased the local concentration at the narrowest gaps between pairs of bubbles, which led to the
formation of hemisphericalmicelles-dye agglomerates. The presence of themicelles aggregation
caused random scattering induced stimulated emission. These results could have a significant impact
on a number of applications, such as photocatalytic conversion at bubble interfaces, where TiO2 can
scatter light and hence reaction ratesmay be increased.

1. Introduction

Aggregation of the dye and nanoparticlematerials are of great interest as a structure with potential applications
in drug deliverymeasurement [1, 2], solar cells [3], sensors [4] and catalysis [5]. Aggregation, formed by an
electrostatic, van derwaals,π interaction or hydrophilic effect, brings significant changes in optical and
electronic properties of the structure [6]. For example, the controlled aggregation of TiO2 nanocrystals brings
substantial benefits to photocatalytic process. A study showed that the hydrogen productionwas found to be
enhancedwith the presence of TiO2 nanoparticle agglomeration [7]. In hydrogen production, themultiple
charges do not remain stored on the catalyst surface for long enough time for reaction to proceed. The charges
are, however, easily stored in the confined spaced between TiO2 nanoparticles in agglomerates andmay then
become available for reactions to proceed [8].Moreover, the recombination of electronswith holes also slows
down in agglomerates due to charge hopping between agglomerated nanoparticles [9]. The dye agglomerates
also show similar nonlinear optical properties. The aggregates of Rhodamine 6 Gdye adsorbed on amyloid
proteinfibres are found to produce the laser-like emissions through a random lasing process [10]. Such
molecular complexes of dyes form the basis of biophotonicsmaterials that is useful in improving diagnostic
capabilities and othermicrolaser sensing applications [10].

Due to the simplicity and low cost, a range ofmaterials such as semiconductors [11], quantumdots [12],
nanoparticles [13, 14], liquid crystals [15, 16], and biological tissue [17] have been used to prepare the structures
capable of producing a random lasing effect. A controlledmanipulation of themetal–metal oxide
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microstructure in hollow noblemetal/ZnO core–shell nanoparticles can produce strong blue luminescence for
increased photocatalytic activity [18]. Such structures have drawn great interst for nonlinear optical
development also.

The random lasing occurs in an incoherent or coherentmanner depending uponwhether scattered light
returns to its origin or not and the distribution of light is random in space and time [19]. The random scattering
results an increased total photon path length [19].When the photon path length becomes comparable to theDe
Broglie wavelength, the photons are localized to produce lasingwith frequencies equivalent to the phase
difference between backscatteredwaves [20]. The emission, however, is stimulated into long-lived spatialmodes
to achieve coherent or incoherent stimulation of emission at selected specific (resonant) frequencies [21].
Random lasing also occurs when light scatters off the dye agglomerates [22]. Depending upon their
concentrations in aqueous solution, the hydrophobic interaction between dye and surfactant can result in J orH
type of aggregates [23]. Themaximumfluorescent emission from the aggregates is red-shifted compared to that
of themonomer [24]. Changes in agglomerates size, shape and concentration can lead to a variety of emission
changes [24].

By controlling agglomeration and assemblies, it is possible to create a structure that can produce desired
nonlinear emission/absorbance responses [25]. Adsorption of nanoparticles, micelles or dyemolecules at
liquid–liquid or liquid–air interface allows creation of the desired nanoagglomerates [25]. The orientation of
nanoparticles, dyemolecules ormicelles at interfaces experiences asymmetric forces causing anisotropic
rearrangement which are significantly different than those occurring in the bulk phase [26]. Exploiting the
interfaces of droplets and bubbles can allow formation of desired agglomerate structure.

Previously, Rhodamine 6 Gwas shown to propagate light at the interface between two neighbouring bubbles
in foamswith liquid fraction in the range of 0.04–0.2 [27]. At these liquid fractions, the probability of internal
reflection of photons between two liquidfilms at the interface increasesmanifold to channelize the light. The
weak scattering events, such as light diffusion, does not stimulate emission in foams.However, the formation of
the dye aggregates due to increased local concentration of the dye-surfactant at the air–liquid interfaces
stimulates the random lasing. Initially, the intensity of the emission increases linearly with the increase of the
laser power excitation.When the system reaches its threshold, however, the emission intensity starts increasing
rapidly atmuch higher rates in relation to the pumping power [28]. The adsorption of the polymer and
Rhodamine 6 Gmolecules at the interface between two bubbles increases the disorder strength to achieve a
degree of light localisation. The disorder strengthwas found to bemaximum,where two adjacent bubbles are
closest to each other [29]. A large gap, however, between two consecutive bubblesmay have restricted
stimulation as it does not efficiently adsorb the polymer at the interface causing diffusion [29].

In this study, it is shown thatmonolayers of dry foams of polyoxyethylene (40) stearate, containing
Rhodamine 6 G (RD6G) and highlymonodispersed sized bubbles, emit stimulated emissions at the interfaces
between two neighbouring bubbles. The characteristics of the emissions depend on polymer andRhodamine
6 G concentrations, foam liquid fraction and gap between two neighbouring bubbles.

2.Materials andmethods

A spectroscopic grade of polyoxyethylene (40) stearate, ethanol, andRhodamine 6G (RD6G)were purchased
fromSigma-Aldrich and usedwithout any further purification. Ultra-pureMiliQ de-ionisedwaterwith
conductivity less than 18Ωwas used to prepare the solution. Stock solutionswith 0.0025wt%of
polyoxyethylene (40) stearate were prepared by dissolving 7.5 mg of polymer in 300 ml of water. The solutions
were sonicated for 15 min to fully dissolve the polymer in thewater. Separately, anRD6G solutionwas prepared
by dissolving 2 mg of dye in 1 ml of ethanol and stored in a clean vial. To prepare the bubbles, suitable amounts
of both the polymer and the RD6G solutions weremixed together withwater to obtain the desired dye
concentration of 0.01 mM.The resulting solutionwas then passed through 0.2μm filters to remove solid
residues and free particles. Thefiltered solution had a refractive index of 1.42 andwas used to prepare the
bubbles as described in the next section.

2.1. Foampreparation
The bubbles were prepared by injecting the solution andCO2 gas through a T-shaped device [30]. The required
bubble diameter and the gap between two neighbouring bubbles weremaintained by controlling the solution
and carbon dioxide gasflow rates supplied to the device. An increasing CO2flow rate by keeping constant the
flow rate of the solution resulted in an increased bubbles size and a decreased gap between neighbouring
bubbles. By adjusting the flow rates, foams containingmonodisperse sized bubbles withfive different liquid
fractions ranging from0.09 to 0.4were produced. The corresponding interfacial gaps between bubbles in the
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prepared foams varied in the range 0.8–11μm.Thewettest foam contained uniformbubbles of 20μmdiameter
whereas the driest foam contained bubbles of 250μm.

For the optical characterisation, the foamswere collected on 100μmthick quartz slides (custom size
20 mm×20 mm) and sandwiched by placing another quartz slide on the top. All sides of thewas glued to
confine the bubbles and allowing the formation of structured foammonolayers figure 3(a). The bubbles
remained stable due to the positve pressure inside the structure. The described assemblage is referred to as ‘flow
cell’hereafter. It is worthmentioning that this arrangement stabilised the foams and restricted theirmovement.
This allowed a consistent reproduction of the opticalmeasurements conditions.

2.2. Photoluminescence spectroscopy
All spectra and spectral images were acquired using amicro-PL set-up as shown infigure 1. Themonodisperse
bubble foamswere placed in theflowquartz cell (as explained in section 2.1) and excitedwith a continuouswave
(CW) source of 532 nmargon-ion laser passed through a dichroic filter. The laser was focused on a spot with a
diameter<1 mmat a grazing angle of∼45° from the direction perpendicular to the quartz cell base (figure 1).
Theflow cells were placed on amirrorwith 99.9% reflectivity to increase reflection. A variable neutral density
filter was used to adjust the incident laser power. The emission signals collected from the top of the foams and
the pumping beam axis were kept spatially separate using a six-axis stage to separate the transmitted pumpbeam
from the signal.

The emitted signals from the bubble foamswere collected through 20× (N.A.0.4) or 50× (N.A.0.75)
objectives and focused onto a Princeton ICCDkinetic spectrometer (EPSRC loan pool) using an opticalfibre.
Real-time images of the foams illuminatedwithwhite light were obtained using a camera.Moreover, a shutter
blocked the the pumpbeam at all times except during the exposure periods of the ICCD camera. The datawere
collected and analysed using a customized algorithmwritten inMATLAB. A reference spectrum from a solution
without bubbles was also acquired to confirmwhether the presence ofmicelles in the solutions produced
stimulated emissions.

The intensity of light wasmeasured by analysing the images usingMATLAB. The reference intensity for
calibrationwas derived from the images of a light sourcewith a known intensity. A background signal was
subtracted from each image beforemeasuring the intensity. All images andmeasurements were obtained in a
dark roomwith no background lights. Sufficient carewas taken to ensure reproducible experimental protocols
and image analysis in allmeasurements.

2.3. Time resolvedmeasurements
The lifetime datawere acquired using aHORIBA ScientificDeltaFlex fluorescence lifetime system equippedwith
a PPDdetector andDeltaDiodeDD-532LN (532 nm) excitation sources. The lifetimemeasurements, involved
measuring thefluorescence decay for a set data collection time at a particular wavelength. Kinetic time-
correlated single photon counting (TCSPC)measurements weremade using theDeltaFlexwith theDeltaDiode
excitation source operated at 100MHz. In thismode, theminimumcollection period can be as low as 1 ms and
up to 10 000 sequential decays can be acquired, alongwith the instrumental response in order to perform

Figure 1.A scheme of the photo-luminescencemeasurement set-up.
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reconvolution analysis. The datasets obtainedwere analysed in a batchmode usingDAS6 software employing a
multi-exponentialmodel. From analysis of these data, the intensity (total counts in decay) and the average
lifetimewere returned. The quartz slide containing foam sample were positioned onmotorised polarisers (magic
angle condition) tominimise the scattering.

2.4. Confocalmicroscopy
Confocalmicroscopywas carried out to obtain images using aNikonA1R (Invert), a fullymotorized point
scanning confocalmicroscopewith hardware-enabled focus corrections. The system consisted of three
photomultipliers each forfluorescence imaging, transmitted light detection and a dedicated photomultiplier
array for spectral profiling. The resonant (fast scanning) and non-resonant (conventional scanning) scanning
mirrors were both incorporated into the confocal scan-head. This allows imagingwith high resolution (up to
4096×4096 pixels) and high speed (420 fps at 512×32 pixels). The bubbles confined in theflow cell were
excited by theCWsource of 532 nmargon-ion laser passed through a dichroicfilter. Similar protocols to
photoluminescencemeasurements were followed to collect the emission through a 20× (N.A.0.4) objective,
which resulted in a series of 31 spectral images (1024×1024 pixels). A 50× (N.A.0.75) objectivewas used for
measuring the gap between two adjacentmicrobubbles. The intensity of the light emitted from the interface
between two bubbles was captured and then analysed using an image analysis software (Image J).

3. Results and discussion

Initially, when the laser beamwas focussed on the bubble foams, it appeared opaque due to the scattering of the
laser light. The interfaces between two adjacent bubbles, however, started appearing brighter in foam
monolayers with liquid fraction between 0.09 and 0.17. This is evident in the half symmetrical 3D image of a
foam (figure 2(a)), where the interfacial gaps containing liquid appear brighter than the rest of the foam. The
conical shape visible in the 3D confocal image represents the interface between two adjacent bubbles.When two
spherical objects are placed in an array, they form an interfacial gap of conical shape, which is illustrated in
figure 2(b). A similar observationwas alsomade in the two-dimensional confocal images, where the interfaces
between adjacent bubbles appeared brighter than rest of the foam, as shown infigure 2(c). It should be noted that
themeasured values represented the gap appearing on the transverse image plane. Since the cross section of the
interface was similar to a concave lens (figure 2(b)), the interface would bewidest at the top surface; therefore,
the gap between two adjacent bubbles decreases onmoving through the thickness of the foam. Before acquiring
spectra from themonolayer of the bubbles, the emission spectrawere acquired from the bulk soluiton of the
Rhodamine 6 G and surfactant.

3.1. Effect of foam liquid fraction in conducting light at interfaces
The appearance of bright interfaces between bubbles was only observed in foamswith liquid fractions in range of
0.09–0.17. This confirms that light conducts efficiently through interfaces when the inverse of the liquid fraction
in the foam is higher than the ratio between the photon transportmean free path and the absorption length scale
of the solution [31]. The increased absorbance, combinedwith a contrast between the refractive index of the gas
core and thewaterfilm (η=1.42), channels photons in the liquid stored in the interface. Therefore, light
propagationwith a high capture fraction of 16% at the interface between two bubbles can be explained by total
internal reflection [32]. To capture themaximumamount of light at the interface in subsequent characterisation
experiments, a foamwith 0.11 liquid fractionwas used.

3.2. Stimulated emission
Figure 3(a) shows an example of a highly orderedmonodispersed sized bubble foamused in the experiments.
The excitation power of the 532 nm laser on themonolayer of RD6G-doped self-assembled bubble foamwas
gradually increased until it reached 65 mW.While increasing the power, the fluorescent emission spectra from
the interface between two adjacent bubbles were also acquired for stimulated emission studies. Upon an initial
increase of the excitation power, the foam started to change colour frombright yellow to orange, and several
peaks of spontaneous emission appeared in the spectrum. The spectrawere collectedwhen all the peakswere
stabilised.When the laser excitation power reached 31 mW, the orange yellow glow, localised at the interface
between two neighbouring bubbles, appeared brighter (figure 3(b)). The collected emission spectra are shown in
figure 4.

As can be seen infigure 4, when the excitation power reached a threshold of 5 mW, the intensity of the peak
at 595 nm sharply increased and the full-width at half-maximum (FWHM) decreased to 10 nm.Additionally, a
shoulder at 576 nmwith 17 nmFWHMwas also observed. Apart from these two peaks, the spectra also show
relatively broad emissions in the range 530–590 nmwhich reflect the typical fluorescence of RD6G inwater. The
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Figure 2. (a)A3D image acquired using confocalmicroscopy shows a similar 3D cone appearing bright, while the bubbles appeared as
voids between these triangles. Since the image only captures half symmetry, the other side of the cone does not appear. The light was
conducted by the liquid around the bubble, which captured 16%of the transmitted light. (b)A two-dimensional image illustrates how
a triangular conical gap is formed between two adjacent bubbles. (c)A2D confocal image showing bright interfaces between bubbles
confirms light capture. (d)The PL emission spectra obtained from the Rhodamine 6 G and surfactant solution showing peaks centred
at 567, 563 and 562 nmwith a full width at half-maximum (FWHM) of 30, 28 and 27 nm respectively. The RD6Gdoped foamwas
excitedwith 10 , 17 and 20 mWpumping energy.
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additional features detected in the range 600–760 nmare similar to thefluorescent emissions of RD6Gdissolved
in an aqueous amphiphilic surfactant solution shown infigure 2(d). The integrated fluorescent intensity of all
spectra linearly increasedwith the excitation energy until a threshold value. Above the threshold, the PL
integrated intensity increasedwith amuch higher gradient at 595 nm (see inset offigure 4).With a further
increase of the excitation power above the threshold, the amplitude of the peak increasedwithout the
appearance of resonantmodes, whichwould otherwise be observed in Fabry–Perot cavity resonators. Nomode
spacingwas observed confirming the absence of cavitymode of emission.

All spectra in figure 4 are red-shifted by approximately 30 nmcompared to thefluorescence emission spectra
from the Rhodamine 6G-PEG40 S solution (figure 2(d)); this suggests the formation of J orH types of aggregates
[26, 33]. It is well known that the cationic Rhodamine 6 Gdye forms agglomerates in aqueous solution because
of its hydrophobic interactionwithwater [34]. The addition of an amphiphilic surfactant below the critical
micelles concentration (CMC), however, disperses the aggregates, forming amonomer-dye solution, which
increases thefluorescence emission intensity [35].

Since polyoxyethylene 40 stearate concentration of 0.0075 wt% in solutionwas lower than theCMC (0.01
wt%) [36], themicelles, and subsequently the aggregates,must not have formed in the dye solution. It is well
known that themicelles capture the dye from its centre leading to dye aggregation in solution [36]. In this
experiment, however, the presence of phase boundaries between adjacent bubbles in the foams increased the
local concentration of dye and surfactantmolecules, leading to the reorientation of hydrophobic tails and

Figure 3. (a)An image showing amonolayer ofmonodisperse bubbles used in the current study, (b) an image of the interface between
two bubbles showing lasing, when excitedwith 532 nm. Scale bar represents 100micrometer.

Figure 4. Fluorescent emission intensity spectra acquired from the interface of two adjacent bubbles at varying pumping power. The
inset PL image shows the orange–yellow colour corresponding to the stimulated emission peak at 595 nm,while the inset plot shows
the increase in the integrated PL intensity in response to variation in laser pumping power. The nonlinear behaviour explains the
presence of the stimulated emission.
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hydrophilic heads of themicelles at the interfaces between bubbles, as previously reported [37, 38]. The
hydrophobic tails remained oriented towards air, while the hydrophilic headswere located on thewater side
(figure 5) [39]. Such orientation determined repulsion between highly charged hydrophilic tails, allowing the
local formation of hemispherical pre-micelle structures [40], which could have helped to capture the cationic
dye in hydrophobic centres to form J orH aggregates at the interface between two bubbles [41]. The red-shifted
fluorescence emission at 595 nmcan be attributed to the presence of pre-micelle structures andRhodamine 6 G
intercalated by J type aggregates [42]. The red-shift in the emission results from the interactions between the dye
monomers and increased cationic charge of high local dye-micelles concentrations or fromweakly-coupled
aggregates [43].

As visible infigure 6 (location P4 for instance), stimulated emissions are only observedwhen the gap between
two adjacent bubbles is not larger than 1μm.When the gap between two phase boundaries (in adjacent bubbles)
is equal or less than 1μm, the local concentration of agglomerates ismaximized at the interfaces; this is in
agreementwith previous studies reporting that if the gap between two adjacent bubbles is less than twice the size
of the aggregates, the local concentration of disordered agglomerates becomes high [41]. Additionally, the
monolayer used in this work is a two-dimensional foam and therefore, the thin film between two bubbles forms
a network that allows a randomwalk of photons [44, 45]. The diffusive randomwalk of photons is aweak
scattering event and alone does not generate stimulated emissions [44]; however, the dye-surfactant
agglomerates coupledwith diffusive randomwalk increases residence time of the pohoton providing random
feedback [45]. The area where the gap between two bubbles is larger than 1μmdoes not show any increased
intensity (figure 6) and therefore, it indicates absence of agglomerates as adsorbtion of the dyewould be less
between two bubbles [46]. If bubbles are near the dyemolecule adsorbtionwould increase and dyemonomer
will not long be present. It is worth noting that the incidence angle of the laser is important in achieving lasing. If

Figure 5. Surfactantmolecules orientation around bubble.

Figure 6.The fluorescence emission amplification observed at the interface with a gap of approximately 1μmbetween two adjacent
bubbles.When the gap is larger than 1μm, the emission amplification at the interface is not observed. The spectra corresponding to
the approximate spatial locations P1, P2, P3 and P4 are shown infigure 7.
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angle is not 45° and does not allows the light to propagate along the interface between two bubbles, the efficiency
of light guide drops with the absence of diffsive randomwalk.

Since the shape, size, geometry of agglomerates and inter-agglomerate distance is related to thewavelength
of the stimulated emission, signals from four different locationswere collected and plotted in figure 6. The inter-
agglomerate distance in the ensemble is determined by the balance of the capillary force and the long-range
repulsion between two agglomerates [47].

Therefore, the force balance at the interface dictates that the local concentration of the agglomerates is
maximumat P4 compared to other locations, such as P1, P2 and P3. The spectra acquired from the four
locations showed similar trends.Moving away from the narrowest gaps (from location P4 to P1), the local
concentration of dye decreases and results in inmonomeric solution. The low dye concentration inhibits the
formation of agglomerats. As seen infigure 7, the presence of agglomerates increases intensity but a red-shift of is
also observed in relation to peak frommonomeric solution (bulk solution, P4 location).With increase in solute
concentration, the emission spectrum shifts towards the lower frequencies [33].

The side-band at 576 nm is related to the size, shape and concentration of the agglomerates. Additionally,
a higher concentration of dye increases the capacity to absorb at shorter wavelengths and decreases the ratio
between the absorbance at themain band and that at the side-band [43]. Agglomerates of small size, which are
not intercalated with the surfactant, broadened the emission band and a blue-shift to 576 nmwas also
observed.

4.Morphology of dye agglomerates at interface

To investigate themorphology of the dye agglomerates around the bubbles in foam, the foam samples prepared
as described previously. Samples were freeze dried on the TEMgridwithmembrane (300 μmgrid size) before
imaging. The TEM images, as seen infigure 8, show the formation of dye nanoagglomerates (figure 8(a)) around
the bubble (figure 8(b)). Themicelle with dye agglomerates and the slender side-to-side agglomerate formation
are also observed infigures 8(c) and (d), respectively.

5. Time correlated single photon counting

The dye aggregation is known to responsible for short fuorescnce lifetime and self-quenching.[48]TheTCSPC is
used to study the dynamic processes through stimulated emission in such system. The excited state dynamics of
Rhodamine 6 G aggregates and the influence of the bubble interface were investigated. The emission decay
curves (figure 9) for a bulk solution of 0.01 mMconcentration and amonolayer of bubbles preparedwith same
concentration (0.01 mM)were collected at 560 nm.

In comparison to a single exponential parameter fitting to decay curve for the bulk liquid, the emission decay
curve from themonolayer of the bubbles were found tofit to the triple exponential parameter, which highlights

Figure 7.The plot shows spectra of the normalisedfluorescence emission from four locations as shown infigure 6. The inset plot
shows the integrated photoluminescence intensity for each spectrum referring to various spatial locations on the foam.Maximum
standard error for all FWHMvalue is±0.72. (All spectra are not shown.)
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the shortening of lifetime (table S1 in supplementraymaterial is available online at stacks.iop.org/JPENERGY/
1/015007/mmedia). Thefirst twofitted decay parameters from themonolayer emission curve are very short
(range of 0.47–0.1 ns) in comparison to third decay component, which is 3.54 ns. Three different lifetime
confirms the presence of three different species. The bulk liquid emission decay curvewasfitted to single
parameter with 4.25 ns lifetime, which is consistent with the value of Rh 6 G inwater [49]. The longer lifetime is
related tomonomerwhereas the shorter decay components indicates the formation of the agglomerate and
interactionwith dyemolecules [26]. The dye concentration increases through enhanced adsorption if the gap
between bubbles decreases. The short range attractraction promotes the dye agglomeration due to higher
concentration. The results show that the decay of the stimulated emission ismultiexponential.

Figure 8.TheTEM image of (a)Rhodamine 6 g agglomerated crystals (inset diffraction pattern) (b) dye agglomerate around bubble
(c)micelle-dye crystal (d) slander structure of the agglomerate.

Figure 9. Fluorescence emission (560 nm) lifetime for 0.01 mMbulk solution and 0.01 mMbubblemonalayer.
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6. Conclusion

Ahigh threshold stimulated emission centred at 595 nmwavelengthwas shown to occur at the interface between
two neighbouring bubbles in Rhodamine 6G-doped foams excitedwith a 532 nm laser. The stimulated emission
was highly dependent on the laser incidence angle, the gap between two adjacent bubbles rather than the
diameter of the bubbles. Additionally, the liquid fraction of the foam is a key factor for channelling photons at
the interfaces. An efficient reflection and the use of reflective surfaces as substrates are crucial for obtaining single
model stimulated light amplification for high loss foam systems. This can, however, be useful for efficient light
guiding. The foam can be used as a template for adsorbed nanoparticles and dyes to create a highly regular
structure of nanoparticles at a low cost. A 2D structure with a regular array of hole can be stacked in z-direction
to create a 3D structure capable of absorbingmultiphoton for an increased catalytic reaction.
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