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Herein, particle clustering dynamics and
 thermofluidic transprot in colloidal assemblies are experimentally examined using a novel fluorescence tech-
nique with the aim to investigate colloidal physics that decide cracking mechanics during self-assembly. The results show that grain boundaries are deter-
mined by dynamic structuring regimes governed by the film’s saturation level.
a r t i c l e i n f o

Article history:
Received 21 February 2020
Revised 4 April 2020
Accepted 11 April 2020
Available online 17 April 2020

Keywords:
Self-assembly
Saturation level
In situ measurements
Grain boundary
Laser induced fluorescence
a b s t r a c t

Colloidal self-assembly is a process in which dispersed matter spontaneously form higher-order struc-
tures without external intervention. During self-assembly, packed particles are subject to solvent-
evaporation induced dynamic structuring phases, which leads to microscale defects called the grain
boundaries. While it is imperative to precisely control detailed grain boundaries to fabricate well-
defined self-assembled crystals, the understanding of the colloidal physics that govern grain boundaries
remains a challenge due to limited resolutions of current visualization approaches. In this work, we
experimentally report in situ particle clustering dynamics during evaporative colloidal assembly by
studying a novel microscale laser induced fluorescence technique. The fluorescence microscopy measures
the saturation levels with high fidelity to identify distinct colloidal structuring regimes during self-
assembly as well as cracking mechanics. The techniques discussed in this work not only enables unprece-
dented levels of colloidal self-assembly analysis but also have potential to be used for various sensing
applications with microscopic resolutions.
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1. Introduction

Self-assembly is a process by which matters form into struc-
tures through vigorous interparticle interactions and multiscale
thermofluidic physics. Among various self-assembly methods,
evaporative colloidal self-assembly (Fig. 1a,b) continuously
attracts researchers for its simplicity and potential to be scaled
up [1–7]. In this method, monodisperse nanospheres assemble
themselves into thermodynamically dictated structural organiza-
tions, called the colloidal crystals or opals. Previous literatures
show the potential use of colloidal crystals in various applications
ranging from tunable wavelengths for optics [8–11], fluid transport
for electronic cooling devices [12–16], and rigid support for biomi-
metic tissue scaffolds [17–20]. Most applications require rigorous
structural periodicity at the large-scale (>1 cm)[21] in order to
ensure isotropic diffraction [9], well-distributed liquid transport
[13], and idealistic mechanical environments for cell growth,
respectively [20]. However, mishaps in the self-assembly process
cause the structures to naturally form microcracks (i.e., grain
boundaries) that propagate between packed colloidal crystal
domains [22–27].

Cumulative literature over the past decade indicates that the
perspective of grain boundaries has been changed. In the past,
grain boundaries were considered as ‘‘microscale defects.” Several
efforts to minimize defects have been attempted by increasing the
colloidal kinetic energy (i.e., increasing evaporation temperature)
[23,24], by decreasing the structural thickness [28–31], by ensur-
ing sufficient self-assembly time [24], or by counteracting sphere
shrinkage through sol-gel precursors [32,33]. Despite all efforts
pursuing perfect crystal packing, it has been a great challenge to
entirely eliminate grain boundaries at the large-scale [34,35]. On
the other hand, recent studies have started considering grain
boundaries as micro/nanopatterns that can be utilized to design
Fig. 1. In situ monitoring of evaporative colloidal self-assembly using microscale laser ind
by evaporation-induced convective flows. An ordered structure of colloidal spheres for
nanospheres start to assemble into crystalline opals, a relatively constant thickness film d
distances between doped particles dictates the saturation level of the film and thereby
changes during the three distinctive regimes called the (c) saturated regime, the (d) wet
orange luminance. (f) During the lLIF measurement, a light source (green) excites the
through an optical filter to a charge-coupled device (CCD) camera and is postprocessed
unique optical and liquid transport properties [13,34–39]. Such
an alternative approach requires the precise control of volatile
cracking phenomena during self-assembly which, in turn, consists
of complex intermolecular physics in relation to microscale ther-
mofluidic phenomena.

Early theoretical models have explored the cracking phenom-
ena associated with structural thickness, film stress level, and grain
boundary initiation [28,29]. The relationship suggests a ‘‘critical
thickness” that is required for a colloidal film to release its stress
in forms of grain boundaries [28,29]. In addition, grain boundaries
also arise from the combination of particle-level defects (i.e., col-
loidal polydispersity, impurities, and particle shapes) [22] and local
packing mismatches (i.e., body-centered cubic (BCC), face-centered
cubic (FCC), and hexagonal close-packed (HCP)) [25,40,41]. Despite
the previous efforts, a holistic view about cracking phenomena
accounting for thermofluidic boundary conditions has not yet been
fully explained.

Recent discoveries on colloidal self-assembly suggest that grain
boundaries are deeply related to saturation levels. For example, a
study reported a drying-induced dynamic local packing transfor-
mation from FCC to BCC during nanosphere self-assembly
[42,43]. Based on past research, such local packing changes can
modify the entropic state of the system and trigger grain bound-
aries [44]. Furthermore, our past work has demonstrated the con-
trol of grain boundaries by modulating evaporation conditions
such as surface temperatures [34]. The findings mentioned above
suggest that grain boundaries are byproducts of drying-induced
transitional states where dynamic interparticle tension forces acti-
vate structural changes [40,41,45,46]. Therefore, it is imperative to
find a strong correlation between grain boundaries and film satu-
ration levels; however, direct experimental measurements have
been challenging due to the limited spatial resolutions of current
measurement approach, which motivates us to study new
uced fluorescence (lLIF) techniques. (a) Particles are guided towards a growth front
ms as more spheres accumulate. to and t1 represent different time frames. (b) As
evelops. (c–e) The number of dye particles loaded onto colloidal particles and mean
the fluorescence intensity. The figures illustrate how the local dye concentration

regime, and the (e) dry regime. The change in fluorescence intensity is illustrated as
dye particles, causing it to fluoresce light at a higher wavelength. The light passes
in PC with software.
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high-resolution visualization techniques that can identify satura-
tion levels during self-assembly.

Laser induced fluorescence (LIF) techniques can be a powerful
methodology to measure thermofluidic properties. LIF techniques
utilize fluorescence where light-sensitive particles (i.e., fluo-
rophores) absorb photons of a specific wavelength (i.e., excitation)
and then emit photons of longer wavelength (i.e., emission). The
emitted signals are transmitted through optical filters to produce
fluorescence intensity-based imaging. At the macroscale, LIF tech-
niques have been conventionally used to analyze thermofluidic
physics such as temperature fields in a turbulent duct flow [47],
droplet impinging dynamics [48], and surface thermal profiles of
liquid droplets [49]. Micro laser induced fluorescence (lLIF)
employs microscopes to enhance characterization resolutions up
to 100–400 nm with high fidelity [50–58,67]. lLIF techniques have
successfully demonstrated high-resolution surface temperature
measurements in microchannels [55], droplet interfaces [49], and
microfabricated devices by using temperature-sensitive fluores-
cence dyes [59]. However, there have been no efforts to identify
the saturation levels under colloidal self-assembly using lLIF tech-
niques due to the complications involved with having additional
nanospheres in the fluorescent solutions [60–62]. Despite such
complexity, lLIF techniques are suggested to measure saturation
levels and explore uncharted thermofluidic colloidal self-
assembly physics by exploiting the unique fluorescence behaviors
of colloidal and dye mixtures in detail in this paper.

Herein, we study fluorescence microscopy techniques for the
first time to experimentally characterize real-time colloid physics
during evaporative self-assembly at the submicron scale. The fluo-
rescence microscopy techniques are suggested to identify distinct
structuring regimes dictated by their saturation levels. High-
resolution measurements will allow us to examine the detailed
particle clustering dynamics and thermofluidic transport during
evaporative self-assembly, resulting in the formation of grain
boundaries or microcracks between crystal opals and their propa-
gation. The crack formation and propagation physics reported in
this work are valuable for studies aiming to fabricate crystalline
structures with well-defined features and transport properties.
Furthermore, the techniques provided in this work have potential
to serve as advanced environmental sensing tools for biomedical,
microfluidic, and electronic applications.
2. Results and discussion

In evaporative colloidal self-assembly, dispersed nanospheres
assemble themselves to form structures as follows: As the solvent
evaporates, colloidal nanospheres start adhering to the substrate
near the meniscus line, forming small organizations of packed
spheres, which is denoted as the growth front (Fig. 1a). Nearby
nanospheres are driven towards the growth front via capillary-
induced water flows, leading to a highly ordered, crystalline thin
film (Fig. 1b). Despite the crystallinity at the large scale, microscale
structural defects (i.e., grain boundaries) naturally form and prop-
agate throughout the film. In order to understand the colloidal
physics that generate grain boundaries, we explore the impact of
saturation levels on the transition from dispersed nanospheres to
highly ordered, crystalline thin films by using lLIF techniques
(Fig. 1f). The lLIF techniques enable real-time observation of satu-
ration levels by tracking the fluorescence intensity of the mixture
of rhodamine B and polystyrene latex beads (hereafter denoted
as RhB@PLB).

The evaporation phenomena during the self-assembly process
impact the overall RhB@PLB’s fluorescence intensity in relation to
the combination of the medium thickness and the number of fluo-
rophores per unit volume (i.e., local dye concentration). The
dynamic medium thickness influences the fluorescence intensity
by dictating the dye-incorporated media volume the excitation
light passes through [63], which means the fluorescence intensity
decreases with smaller medium thickness. The initial solution state
has excess solvent with respect to spheres and the overall fluores-
cence intensity is thereby mainly dominated by the evaporation. It
should be noted that the medium thickness becomes relatively
constant if the solvent level is below the film thickness of packed
nanospheres. (Fig. 1b). In addition, the number of fluorophore par-
ticles loaded onto nanospheres increases (Fig. S1a–c), and the
mean distance between doped particles decreases, as the solvent
evaporates. This all consequentially increases the local dye concen-
tration and fluorescence intensity, as illustrated in Fig. 1c–e. Since
the medium thickness effect is negligible when the nanospheres
begin to assemble into films, we hypothesize that the fluorescence
intensity is mainly governed by the solvent saturation levels in this
study. A constant sphere size and colloidal concentration of
300 nm and 4%, respectively, is selected (See Supporting Informa-
tion S1).

To validate the hypothesis described above, we characterize the
real-time self-assembly process by identifying different regimes –
(1) the saturated regime, (2) the wet regime, and (3) the dry regime
(Fig. 2). The saturated regime (Fig. 2a) describes the state before
nanosphere structuring. The excess solvent in the saturated regime
allows both dye and nanosphere particles to move throughout the
solution with relatively long interparticle distances that result in
weak fluorescence signals (Fig. 2e). As the solvent evaporates, the
nanospheres organize themselves into a loosely packed configura-
tion, called the wet regime (Fig. 2b,c). The fluorescence intensity-
based image in Fig. 2a shows the wet regime expanding through
the saturated regime where the fluorescence intensity increases
by approximately 44% (Fig. 2e). The quick transition (~15 s) from
the saturated regime to the wet regime indicates rapid nanosphere
assembly. The wet regime remains at a relatively constant inten-
sity for 832 s, suggesting that the overall structure’s saturation
level is preserved during this process. The constant saturation level
can be explained by a continuous water flow via capillary wicking
from the bulk solution to the growth front. It should be mentioned
that minor photobleaching (2�9%) occurs during the wet regime as
the film is exposed to the laser for a relatively long time. The bar
graph shown in Fig. 2e inset shows the temporal average fluores-
cence intensity measured from the saturated (0–45 s), wet (70–
890 s), and dry (1150–1184 s) regime. The standard deviation of
each measurement is calculated as 0.8, 13.1, and 1.2 for saturated,
wet, and dry regime, respectively, and is represented by error bars.
Finally, the solvent completely evaporates, which stops further liq-
uid delivery, leading to the dry-out domains in the dry regime
(Fig. 2d). The transition from the wet to the dry regime is easily
identified by an increase in the fluorescence intensity by ~153%,
as shown in Fig. 2e.

2.1. Fundamental investigation of longitudinal cracking mechanism

While the overall saturation level measurements reveal the
transition between the different regimes during colloidal self-
assembly, it is critical to identify local saturation levels to under-
stand cracking phenomena with a high spatial resolution (Fig. 3).
The longitudinal cracks first develop in the drying direction
(Fig. 2b), followed by the formation of the transverse cracks in later
steps.

Movie S2 shows the full self-assembly process while Movie S3
displays the sequential crack propagation steps in detail. First, lon-
gitudinal cracks develop in the wet regime where the active assem-
bly of nanospheres starts forming packed structures; as the wet
regime expands, the cracks propagate further by tensile stresses
accumulated within the film. The propagation of a single longitudi-



Fig. 2. Distinctive saturation regimes during evaporative self-assembly. (a) The image shows the wet regime expanding through the saturated regime. (b) As the wet regime
expands, cracks initiate and propagate in the drying direction (i.e., longitudinal cracks), which are indicated by arrows. (c) At a later stage, cracks perpendicular to the drying
direction (i.e., transverse cracks) form and create an isolated domain (i.e., grain). The opal film dries in discrete steps as local grain dry-out occurs. Individual grains are
identified with numbers for the dry-out analysis in Fig. 4. (d) The fluorescence intensity abruptly increases after the complete dry-out. The scale bars represent 100 lm. (e)
The spatial average fluorescence intensity of the dashed box in (a) shows stepwise increases with time. Each step represents a different saturation regime (e.g., saturated
regime, wet regime, and dry regime). The inset shows the temporal average intensity of the dashed box in (a) for each saturation regime.

Fig. 3. Crack formation and propagation phenomena associated with the local evaporation. (a–c) High magnified fluorescence images show a longitudinal crack propagating
through the film. (a) The drying direction and cracking direction are shown. (b) The opal domain and the near-crack domain is indicated in the figure. (c) Dry-out causes the
fluorescence intensity to drastically increase. (d) The fluorescence intensity profile of the dashed line drawn in (a) exhibits high intensities at the near-crack domain (red
block). The abrupt dip in fluorescence intensity is caused by the absence of solution at the fissure caused by the crack. (e) Time-dependent plots of the opal and the near-crack
domains show fluorescence intensity differences between the two domains decreases as the film dries. (f) The normalized dryness of 5 individual cracks shows that the near-
crack domain has a ~22% higher fluorescence intensity than the opal domain during the wet regime, which indicates a lower saturation level. The error bar represents the
standard deviation. The crack formation and propagation associated with local evaporation phenomena are illustrated from the (g–i) top and (j–l) front view. The blue and
grey color represent dry and wet nanospheres, respectively.
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nal crack through the film as well as the differences in local
saturation levels are confirmed by time-dependent, high-
magnification lLIF images in Fig. 3a–c. The crack peripherals (de-
noted as the near-crack domain) emit higher fluorescence intensity
when compared to the rest of the bulk film (denoted as the opal
domain), as plotted in Fig. 3d. Furthermore, the black and red lines
in Fig. 3e show the average fluorescence intensity of opal and near-
crack domain, respectively, as the regime transforms from the wet
to the dry regime. The temporal average fluorescence intensity is
taken over the dotted box in Fig. 3b and over a line along the crack
peripheral for the opal and near-crack domain, respectively. In the
wet regime, the difference in average fluorescence intensity
between the opal domain and the near-crack domain remains rel-
atively constant. However, the difference in the average fluores-
cence intensity gradually diminishes as the film dries. This
means that the near-crack domain is drier than the opal domain
during the wet regime. The temporal fluorescence intensity fluctu-
ation in Fig. 3e is attributed to background and Poisson noise asso-
ciated with high-resolution imaging [64–66], where a maximum
standard deviation of 91 is reported for the opal domain in the
dry regime.

The saturation level difference between the opal domain and
the near-crack domain can be explained by the capillary-assisted
evaporation after grain boundary formation. Fig. 3g–l illustrates
the front and top view cracking schematics, where the blue and
grey spheres represent dry and wet nanospheres, respectively.
Before cracks are introduced to the film, the evaporating menisci
is primarily located at the top of the sphere array, as shown in
Fig. 3j. As longitudinal cracks steadily propagate through the film
and generate gaps between the packed spheres (Fig. 3g and h),
water flux comes from the crack area to the organized spheres
through the capillary-assisted wicking and creates additional evap-
orative surfaces, as illustrated in Fig. 3k. Therefore, capillary-
assisted evaporation occurs at the near-crack and causes the
near-crack domain to dry faster (Fig. 3h and k). Eventually the opal
film consisting of packed spheres completely dries, as illustrated in
Fig. 3i and l.

The differences in the saturation levels between the opal
domain and the near-crack domain in the wet regime are identified
by defining a ‘‘normalized dryness (ND),” which is the ratio of flu-
orescence intensity to the average fluorescence intensity of the dry
regime. The ND of the near-crack domain (ND = 0.5) is approxi-
mately 22% higher than that of the opal domain (ND = 0.4) where
the dry regime ND = 1. This result quantitatively indicates that the
near-crack domain is drier than the opal domain.

Theresults suggest thatevaporationratemisbalancesbetween the
opal domain and the near-crack domain expediate the longitudinal
Fig. 4. Grain dry-out mechanism. (a) As longitudinal cracks form, the separated structu
form due to tensile forces (indicated in black arrows) in the direction perpendicular to the
parallel to the drying direction (indicated in black arrows). Transverse cracks prevent furt
out. (c) The average intensity of individual grains in Fig. 2c displays a stepwise increa
transverse cracks start to form.
crack propagation. The evaporation rate misbalances between the
opal domain and the near-crack domain can generate auxiliary
drying-induced tension forces in the transverse direction, which
wouldencourage longitudinal cracking (Fig.4a). Thetendency for lon-
gitudinal cracks to propagate prominently in evaporative colloidal
self-assembly is in coherencewithour past reportwhere longitudinal
crack initiation cites appeared foremost due to the effect of the drying
direction [34]. Inotherwords, favorable initiative cites and local evap-
oration ratemisbalances induces a systematic, selective promotionof
longitudinal cracking.

2.2. Transverse crack formation and local grain dry-out

Transverse cracks – the cracks that develop normal to the dry-
ing direction - form due to force misbalances within the film,
which is similar to longitudinal cracks. However, unlike longitudi-
nal cracks (Fig. 4a), transverse cracks consume less time to fully
develop due to their short lengths and usually develop at a later
stage (Fig. 4b). A set of both longitudinal and transverse cracks cre-
ates an isolated opal domain, called the crystal grain or the grain
(Fig. S3a). With this in mind, the drying process of the overall film
can be considered as a comprehensive drying of individual grains
over time (i.e., local grain dry-out).

mLIF observations reveal that individual grains dry in a system-
atic, step-by-step procedure driven by microscopic liquid transport
phenomena. Fig. 4c represents in situ saturation levels of individual
grains numbered in Fig. 2c. The measurement starts when the first
longitudinal cracks appear in the visualization window at t = 454 s
and ends when the film fully dries at t = 1200 s. The multiple step-
wise fluorescence intensity jumping in Fig. 4c indicate asyn-
chronous drying in local film areas (i.e., grains). The intensity
discrepancies of individual grains upon dry-out (~t = ~1200 s) in
Fig. 4c are attributed to grain lift-off effects, explained in
Supporting Information S2, Fig. S3. Interestingly, the fluorescence
intensity in Fig. 4c jumps immediately after the formation of trans-
verse cracks while remaining unchanged during the longitudinal
crack’s earlier development. This phenomena can be explained by
selective capillary-assisted liquid transport from the bulk liquid
to the grains. As noted in previous sections, the presence of the
nanoscale pores between packed spheres enables liquid feeding
from the bulk solution to the growth front via capillary wicking.
However, grain boundaries work as hydraulic resistances as the
liquid in the created grain boundaries is quickly absorbed by the
surrounding opal structures (Fig. 3k). Therefore, grain boundaries
can create innately different liquid transport impediments depend-
ing on their propagation direction. On the one hand, the longitudi-
nal cracks have minimum impact on liquid transport because they
res are continuously supplied with liquid via capillary wicking. Longitudinal cracks
drying direction. On the other hand, (b) transverse cracks form due to tensile forces
her liquid supply to the isolated structure (i.e., grain), which leads to local grain dry-
se right after transverse cracks form. The arrows indicate when longitudinal and
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are in alignment with the direction of the liquid supply (Fig. 4a).
On the other hand, the transverse crack creates a gap in a direction
that impedes capillary feeding (Fig. 4b). The hydraulic resistances
along the liquid feeding originated from the transverse cracks facil-
itate local grain dry-outs, which results in non-simultaneous film
dry-out.
3. Conclusion

In summary, we employ for the first time a lLIF technique that
overcomes extant resolution barriers to experimentally character-
izes real-time particle clustering dynamics in colloidal assemblies
that decide grain boundary formation mechanisms with up to
300 nm spatial resolution. Our method identifies three distinctive
saturation level-dictated structuring phases called the saturated,
the wet, and the dry regime. The fluorescence intensity increases
by 44% and 153% during saturated to wet regime and wet to dry
regime transition, respectively. The saturation level jumps indicate
discrete saturation level reductions during the self-assembly pro-
cess. The quick transition (~15 s) from saturated to wet regime sug-
gest a rapid structuring of nanospheres. In addition, grain
boundaries form in the wet regime where the local saturation level
measurements show that the near-crack domain has 22% lower
normalized dryness than the opal domain, suggesting the existence
of microscale evaporation rate misbalances between the two
domains. The evaporation rate misbalances in turn can cause aux-
iliary tensile forces that especially promote longitudinal cracks.
Furthermore, in situ saturation level monitoring shows that trans-
verse cracks function as hydraulic barriers that trigger local grain
dry-out, which eventuate in non-simultaneous film dry-out. The
findings in this study provide fundamental groundworks for devel-
oping a practical approach (e.g., harnessing grain boundaries to
fabricate controlled microstructures) to tackle problems engen-
dered by inevitable defects developed in self-assembled structures
at the large scale (>1 cm) [34,35,38].

The lLIF technique presented in this study also shows potential
to be developed for advanced sensing technology. For example, our
lLIF techniques demonstrate high sensitivity (Fig. S1) and
reversibility (Fig. S2), which might be useful to detect uninten-
tional local dry-out locations in microfluidic channels. In addition,
the techniques might have potential to be exploited as in situ stress
measurement tools. As future work, we will investigate the corre-
lation between interparticle saturation levels and particle dis-
tances to derive quantitative measurements for drying-induced
tensile stresses in thin films.
4. Experimental section

4.1. RhB@PLB solution

We fabricate colloidal solutions by incorporating fluorescent
dyes into polystyrene latex beads, in order to measure the level
of saturation as a function of fluorescence intensity. Prior to the
addition of rhodamine B (Acros Organics), a 0.1 M sodium bicar-
bonate buffer at pH 9.4 is prepared to ensure proper color concen-
tration of the dye. The buffer is made with 30 ml of 0.1 M sodium
carbonate and 70 ml of 0.1 M sodium bicarbonate and is diluted to
0.2 mM. Then, rhodamine B is added to the buffer solution to make
a 0.1 mM fluorescence solution. The rhodamine B solutions are
refined before use with a syringe filter (0.2 lm pore size). After
this, monodisperse sulfate latex beads with an 8% concentration
(Thermofisher Scientific, Life Technologies Corporation) and parti-
cles with 300 nm diameter are dispersed in diluted water via son-
ication for 20 min. Finally, the colloidal solution is diluted from 8%
to 4% by adding rhodamine B solutions to create the RhB@PLB
solution.

4.2. Fabrication of crystalline opal Structures.

Crystalline opal structures are fabricated by drop-casting 200 ll
of 4% RhB@PLB on the glass substrate of a custom self-assembly
chip. The volume and concentration of the solution is determined
through a parametric study to produce preferable structural fea-
tures optimal for imaging during the evaporative deposition (Sup-
porting Information S3, Fig. S4). After the solution is drop-casted,
the solution is manually distributed (Fig. S5) using a pipette tip
until the solution peripherals are in contact with the side walls
of the self-assembly chamber. The indium-tin-oxide (ITO) heater
on the glass substrate is heated up at a constant heat flux of
0.75 W/cm2 by connecting with a power supply. The heated glass
substrate enables the drop-casted solution to start forming into
thin films as illustrated in Fig. 1a and b.

4.3. Custom self-assembly chip

We design a customized chip to visualize the colloidal self-
assembly by using an upright microscope (Fig. S6). The chip con-
sists of top and bottom acrylic platforms, a removable glass slide,
a rubber gasket, spring-loaded pogo pins, and a transparent ITO
heater (Fig. S6a). The top and bottom substrates are machined
using computer numerical control (CNC) machine to ensure the
liquid feeding without leakage. Top and side views of the chip
are shown in Fig. S6b and c.

4.4. Image acquisition

Fluorescence imaging of the rhodamine dye is performed using
an upright confocal fluorescence microscope (BX61, Olympus) with
a 10 mm long working distance objective. The upright microscope
enables top to bottom surface imaging and thus is suitable for sur-
face analysis. An appropriate filter set (excitation: band pass
559 nm, emission: band pass 570–800 nm) and a broadband mer-
cury illumination are used. For saturation level measurements, a
low lasing intensity of 0.3% (to reduce photobleaching of the fluo-
rophore) excites the fluid at wavelengths of 559 nm to fluoresce
while the fluorimeter records the fluorescence spectra. The high
voltage (HV) and gain are set manually and are kept constant
throughout a given set of experiments. Digital images are obtained
and post-processed through FluoView FV1000 software. Image col-
ors are added using built-in channel options.
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