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Random lasers have the potential for cheap and coherent light sources which, in the particular case of colloidal
suspensions, are completely flexible and can take on any desired shape. Here, we studied random lasing in
correlated colloidal systems composed by TiOy@Silica nanoparticles suspended in ethanol solutions of Rhoda-
mine 6G. TiO, particles with two different silica layers (thicknesses of 40 nm and 70 nm) were prepared. The

Random laser performance improves when the silica shell is thicker (70 nm), which was attributed to a stronger
localization of light (higher density of localized states) induced by stronger correlation in the scatterers’
(TiO@Silica) position as a consequence of a stronger and longer-range Coulomb interaction between the
scatterers. Light diffraction patterns in both TiO.@Silica suspensions showed a stronger correlation in the
scatterers’ position, being stronger when the silica shell is thicker.

1. Introduction

Core-shell TiO,@Silica nanoparticles (NPs) show suitable properties
for bio-photonics applications as UV and UVB absorbers [1] and in
photocatalytic degradation of dyes and drugs [2]. In particular,
core-shell TiO,@Silica NPs have been introduced as scattering medium
for localization of light [3] [-] [5] and random laser (RL) [6-10]. In this
work, random lasing is studied in a scattering medium containing
core-shell TiO,@Silica NPs. Random lasers (RLs) present a major
advantage over regular lasers as the required technology for their pro-
duction is relatively simple. RLs can be produced in several different
forms such aslD fiber random lasers [11], 2D flexible and
wavelength-tunable random laser [12], and 3D random laser with
directional output beam [13]. Here, we studied the colloidal structure
and random laser action in a scattering medium composed by core-shell
TiO,@Silica NPs, with two different silica layers (thicknesses of 40 nm
and 70 nm), suspended in a Rhodamine 6G (R6G) ethanol solution. The
silica shell on TiOy core (rutile, 410 nm mean diameter) induces an
electrostatic field on the TiO»@Silica NPs surface, which gives rise to
strong Coulomb interaction as [TiOy@Silica] is increased [14]. Addi-
tionally, the silica shell provides optical colloidal stability (OCS) [15],
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light-coupling enhancement with the TiOy scatterer cores [16] and
inertness (lower dye photodegradation) [6,15,16], which have enabled
their use in numerous other applications [17-21]. In our recent work
[14], we showed that the correlation in the scatterers’ position
(TiOy@Silica NPs), due to the long-range Coulomb interaction, favors
significantly photon interference (localization) [22-24], which induces
an enhancement of light-matter coupling (enhanced absorption and
Raman signal strength) [3-5,14,25,26]. Localization of light gives rise to
other associated phenomena, such as, a photon-molecule bound state
[27,28], which in turn, leads to the suppression of vibrational relaxation
and spontaneous emission [29]. Several works that have claimed the
observation of localization of light [30] [-] [32], were initially ques-
tioned [33,34] and later refuted by their authors [35,36]. The strategy
used in these previous works was to increase the scattering strength by
increasing the scatterers’ concentration (randomly distributed scat-
terers) in order to reach the Ioffe-Regel criterion (kly ~ 1), where k =
2n/\ and Iy are the wave number and transport mean free path,
respectively. However, the increase of the scatterers concentration de-
creases the separation between them and favors the near field coupling,
which can hamper localization of light [37]. Recently, Kravtsov and
co-workers showed the universality of the localization phenomenon at
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correlated long-range hopping in higher dimensional systems (correla-
tion-induced localization) [22]. Dal Negro and co-workers predicted also
theoretically that aperiodic correlations incorporated during the engi-
neering of photonic media (e.g. metallic nanostructures) are suitable
photonic platforms for localization of light, revealing strongly enhanced
light-matter coupling compared to the traditional periodic and homo-
geneous random media [23,24]. The long-range Coulomb interaction
between scatterers (longer range than the mean separation between
scatterers) increases with the thickness of the electric double layers on
TiO@Silica NPs [38,39]. The theoretical framework employed in
colloid science to study particle-particle interactions has been the clas-
sical theory of Derjaguin-Laudau-Verwey-Overbeck (DLVO) [38]. This
theory is based on the idea that pair-wise interactions arise from the
interplay of attractive van der Waals forces (Fatt) and repulsive Coulomb
forces (Frep, double layer force) screened by the Debye-Hiickel ions
cloud. Depending on the particle size and the thickness of the double
layer, the electrostatic repulsion potential (Uelec) between two colloidal
particles of radii a and a negligible Stern layer thickness can be
expressed as:

Udtec (r) = 2meoe, (@ +A)y,2el <22 where ¢, is the permittivity of
the medium, g is the potential at the particle surface, which can be
estimated from the {-potential measurements [40] and « is the inverse
Debye length (Apebye), which is the thickness of the double layer. For
spherical particles and constant surface potential and the background
ionic strength, the van der Waals attraction, Uyq4y, between the two
particles can be calculated as:

Usaw(r) = -4 [,ff:az +2,i22 +In? ;24“2} where A is the Hamaker con-

stant. Note that the modulus of both potentials (Uejec and Uyqy) increases
when the radii a of the particles increases, which induces a stronger
interaction between them. The thickness of the double layer (Apebye) can
be determined by the measurement of the hydrodynamic diameter,

()"Debye = D';"“ — a). When the mean separation distance between

DHyd,

particles (r,,) is similar or smaller than Dy,yq, strong particle interaction is
expected, which leads to a correlation in the particles’ position [14,41].
This means that when Apepye is of the order of or larger than hy,/2, where
hp, is the mean distance between the opposite particle surfaces, a sharp
secondary minimum of the potential is expected. The crystallization
starts when the colloidal particles fall into this secondary minimum of
depth larger than the thermal energy. Note that an increase of the silica
shell thickness would lead to an increase of particle radii a and Apebye,
which would induce a stronger interaction between TiO,@Silica NPs
favoring the correlation in the scatterers’ position (colloidal crystalli-
zation). The latter has been pointed out in our recent work [14], in
which it was proposed to study TiO,@Silica suspensions with thicker
silica shell. In this work [14], localization of light and associated phe-
nomena were studied for a broad range of concentrations [TiO,@Silica
NPs], using SST of ~40 nm. In other previous works [7,8], random
lasing was also studied in the same TiO,@Silica suspension (SST~40
nm), observing narrow peaks arising in the RL emission spectrum for
collection from a small micrometric volume. This kind of peaks or spikes
have also been observed over a broad range of scattering strengths [42],
and have been associated by Stone, Zaitsev and co-workers [43,44] to
effective cavities in the system (both for diffusive or localization re-
gimes) and not to coherent feedback lasing by localization, as originally
thought. In the present work, we focus on a comparative study of
random lasing and transport of light performed for TiO,@Silica sus-
pensions with two different SST of ~40 nm & ~70 nm. Additionally, for
these two latter colloidal systems, the correlation in the scatterers’ po-
sition (colloidal crystallization) is studied by light diffraction patterns
obtained in the backscattering configuration. The hydrodynamic diam-
eter (Dpyq) of the TiO»@Silica NPs, measured by dynamic light scat-
tering (DLS) at very low [TiO,@Silica], shows a larger Dyyq~1450 nm
(Apebye ~450 nm) for the thicker silica shell (TiO2@SiO2-SiO2) when

Optical Materials 120 (2021) 111428

compared to Dyyq~890 nm (Apebye ~200 nm) for the thinner silica shell
(TiO2@SiOy). Light diffraction patterns, collected in the backscattering
configuration, show stronger correlation in the scatterers’ position for
the TiO,@SiO,-SiO; system (thicker silica shell) when compared to the
TiO,@SiO45 system (thinner silica shell). Light transmitted by the
TiO2@Si02-SiO system is lower than the TiOo@SiOs. For the TiO»@-
Si0,-SiOy system, RL efficiency is higher than for TiO,@SiOz. We
attribute these results to a stronger localization of light (higher density
of localized states) in the TiO,@SiO2-SiO3 system, which is induced by
stronger correlation of the scatterers’ positions as consequence of the
longer-range Coulomb interaction between TiOo@SiO2-SiO2 NPs (larger
}\Debye)~

2. Material and methods
2.1. Synthesis of the TiO,@SiO2 and TiO,@Si02-SiO2 NPs

The TiO,@Si02-SiO NPs were synthetized in two stages. First, TiO;
NPs (Dupont, Inc. R900) with an average diameter of 410 nm and 25 %
polydispersity were coated with a silica shell of ~40 nm (TiO,@SiO3)
via the Stober method [3,45]. In the second stage, the previous synthesis
procedure was repeated with the TiO2@SiO2 NPs previously synthetized
obtaining a thicker silica shell ~70 nm (TiO2@SiO2-SiO>). Briefly, 5 g of
TiO5 NPs were dispersed in 500 mL of spectroscopic ethanol (MERCK).
This suspension was submitted to an ultrasound bath for 30 min to
disperse the particles. Next, while constantly stirring the suspension, 10
mL of TEOS (sigma Aldrich Inc.) and 6.67 mL of ammonia P.A. (NH40H
28%-30 % MERCK) were added alternately in volumes of 100 pl and
220 pl, respectively. The suspension of synthesized TiO»@Silica NPs was
rota-evaporated and dried in an oven at 70 °C for 2 h.

2.2. Characterization

Images obtained by transmission electron microscopy (TEM) of the
TiO,@Si02-SiO2 NPs (Fig. 1) show a silica shell of around 70 nm
thickness. Pure silica NPs of ~40-50 nm diameter are also observed.

Fig. 1. TEM image of the core-shell TiO,@SiO,-SiO, NPs. The image shows
the presence of silica (light gray) on top of the TiO, NPs (darker). The black
arrow indicates the isolated silica NPs also synthesized during TEOS hydrolysis.
The red arrows indicate a silica shell of around 70 nm thickness.
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TEM was performed on a Jeol 200 kV transmission electron microscope,
model JEM-2100. The commercial carbon-coated Cu TEM grid was
immersed in the TiO;@Si02-SiO, suspension that had previously been
diluted 1000-fold and then left to dry, before being introduced into the
microscope. TEM images of TiO,@SiO3 NPs can be found in a previous
work [3]. The stoichiometric ratio (Ti/Si) of the TiO,@SiO, and
TiO2@Si02-Si02 NPs was determined by energy dispersive X-ray fluo-
rescence (ED-XRF). For ED-XRF characterization, 200 mg of dried
sample powder (TiO,@SiO; & TiO,@SiO,-SiO3) were pressed into a
pellet with 12 mm diameter. The hydrodynamic diameter (Dyyq) of the
TiO2@Si04 and TiO2@Si02-SiO2 NPs suspended in ethanol, which gives
an estimative of the extension range of the Coulomb interaction, was
determined by dynamic light scattering (DLS) at very low [NPs]. A
Horiba, model Nano Partica SZ-100 was used to measure Dyyq.

2.3. Random laser samples preparation and experimental setup

Two RL laser samples were prepared by dispersing of the TiO2@SiO2
and TiO,@Si0,-SiO5 NPs in ethanol solution of R6G. The TiO,@SiO4
and TiO,@Si02-Si05 NPs at [140x10'° NPs mL '], which correspond to
filling fractions (FF) of TiO; (rutile) of 4.8 %, were dispersed in ethanol
solution and R6G at [10~* M] was added to both suspensions. We
remark that in a previous work [7], a detailed random lasing study was
performed in the same TiO,@SiO; suspension (FF = 4.8 %). Addition-
ally, we highlight that in our recently published work [14], for
TiO,@SiOy suspension at this FF = 4.8 %, a strongly enhanced
light-matter coupling and strong correlation in the scatterers’ positions
have been observed. However, for TiO2@SiO» suspensions with FF<1 %,
no enhancement of light-matter coupling nor correlation in the scat-
terers’ positions were observed. To perform the RL study, 400 pL of each
sample was put in quartz cuvettes of 2 mm optical pathway. The samples
were pumped by the second harmonic of a Q-switched Nd:YAG (Con-
tinuum Minilite II, 25 mJ, 532 nm, with a pulse width of ~4 ns) at
repetition rate of 10 Hz and with a spot size of ~1.8 mm. The emission
spectra were collected through a multimode optical fiber (200 pm),
coupled to a spectrometer HR4000 UV—VIS (Ocean Optics), with a 0.17
nm spectral resolution (FWHM). The pumping energy fluence per pulse
was varied between 0.01 and 160 mJ cm™2. The schematic diagram of
the experimental setup for RL studies can be found in the supplementary
materials (Fig. Sla).

2.4. Transmission experiment

For both TiO,@SiO, and TiO2@Si02-SiOy NPs systems with FF =
4.8 % and R6G at [10~* M], the intensity profile I(x,y) of a probe beam
(linearly polarized He-Ne laser) was measured after propagating a dis-
tance of d ~ 1.8 mm through the samples. A CCD camera collected the
image of the photon cloud at the sample’s output face. In order to obtain
a meaningful statistic, a total of 10 intensity profiles, collected for
different input points and collection times, were recorded for each
sample. The diameter of the input probe beam was <50 pm full-width at
half-maximum (FWHM). The experimental setup for the transmission
experiment can be found in our recently published work [14].

2.5. Light diffraction from backscattered light

A linearly polarized laser beam (He-Ne) was used to measure light
diffracted by the TiO,@SiO2 and TiO>@SiO2-SiO5 systems in the
backscattering configuration. It is known that backscattered light com-
ing from the first scattering event can reveal the distribution of the
scatterers’ positions. The laser beam was focused through a lens of
+62.9 mm focal length in order to obtain a parallel beam at the focus
with its waist (~6.1 pm diameter) located on the sample’s input surface.
The backscattered light was collected perpendicular to the sample’s
surface by a CCD positioned at 65 mm from the surface. The incidence
angle was ~45° regarding to the normal, which correspond to an
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incidence angle inside the sample of ~26°. In order to obtain a mean-
ingful statistic and average the speckle pattern, a total of 400 images
were recorded for each sample. Thus, to obtain the diffraction pattern
produced by each RL system, the Fourier transform (FT) was determined
separately for each of the 400 images, and then the mean FT was
extracted. Afterwards, the diffraction pattern is obtained by the FT of
this mean FT. The collection time for each image was 70 ps. For the
experimental setup, see our recent work [14]. Note that the particles in
the colloidal suspension are continuously moving, so, a short collection
time is required. The FT is a workaround for the continuously changing
diffraction pattern, because for small changes in the scatterers’ position
the FT is approximately the same. Note that the output of the FT rep-
resents the image in the frequency domain, thus, even if the particles
move, the strong interaction between the particles would tend to pre-
serve the separation between them and their structure. Thereby, the FT
of the mean FT represents the average structure of the first layers of the
colloid.

3. Results and discussion
3.1. Structural and morphological characterization

Fig. 1 shows the TEM image of the core—shell TiO;@SiO2-SiO2 NPs.
In the TEM image, the silica coating on the TiO, NPs shows a regular
morphology, with a thickness of around 70-80 nm. Additionally, an
appreciable amount of silica NPs with size of 40-50 nm are also syn-
thesized during the TEOS hydrolysis, which can be observed in the TEM
image. In order to determine the silica fraction in TiO;@SiO2-SiO2 NPs,
the suspension was precipitated by centrifuging and the atomic per-
centage ratios (Ti/Si) of the dried powders was studied by ED-XRF
before and after centrifugation, yielding Tis;/Sisg and Tise/Siga,
respectively, showing that the silica NPs represent 6.2 % in mass and 13
% in volume of the powder. The atomic percentage ratios (Ti/Si) for the
TiO,@Si02 powder was Tiyo/Sizg. The average silica shell thickness can
be estimated considering the typical density of the silica obtained by the
TEOS hydrolysis as being ~2.1 g cm ™, which yields ~40 nm and ~70
nm thicknesses for TiOo@SiO2 and TiO2@SiO2-SiO9, respectively. The
hydrodynamic diameter Dyyq, measured by DLS after precipitation by
centrifuging, is appreciably larger for the TiO,@Si02-SiO2 NPs (Dpyq =
1450 nm) when compared to TiO2@SiO2 (Dpyq = 890 nm).

3.2. Random laser behavior

For a comparative study of the RL action in the TiO,@SiOy and
TiO2@Si02-SiO4 systems, RL emission was collected from the front
(frontal collection) and the back (back collection) of the cuvette. For
both RL systems, Fig. 2a shows the behavior of the emitted intensity
(frontal collection) as a function of the pumping energy fluence. Emis-
sion spectra can be found in Figs. S1b-e of the supplementary materials.
From Fig. 2a, we can observe that the RL efficiencies (RLeg) for both
systems are not constant. For the TiO,@SiO, RL system (black squares),
RL.ff decreases for pumping fluencies from ~15 mJ em 2 up to ~35mJ
cm 2. For pumping fluencies from >35 mJ cm 2 up to ~75 mJ cm 2,
RL.ff is again constant (magenta dotted line) and for pumping fluencies
>75 mJ cm ™2, a complete saturation of the emission is observed. For the
TiO2@Si02-SiO2 RL (red circles), RL¢f decreases for pumping fluencies
from ~20 mJ cm ™2 up to ~50 mJ cm 2, where RLg starts to be again
constant (magenta dotted line). A complete saturation of the emission is
observed above ~110 mJ cm 2. For both RL systems, the green dotted
lines represent the RLg for fluencies below ~15 mJ cm 2. For the
TiO2@Si02-SiO2 RL system, RLegr (<15 mJ cm’z) is ~25 % higher than
for the TiO2@SiO, RL. Additionally, the saturated RL emission intensity
is also around 25 % higher than for the TiO,@SiO5 system. The second
slope efficiency for the TiO2@SiO2-SiO2 system, RLegr (pumping flu-
encies >50 mJ cm 2 and <110 mJ cm’z), is ~70 % lower than that of
the TiO,@SiO, system (pumping fluencies >35 mJ ecm™2 and <75 mJ
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Fig. 2. For TiO,@Si0,-SiO; (red circles) and TiO,@SiO, (black squares), influence of the pumping fluence on (a) the RL emitted peak intensity, RL.g, for fluencies
<15 mJ cm 2 (green dotted lines), the magenta dotted lines are RLe¢ for fluencies >50 & <110 mJ cm 2 (TiO,@8Si0»-Si05) and >35 & <75 mJ cm 2 (Ti0,@Si0,),
(b) RL spectral width (FWHM), (c) the peak position of the emission spectrum and d) emitted peak intensity for back collection, RL¢¢r (blue dotted lines), for fluencies

<90 mJ em 2 (TiO,@Si02-Si04) and <70 mJ cm?(TiO,@Si05).

em™2). In our previous random lasing work in the TiO,@SiO; system
[71, we showed that the RLe¢ for lower fluencies (<15 mJ em?, green
dotted lines) is basically associated to the emission of localized states.
Therefore, the above results would indicate a stronger localization
(higher density of localized states) for the TiO,@SiO2-SiO RL system.
For pumping fluencies >75 mJ cm 2 (TiO2@SiO4 system) and >110 mJ
cm ™2 (TiO,@Si05-Si05 system), where the RL emission is saturated, a
cavitation effect (bubbles emerging) starts to be observed. This phe-
nomenon (higher fluencies) is reported for the first time in this
TiOy@Silica system, since in our previous work [7], random lasing was
studied only for pumping fluencies <70 mJ cm™~2. We point out that the
pumping fluence for emission saturation of the TiO,@SiO2-SiO2 RL
system is ~70 % higher than that of the TiO,@SiO2 RL system, which
should be associated to stronger localization in the TiOo@SiO2-SiO2 RL
system. This latter result could indicate that the pressure exerted by
trapped light inside localized states does not provoke an appreciable
cavitation effect, which could be due to the “rigid” structure formed by
the scatterers (their positions being strongly correlated) as consequence
of the strong bond between them. If localized states are a result of the
strong correlation in the scatterers’ position [14,22], then, the pressure
induced by trapped light in localized states should be rather propagated
by this “rigid” structure and much less propagated in the liquid solution.
Additionally, owing to the strong bond between scatterers, the ampli-
tude of the mechanic wave, induced by the laser pulse and propagated
through the colloidal structure, must decrease and its speed increase,
causing a decrease in the pressure exerted on the liquid solution. Clearly,
an increase in pumping fluence must provoke an increase of the pressure
induced by trapped light, which can lead to a breakdown of the electrical
bond between scatterers (Coulomb interactions) and, thus, the
colloidal-ordered structure would be destroyed. This latter would favor
the cavitation effect due to the propagation of photoacoustic wave
through the liquid (ethanol). Fig. 2b shows the behavior of the spectral
width (full width at half-maximum (FWHM)) for both RL systems as a
function of the pumping energy fluence. Similar bandwidth narrowing
(FWHM from ~45 nm down to ~5 nm) is observed for both RL systems
when the pumping fluence is increased, from which it can be estimated
that the RL threshold for both RL systems is almost identical (~1.2 mJ
cm_z).

For both RL systems, the RL emission peak (Fig. 2c) shows a redshift
that increases rapidly for fluencies from ~0.08 up to ~8 mJ cm 2. For
fluencies between 8 and ~35 mJ cm ™2, the redshift is approximately
constant for the TiO,@SiO; system, which coincides with the starting
decrease of RLgs (Fig. 2a, black squares). For this system, the redshift
starts to decrease for pumping fluencies >35 mJ cm 2, at which the RLeg
starts again to be constant (<75 mJ cm™2). For the TiO,@SiO»-SiO, RL
system, the redshift is approximately constant for fluencies between 8
and ~50 mJ cm 2 and it starts to decrease for fluencies >50 mJ cm ™2

(RLefs starts to be constant at less than 110 mJ c¢m~2). For both RL sys-
tems, the maximum redshift value (~7.6 nm) is large when compared
with the customary maximum redshift for a TiOp NP system, which is
around 3-4 nm. For comparison, the TiO,@SiO2 system at low [NPs]
(diffusive regime) showed a maximum redshift of less than 1 nm [15,
16]. For both RL systems (TiO2@SiO2-SiO2 & TiO2@SiO>), the wave-
lengths of the RL emission peak below the RL threshold (fluorescence) is
considerably lower (~558 nm) than for the TiOy NPs system and
TiO,@Silica system in the diffusive regime (~564 nm) [15]. This fact
can be explained in the following way: The redshift was previously
explained by a model considering absorption and emission at the tran-
sition between the ground state and the first excited singlet state of the
dye molecule [46,47]. Polarization of R6G molecules below the popu-
lation inversion threshold, induced by pump photons trapped within the
localized states, should give rise to a photon-molecule bound state, due
to the strong correlation of such photons [27,48]. After some time
(residence time of the pump photons), the quantum state of the localized
states changes due to thermal and/or nonlinear effects [7,49] giving rise
to the emission of strongly correlated photons (fluorescence), which
would propagate being poorly absorbed. Therefore, an emission band
with shorter wavelengths is observed when compared with the TiO,@-
Silica system in the diffusive regime. We remark that for the TiO,@-
Si0,-SiOy RL, the wavelength of RL emission peaks are ~0.5-0.7 nm
lower than that of the TiOo@SiO2 RL system, which would indicate a
stronger correlation of the emitted photons, i.e. higher density of
localized states (stronger localization). As we previously demonstrated
[71, RL emission of the TiO,@SiO2 system, collected frontally, is the
result of overlapping localized and extended modes. In order to estimate
the contribution of the RL modes, the extended modes (super fluores-
cence band or ASE) and the localized modes, the RL emission was also
collected from the back of the cuvette (back-collection). Note that the
emission of localized modes should basically be backscattered since they
are very near the front surface [7], and too far from the back surface to
survive, as the attenuation is huge. The back-collected spectra consisted
of a broad emission band (~ 50 nm bandwidth) with an overlapped
single emission band (see supplementary materials), whose intensity
and bandwidth are dependent on the pumping energy [7]. This single
emission band represents the emission of extended modes or ASE (see
our previous work) [7]. Fig. 2d shows the behavior of the RL intensity,
collected from the back of the cuvette (back-collection), as a function of
the pumping fluencies. For the TiO,@SiO, and TiO,@SiO2-SiO2 RL
systems, RL.¢ (back-collection) were constant up to pumping fluencies
of ~70 and ~90 mJ cm 2, respectively. These saturation pumping flu-
encies (back-collection) are lower than those observed by
frontal-collection. This latter can be explained by frontal emission being
the contribution of both RL (localized and extended) modes, however,
back emission is only from extended modes. In addition, the saturation
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emission intensity and RL.g (back-collection) for the TiO2@SiO2-SiO2
RL are ~70 % lower than for the TiO;@SiO5 RL, which corresponds to
the relationship between the efficiencies of the second slope in the
frontal collection (Fig. 1a, magenta dotted lines). The latter shows that
the RL emission in back-collection and the efficiency of the second slope
in the frontal collection represent the emission of extended modes,
which was shown in our previous work [7]. This fact corroborates our
hypothesis that the frontal RL emission of the TiO2@SiO2-SiO3 RL sys-
tem presents higher contribution of localized modes and consequently a
smaller contribution of extended modes. The above RL results were
attributed to stronger localization of light (higher density of localized
states) in the TiO@SiO2-SiO2 RL system when compared to the
TiO,@SiO4 RL. This latter could be induced by stronger correlation in
the scatterers’ position due to stronger and longer-range interaction
between TiO,@Si0,-SiO2 NPs (larger Dyyq & Apebye) [141. In order to
evaluate this hypothesis, comparative measurements of the trans-
mittance and the light-diffraction were performed on both TiO,@-
Si02-SiO, and TiO2@SiO» RL systems.

3.3. Transmission measurements

For the TiO,@SiO2 and TiO2@Si02-SiO5 RL systems, the intensity
profile of a Gaussian probe beam (He-Ne laser) was collected after
propagating a distance d ~ 1.8 mm through the samples. In order to
determine the transmittance, the integrated intensity profiles I = [I(x,
y)0xdy = 21 f I(r)or were determined for both RL systems, where r is the
radial distance from the beam center. Note that for the probe beam
wavelength (633 nm), the R6G absorption is absolutely negligible when
compared to the TiO,@Silica absorption [3]. The relative transmittance
transmitted intensities for the TiO,@SiOy and TiO,@Si0,-SiO> RL
systems, respectively. The relative transmittance G obtained from the
transmission measurements was 1.78 + 0.02, which indicates an
appreciable decrease of transmittance for the TiO,@SiO2-SiO3 RL sys-
tem. This latter must be due to a conductance decrease and/or an ab-
sorption increase caused by the stronger light-matter coupling [3,14].
Both effects can be explained by a stronger localization (higher density
of localized states), which in turn, would be caused by a stronger

was determined, where I(sio2) and Isio2—sio2) are integrated
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correlation in the scatterers’ position (TiO,@SiOo-SiO3) due to a
longer-range Coulomb interaction (bigger Dhyq & Apebye). In order to
confirm this hypothesis, measurements of the correlation in the scat-
terers’ position in both, TiO@Si02-SiO5 and TiO2@SiO3, RL systems
were performed.

3.4. Measurements of the diffraction pattern from backscattered light

We proposed that lower transmittance of the TiO,@SiO2-SiOy RL
system is a consequence of stronger localization, which in turn, is
induced by a stronger correlation in the scatterers’ position due to a
stronger and longer-range interaction (Coulomb) between scatterers.
This latter would be a consequence of a bigger Dpyd and Apebye, due to the
thicker silica shell thickness. In order to get evidence that supports our
hypothesis, we studied the diffraction patterns originated by both
TiO2@Si02 and TiO,@SiO-SiO; RL systems when collecting the
backscattered light perpendicular to the sample surface.

Fig. 3a and b shows the diffraction patterns obtained for the
TiO2@Si02-Si02 and TiO,@SiO2 RL systems, respectively. For both RL
systems, a diffraction pattern with a hexagonal structure at the center
can be observed, being better defined for the TiO,@SiO2-SiO2 RL sys-
tem. For the TiO,@SiO2-SiOy RL system, the diffraction maxima are
smaller and there is less overlapping between them. The diffraction
pattern seems to be proper of a cubic structure oriented in the (111)
direction. This cubic structure with the plane (111) perpendicular to the
sample surface represents a close packed structure of minor surface
energy. Note that these RL suspensions are contained within a cuvette
composed by two optical flats (fused silica), which should exert an
additional repulsive force on the TiO,@Silica NPs (scatterers) nearest to
the surface. The latter must favor a close packing and ordering of the
scatterers in the perpendicular direction and close to the surface
(stronger correlation in the scatterers’ position nearer to the surface).
We remark that in our recently published work [14], for the same
TiO@Si04 ethanol suspensions at FF<1 %, no diffraction patterns were
observed, which indicated a homogeneous random medium (no corre-
lation in the scatterers’ positions). Additionally, we point out that the
diffraction pattern obtained in this work for the same TiO;@SiO2
ethanol suspension (FF = 4.8 %) presents higher diffraction orders than
that obtained in our recently published work [14]. We attribute the

Fig. 3. Diffracted light collected in backscattering configuration for both RL systems (TiO>@SiO>-SiO, & TiO>@SiO»). The diffraction pattern (hexagonal structure)
obtained from the TiO,@SiO2-SiO RL system a) is better defined than the TiO,@SiO»-SiO» RL system b). The hexagonal structure outlined with a yellow line is

observed at the central zone of the diffraction patterns.
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latter to the larger irradiation area used in the present work (~6.1 pm
diameter) when compared to the one used in our recent work (~4.4 ym
dimeter) [14]. Thus, diffracted light coming from higher number of
ordered NPs of TiO,@SiO;. Note that the number of diffraction orders
must be sensitive to the irradiation area, since for this FF of 4.8 % the
mean separation between particles in this structure (~1.3 pm) is of the
order of the irradiation diameter (see our recent work) [14].

4. Conclusion

TiOy NPs coated with a thicker silica shell (~70 nm thickness,
TiO,@Si02-Si0Oy), dispersed in ethanol, present a bigger hydrodynamic
diameter (Dpyq = 1450 nm) when compared to a thinner silica shell
(~40 nm thickness, TiO2@SiO2, Dyyq = 890 nm) used in our previous
works [3,5,7,14]. Light diffraction experiments demonstrated a stronger
correlation in the scatterers’ position for the TiO2@Si02-SiO5 RL system
(thicker silica shell), which we associated to the longer-range of
Coulomb interaction between TiO,@SiO2-SiO2 NPs (larger Dpyq &
ADebye)- Transmission measurement in the TiO2@SiO2-SiO2 RL system
showed a transmittance ~1.8 times lower than the TiO2@SiO3 RL sys-
tem, which indicates a conductance decrease and/or an absorption in-
crease when compared to the TiO,@SiOy RL system. This latter was
attributed to a stronger localization (higher density of localized states).
Notice that both systems are composed by suspensions of particles with
the same concentrations and with similar optical scattering strength.
Thus, owing to “correlation-induced localization” [22] [-] [24] a stronger
correlation in the scatterers’ position leads to stronger localization, and
consequently, lower conductance and stronger enhancement of the
light-matter coupling (higher absorption) [14]. The TiO2@SiO2-SiO3 RL
system (front-collection) presented an RL¢ss (pumping fluencies <15 mJ
ecm2) and a saturated RL emission intensity 25 % higher than the
TiO2@SiO4 RL system. In addition, the pumping fluence for saturation of
the RL emission and the seeming cavitation effect was ~70 % higher for
the TiO2@Si02-SiO2 RL system when compared to the TiO,@SiO2 RL.
This latter suggests that the pressure exerted by the pumping light
trapped in localized states does not propagate appreciably within the
liquid solution due to the “rigid structure” formed by the strongly
bounded scatterers. Therefore, this phenomenon could allow the gen-
eration of mechanical waves by resonating these colloidal structures. A
photo-acoustic study as a function of the crystallization (increasing
correlation in the scatterers’ position) of this colloidal structure is called
for, in order to confirm our hypothesis. The RL emission (back--
collection), which allowed the separate measurement of the RL extended
modes, showed that the RLeg (back-collection) of the TiO,@SiO5 RL
system was ~70 % higher than in the TiO,@SiO2-SiO, RL system, which
corresponds to the relationship observed between the second slope ef-
ficiencies in the frontal collection. These RL measurements (front and
back collections) demonstrated a higher contribution of RL localized
modes for the TiO,@SiO2-SiO2 RL system when compared to the
TiO2@SiO4 RL system. In short, we showed that core-shell TiO,@Silica
NPs in ethanol solution with a thicker silica shell (TiO;@SiO2>—SiO5 NPs)
presents larger Dyyq and Apebye, which implies longer-range Coulomb
interaction between NPs (scatterers). This latter causes stronger corre-
lation in the scatterers’ position, demonstrated by the light diffraction
experiment, which induces stronger localization and associated phe-
nomena (random lasing).
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