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Here we have studied a novel scattering medium for random laser. This medium is composed of

TiO,@Silica nanoparticles suspended in an ethanol solution of rhodamine 6G. TiO, nanoparticles with
average diameter of 0.41 um were coated with a silica shell of ~40 nm thickness. Random laser study
comparing TiO, and TiO,@Silica nanoparticles suspended in ethanol solution of rhodamine 6G was
performed. The study showed a high efficiency, low threshold, narrower bandwidth and lower
photodegradation for TiO,@Silica system. Optical and chemical stability has been combined by coating
TiO, nanoparticles with a silica shell of ~40nm thickness.

1 INTRODUCTION

The first evidence of random laser (RL) in solution
was obtained by Lawandy et. al. (Lawandy, 1994)
who suspended TiO, nanoparticles (Np) in a
conventional laser dye. RL action have been
observed in a variety of gain media including
polymeric films with and without intentionally
introduced scatterers (Polson, 2001), in GaN
nanocolumns (Masaru, 2010), dye-infiltrated opals
(Shkunov, 2001), porous media infiltrated with
liquid crystals with dyes (Wiersma, 2001), porous
network of air into a solid glass or semiconductor
crystal (Schuurmans, 1999), ZnO scattering films
and nanoclusters (Cao, 2001), on waveguided
plasmonic (Tianrui, 2011) and many others. In the
works reported by Noginov (Noginov, 2005), Cao
(Cao, 2005) and Wiersma (Wiersma, 2008) detailed
reviews on RL can be found.

The strategy introduced by Lawandy, suspending
highly scattering particles in laser dye has been
repeated by other authors (Noginov, 1995),
(Leonetti, 2012) in order to study the random laser.
However, the photodegradation effect and the
inability to ensure complete colloidal dispersion,
have limited the development and applications of
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such systems. The complete colloidal dispersion is
related to an increase of the scattering surface per
unit volume with the suspended particles
concentration. This is extremely difficult to obtain in
solution at high concentrations, because particles
tend to agglomerate (Mandzy, 2005). The surface
modification of TiO, Np with a silane coupling
agent has been used in order to reduce the
agglomeration effect and improve the mechanical
properties and UV protection of urethane clear
coatings in TiO, composites (Sabzi, 2009). Other
authors have reported the replacement of the
dispersive medium (TiO, Np) by silica Np (Brito-
Silva, 2010), demonstrating random lasing. This
kind of scattering medium greatly decreases the
photodegradation effect. However, the relatively
small difference in refractive index between silica
and the alcohol-dye solution in comparison to TiO,
causes a threshold increase and an efficiency
decrease of the RL. In this work, we propose to
study photodegradation effect and action of RL
composed of TiO,@Silica particles suspended in
ethanol solution of rhodamine 6G (R6G). Particles
like TiO,@SiO, have already been synthesized
before (over ten years back) (Joseph, 2000),
however, their application in RL has been done very
recently (Jimenez-Villar, 2013), (B-Jimenez-Villar,
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2013). In this work, we have studied the RL action
and Photodegradation effect for an extended range
of pumping energy fluencies (between 0.12 and 264
mJ/cm?).

The silica shell with thickness around 40 nm
presents a steric effect, preventing the ‘“optical”
junction of scattering TiO, surfaces. Moreover, this
silica shell should improve the light coupling with
the TiO, particles by light refraction at the ethanol-
silica interface. In addition, silica shell acts as a
barrier to prevent the charge transfer, which is the
principal cause of the dye degradation (Fox, 1993).
These have been practical difficulties for the
development of RL and novel optical devices with
improved performance and functionality. In turn, the
silica coating is particularly advantageous due to its
high dispersibility (Jimenez, 2008), (Jimenez, 2010),
low density, and the inertness of nanoparticles
(Fuertes, 2011), (B-Fuertes, 2011) along with the
numerous possibilities for their use, (Rodriguez,
2005), (Rodriguez, 2008).

Therefore strongly scattering particles coated
with a shell of thickness and refractive index
suitable could open new opportunities to achieve
significant improvements in the operation of RL and
photonic devices based on highly disordered
scattering media.

2 EXPERIMENTAL SECTION

2.1 Chemical Synthesis and
Characterization

Rhodamine 6G laser dye (C,3H31N,O;Cl) with
molecular weight 479.02 g/mol supplied by Fluka:
Ethanol alcohol (C,HsOH) with spectroscopic grade
purity supplied by Alphatec: Tetra-ethyl-ortho-
silicate (TEOS) supplied by Sigma-Aldrich.
Titanium dioxide (TiO, Np; diameter 410 nm) of
rutile crystal structure was acquired from DuPont
Inc (R900).

Two kinds of samples were prepared containing
[1x10* M] of Rhodamine 6G (R6G), one with TiO,
and another with TiO,@Silica scatters Np. The silica
coating of TiO, Np was made via Stober method
(Stober, 1968), (Sheng-Li, 1997), (Abderrafi, 2012). In
the first stage 2 g of TiO, Np were dispersed in 250
ml of absolute ethanol by ultrasound bath for 20
minutes. Then, the solution of TiO, Np was divided
into two equal portions of 125 ml. One of the parts
was placed in a bath at 5 °C and 1.1 ml of TEOS,
previously diluted in 11 ml of ethanol, was added.
The 10% diluted solution of TEOS was added in 110

portions of 100 pl during the course of 1 hour. The
solution was stirred during the TEOS addition and
after it was stored during 4 week at room
temperature. The other portion was stored and used
as a reference in every experiment.

The silica coating on the TiO, Np were examined
by transmission electron microscopy (TEM),
performed on a 100 kV JEOL, model 1200EX,
microscope. The commercial carbon-coated Cu
TEM grid was immersed in the solution of
TiO,@Silica Np previously diluted 50-fold lower
and then left to dry before being introduced into the
microscope. The stoichiometric ratio (Ti/Si) of
nanoparticles (TiO,@Silica) was determined by
Energy Dispersive X-Ray fluorescence (ED-XRF)
using an X-ray spectrometer SIEMENS D5000. The
sample was prepared in three steps; precipitation,
washing and drying. The nanoparticles powder
(TiO,@Silica) was pressed into a tablet form of a
12mm diameter for analysis.

2.2 Experimental Setup of Random
Laser

Figure 1C shows a schematic diagram of the RL
experimental setup. The pumping source was the
second harmonic of a Q-switched Nd: YAG
Continuum Minilite IT (25 mJ, A = 532 nm, with a
pulse width of ~6 ns, repetition rate up to 15 Hz, and
spot size of 3 mm). The laser power was regulated
through neutral density filters (NDF), a polarizer and
a half wave plate. The samples were accommodated
in a 2 mm pathlength quartz cuvette. The pump laser
beam was incident upon the sample at 15 deg. The
emission spectra were collected through a
multimode optical fiber (200 pm) coupled to a
spectrometer HR4000 UV-VIS (Ocean Optics) with
0.36 nm spectral resolution (FWHM). The collection
angle (optical fiber) was ~45 deg with respect to the
incident pumping beam, that is, 60 deg with respect
to the cuvette surface. The liquid samples were
placed in an ultrasound bath for about 10 minutes
before recording the spectrum, in order to obtain the
same dispersion of nanoparticles (initial conditions)
in all measurements.

3 RESULTS AND DISCUSSION
3.1 Silica Shell onto TiO, Nanoparticles

In TEM images (Figure 1A) we observe the silica
coating on TiO, Np, such as the one indicated by the
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yellow arrows. This silica shell presents an irregular
morphology with a thickness ranging between 20 nm
and 70 nm. Figure 1B shows the surface of one TiO,
Np, before the coating with silica. As can be seen,
the Np surface is irregular; this fact should
determine the morphology of the silica coating
subsequently. The mass percentage ratio (Ti/Si)
determined by ED-XRF was Ti;/Siz. The average
thickness of silica coating, calculated from the
typical silica density obtained by the TEOS
hydrolysis 2.1 g/cm® (Karmakar, 2000), was ~40 nm.
In this way, the silica shell represents a barrier that
prevents the “optical” binding of TiO, scattering
surfaces, with the additional advantage to present a
chemically stable surface (SiOy).
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Figure 1: TEM images of; A) silica coating on the
TiO,@Silica surface and B) TiO, nanoparticle surface.
The scale bars represent 200 nm. Yellow arrows (A)
indicate the silica coating. C) Schematic diagram of the
RL experimental setup.

3.2 Random Laser Action

Figures 2A and 2B show the behaviour of the
emitted intensity and the spectral width (FWHM), as
a function of pumping energy fluencies for the two
kind of scattering medium (TiO, and TiO,@Silica).
The RL action for pumping energy fluencies
between 0.12 and 264 mJ/cm” were performed. The
calculated concentrations of scatters Np and dye
were 5.6 x10' Np/ml and 1x10™* M, respectively.
Each value of emission intensity and bandwidth
represented in the graphs (fig. 2A and B) was taken
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by integrating 10 laser pulses, which allowed us to
rule out any photodegradation effects during the
measurement. As observed, the RL action for
TiO,@Silica system is improved, i.e. presented
higher slope efficiency, narrower bandwidth and
lower laser threshold. For the TiO,@Silica system,
the laser slope efficiency was ~2.1 times greater than
for TiO,.

The RL threshold values extracted from the
fittings (fig.2B) for TiO, and TiO,@Silica systems
were 2.29 +0.04 mJ/cm® and 1.79 +0.02 ml/cm?,
respectively. The highest gain narrowing factor,
defined as the FWHM of the emitted light below
threshold divided by the FWHM of the emission
spectrum of the RL far above threshold gave a value
of 12.2 for TiO,@Silica, and 10.6 for TiO,, which
corresponds to B-factors (Gijs van Soest, 2002) of
0.082 e 0.094 respectively.
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Figure 2: A) The emitted peak intensity and B) spectral
FWHM emission of the RL, for the two kinds of
nanoparticles (TiO, and TiO,@Silica). The solid lines
represent the fits with experiments points; blue and red
lines correspond to the TiO, and TiO,@Silica systems,
respectively. C) Influence of the pump energy fluence on
peak wavelength of emission spectrums for TiO, and
TiO,@Silica systems. D) (Black online) Emission spectra
below (broad band spectrum) and above (narrow band
spectrum) the RL threshold for TiO,@Silica system.

The peak position of the emission spectrum was
measured as a function of the pumping energy
fluence (between 0.12 and 260 mJ/cm®). Figure 2¢
shows a comparison of these peak positions with
fluence for the TiO,@Silica and TiO, systems. The
emission spectrum shows a redshift for the TiO,
system, which undergoes a large increase in
fluencies between 0.12 and 12 mJ/cm? (0 to 2.8 nm).
This redshift increases (between 3 and 3.9 nm) for
fluencies >12 mJ/cm® This shift was previously
observed and explained by a model considering
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absorption and emission at the transition between the
ground and the first excited singlet of the dye
molecule (Noginov. 1995). Instead, the emission
spectrum peak for TiO,@Silica system shows a
blueshift for fluencies <12 mJ/cm”. For fluencies
between 12 mJ/em® and 260 mJ/cm?, the redshift
increases in the same fashion, from 0 up to ~1 nm. A
comparison between the emission spectra of the
TiO,@Silica system for fluencies well below (0.12
mJ/cm?) and far above RL threshold (96 mJ/cm?) is
showed in the figures 2D. The peaks intensities of
the narrow and broad bands were normalized to
show the narrowing effect more clearly. The peak
intensity relationship (narrow/broad) is ~4 orders
magnitude larger. The redshift of the RL spectrum is
almost null (<0.5nm) at this fluence (96 mlJ/cm?).
This effect should be due to the fact that the ratio
between R6G molecules and R6G molecules
involved in the stimulated emission is close to unit
[R6G)/[R6Gimumaea]®l  at 96mJ/ecm®, which is
evidenced in a higher efficiency of the RL
(TiO,@Silica). The above results could be explained
by the increase of effective scattering surface per
unit volume due to the “optical” colloidal stability
and light coupling enhancement with TiO, scattering
cores provided by the silica shell. It is known that
silica Np have a higher colloidal stability than those
of TiO, (Yang. 2008), (Chih-ping, 2010). In this
way, the scattering mean free path (/) should be
lower for TiO,@Silica system, which mean that
pumping energy is confined in a lower volume.
Furthermore, the amount of R6G molecules inside
the excited volume is lower, being able to excite a
higher percentage of molecules. The scattering mean
free path measured for TiO, and TiO,@Silica
systems were 52 +4um and 20.6 +0.2pum,
respectively (Jimenez-Villar, 2013). Notice that, the
volume of emission laser should increase with
pumping fluence (Ipy). The pumping fluence at a
depth length / inside the scattering medium (Zp))
could be expressed as follows:

-1 -1
I =1Ipo(e s+ e /ia) (1)
I, is the ballistic absorption length. The diffuse
intensity has been neglected. When [ < [,
-1
IPl = Ipoe /ls (2)

Therefore, there would be a limit depth length (/1)
inside the scattering medium, beyond which the
pumping intensity (/pr) is unable to provoke
population inversion. The /1 should depend on the
pumping fluence /Ip, as follows:

-1
Ipr = Ipge s lp =lg* (Inlpy — Inlpp) (3)

Ipr would correspond with the RL threshold fluence.
Therefore, for Ipy > Ipy then I is directly
proportional to /. In turn, the effective pumping
intensity into the RL emission region is inversely
proportional to I, so, it should be higher for
TiO,@Silica system.

Figure 3 shows a RL representative scheme
consisting of a TiO,@Silica Nps suspension in an
ethanol solution of R6G. The silica shell avoids the
contact between TiO, scattering surfaces, leading to
a scattering area per unit volume higher and
consequently to an increase of scattering strength.

Highly efficient Random Laser

Rhodamine 6G

e ° [
Silica Shell @“
@ - ]

Figure 3: Representative scheme of the random laser, it
consists of a TiO,@Silica Nps suspension in an ethanol
solution of R6G. The blue coating represents the silica
shell on the TiO, Nps and the little red spheres correspond
to the R6G molecules. The silica shells between two TiO,
cores lead to a scattering strength increasing.

3.3 Photodegradation Study

Figure 4 shows the photodegradation process by the
RL emission intensity as a function of shots number
for systems TiO, (A) and TiO,@Silica (B). The
laser beam of 3 mm diameter and fluencies of 200
mJ/cm?® and 260 mJ/cm?® was used to pump the
samples, which volume was 200 pl accommodated
in a 2 mm pathlength quartz cuvette. Fig. 3A and 3B
show a decrease in emission intensity (RL) with the
number of shots for the pumping fluencies 200
mJ/cm*(red) and 260 mJ/cm® (black). The TiO,
system shows a rapid exponential decay. The
number of shots for which the emission intensity
decreases to 50% for the fluencies of 200 and 260
mlJ/cm? was 960 and 342, respectively. However, for
the TiO,@Silica system the number of shots
required were much higher, 59077 (200 mJ/cm?) and
26010 (260 mJ/cm?), respectively. These represent a
decrease in the photodegradation rate more than 60
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times (200 mJ/cm®) and 74 times (260 mJ/cm?),
respectively.

The TiO, photocatalytic properties are a well
studied subject, which has been used to remove or
degrade dyes from the environment (G. van, 1993).
The photocatalytic pathway involves a reaction on
the TiO, surface following several steps: 1)
photogeneration of electron—hole pairs by exciting
the semiconductor with >3.2 eV light; 2) separation
of electrons and holes by traps existing on the TiO,
surface; 3) a redox process induced by the separated
electrons and holes with the adsorbates present on
the surface.
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Figure 4: A-B) Photodegradation process of Random laser
action as a function of the number of shots for the laser
pumping fluencies of 200 mJ/em® (red) and 260 mJ/cm?
(black): A) TiO, Np system; B) TiO,@Silica Np system.

The exponential decrease of the RL intensity, for the
system TiO,, indicates that the photodegradation is
proportional to its derivative, as to the
photodegradation rate. This means that the charge
transfers (Amy, 1995) and therefore the redox
reaction (Serpone, 1989) will cause a greater charge
transfer in the next laser shot. Thus, one might think
that the high concentrations of charges created by
the TiO, nanoparticles at high pumping fluencies
must react with the proper surface of the
nanoparticles, reducing Ti*" and oxidizing O*. This
process results in oxygen vacancies (Tsukamoto,
2008), which act as traps for photoelectrons. These
electrons, trapped near the surface, act as a source of
electron transfer coming from these superficial traps,
increasing the efficiency of the redox process
(Heinz, 1991). Additionally, the creation of oxygen
vacancies in TiO, causes a progressive decreasing of
gap on the nanoparticle surfaces (TiO,), which is
reflected in the progressive increase in the creation
of electron-hole pairs. This photo-darkening effect is
observed in films of TiO, exposed to successive
irradiation of laser pulses (Tsukamoto, 2011),
(Tsukamoto, 2008).
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The photodegradation process for the TiO,@Silica
system presents a linear behaviour. However, the
modulus of the slope increases slightly after the
emission intensity decreases to 50%. Subsequently,
the photodegradation rate experiences a slight
increase, but remains constant. This phenomenon
could be due to the decreased absorption of R6G,
provoking an increase of the effective pumping
fluence inside the scattering medium (TiO,@Silica),
which should increase the photodegradation rate of
R6G.

The photodegradation process (RL) for the
system TiO,@Silica could be explained through the
reaction of the ethanol radical CH;CHOH with R6G
ground state molecules (Adrian, 1976). The free
radical CH;CHOH is produced by energy transfer
from the R6G molecules in a higher triplet state,
which is produced by two sequential single-photon
absorptions (Yamashita, 1976). This
photodegradation process is much less effective,
since it does not involve charges transfer from the
TiO, nanoparticles, which is known as an efficient
photocatalyzers.

4 CONCLUSIONS

The RL action using a novel scattering media
composed by titanium oxide Np coated with ~40nm
thickness of silica shell was studied. This scattering
medium (TiO,@Silica Np) combine the high
refractive index of TiO, with chemical inertness,
“optical” colloidal stability and light coupling
enhancement (TiO, cores) provided by the silica
shell. Random lasing with higher efficiency, lower
threshold, narrower bandwidth and very long photo-
bleaching lifetime was obtained. The RL efficiency
was 2.1 times higher and the R6G photodegradation
period was between 60 and 74 times higher than the
conventional scattering medium (TiO;). The high
RL efficiency was ascribed to lower [ for
TiO,@Silica system. This fact is associated with the
silica shell, which avoid the “optical” junction of
TiO, scattering surface and improves the light
coupling with TiO, cores. In other words, the core-
shell scattering particles present a core with high
refractive index (TiO,) and a shell that combines
high chemical stability, light coupling enhancement
(TiO; cores) and a steric “optical” effect. Therefore,
a lower [, provokes higher effective pumping
fluence, leading to higher population inversion and
stimulated emission rate. In this way, it has been
remarked the colloidal stability of the scattering
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medium, which is an important parameter and is not
insignificant for the treatment of RL.

The lower photodegradation period was
associated to the higher chemical stability provided
by the silica shell, which should establish a potential
barrier for the charge transfer.
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