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ABSTACT   

Scattering media are of great current interest, due to their potential applications in photovoltaic cells, efficient 
photocatalyzers, random lasers and novel optical functional devices. Here, we have introduced a core–shell scattering 
medium for random lasing composed by core-shell nanoparticles (TiO2@Silica) suspended in an ethanol solution of 
Rhodamine 6G. Higher efficiency, lower laser threshold and long photobleaching lifetime were demonstrated in random 
laser. A promising method called fraction of absorbed pumping (FAP) has been introduced, which opens a new avenue 
to characterize and study scattering media. In this article, we also investigate the random laser action at the critical 
regime of localization by increasing considerably the concentration of TiO2@Silica nanoparticles. Narrow peaks arising 
in the random laser emission spectrum are observed. The classical superfluorescence band of the random laser was 
measured separately by collecting the emission at the back of the samples, showing a linear dependence with pumping 
fluence without gain depletion. However, frontal collection showed the saturation of emission and absorption. The 
emission spectrum of the peak mode (localized modes) shows approximately equal intensity, indicating suppression of 
the interaction between the peaks modes. The linewidth of these peaks is lower than that of the passive modes of the 
scattering medium, which was attributed to an anomalous nonlinear increase of the refractive index by localization. 

Keywords: Random laser, Anderson localization of light, photonic in disordered media, core-shell (TiO2@Silica) 
nanoparticle, fluorescence of organic molecules. 

1. INTRODUCTION  
Strong disordered optical media are of great current interest, due to their potential applications in photovoltaic cells 1,  
random lasers 2–4, localization of light 5–8, and novel optical functional devices 9. Here, we studied the random laser 
action in a colloidal suspension composed of core-shell TiO2@Silica nanoparticles (NPs) suspended in an ethanol 
solution of Rhodamine 6G (R6G). By using a Stöber method 10, TiO2 NPs were coated with a silica shell of ~40 nm 
thickness. The silica coating acts as a barrier to prevent charge transfer, avoiding the dye photodegradation effect 11,12. 
Moreover, the silica shell prevents the “optical” junction of the TiO2 scattering surfaces (steric “optical” effect), 
preserving the scattering strength of the medium 11. We called this property optical colloidal stability. Additionally, the 
silica shell presents low density and provides a light-coupling enhancement with TiO2 scattering cores 12, inertness 13,14, 
and high dispersibility 15–20, which has enabled their use in numerous applications 21–25. For lower nanoparticle 
concentration [5.6x1010 NPs ml-1] (diffusive regime), we showed a random laser with high efficiency, a long 
photobleaching lifetime, narrower bandwidth and lower laser threshold than the traditional laser that uses only TiO2. The 
random or powder laser was predicted by Letokhov in 1968 26. In the works reported by Noginov 27, Cao 28 and Wiersma 
29, detailed reviews on random lasers can be found. Lawandy et al., who suspended TiO2 nanoparticles in a conventional 
laser dye, obtained the first evidence of a random laser in solution 30. The photodegradation effect and the inability to 
ensure complete colloidal dispersion, however, have limited the development and applications of such systems. TiO2 
NPs are prone to aggregate in aqueous solution, which limits extensively their application. Therefore, strong scattering 
particles coated with a silica shell of suitable thickness provides new opportunities for improving the operation of 
random lasers.  For high nanoparticle concentration [140x1010 NPs ml-1] at the critical regime of approaching 
localization, narrow peaks arising in the RL emission spectrum are observed. This kind of peaks has been reported in 
systems composed by solid powders 31, porous gallium phosphide filled with liquid dye solution 32, sparse clusters 33, 

photonic crystals 34,35, and in low dimensional systems 36. Spikes have also been observed over a broad range of 
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scattering strengths 37. However, recent works 38,39 claim that, depending on the relative magnitude of the localization 
length and the system size, quasi modes and lasing modes may not be the same, and the statistical distribution of these 
emission spikes is an indication that under certain pumping conditions they do not correspond to true lasing with 
coherent feedback. Detailed reviews on this topic have been published elsewhere 40,41. The study of the RL action at this 
critical regime of approaching localization is an open research frontier. It has been shown that a scattering medium with 
gain at the critical regime of approaching localization can lead to random lasing with coherent feedback 31,42, which 
besides being a fundamental topic 43 could also present significant applications 29. 

2. MATERIALS AND METHODS  
Samples preparation: For random laser studies at lower [NPs] [5.6x1010 NPs ml-1], two kinds of samples were prepared, 
both containing [1x10-4M] of rhodamine 6G (R6G), one with TiO2 and the other with TiO2@Silica scattering 
nanoparticles. The silica coating onto TiO2 NPs, with ~40 nm thickness and an irregular morphology, was made via a 
variant of the Stöber method 11. For random laser studies at the critical regime of approaching localization, one sample 
with [140x1010 NPs ml-1] and containing [1x10-4M] of R6G was used. In this case, the silica coating was made by an 
improved Stöber method and showed a regular morphology 44. 
Random laser study: The pumping source of the random laser (RL) was the second harmonic of a Q-switched Nd:YAG 
(Continuum Minilite II, 25 mJ, 532 nm, with a pulse width of ~4 ns and a repetition rate up to 15 Hz), multimode, 
linearly polarized and with a spot size of 3 mm. For RL studies in the diffusive regime [5.6x1010 NPs ml-1], the emission 
spectra were collected through a multimode optical fiber (200 μm), coupled to a spectrometer (Ocean Optics, HR4000 
UV-Vis) with a spectral resolution of 0.36 nm (FWHM). For RL studies at localization transition [140x1010 NPs ml-1], 
the emission spectra were collected through a multimode optical fiber (50-200 μm), coupled to a spectrometer (Ocean 
Optics, HR4000 UV-Vis) with a spectral resolution of 0.17 nm. 

3. RESULTS AND DISCUSSION  
3.1 Random laser study in the diffusive regime 

Figure 1a and b show the behavior of the emitted intensity and the spectral width (FWHM), as a function of pumping 
energy fluence for the two kinds of scattering particle solutions (TiO2 and TiO2@Silica). As can be observed, the random 
laser action was improved for the system TiO2@Silica, i.e. it presented a higher slope efficiency, narrower bandwidth 
and lower laser threshold. For the TiO2@Silica system, the RL slope efficiency (RLeff) was ~2.15 fold higher than for 
TiO2. The laser threshold values extracted from the fittings (Fig. 1b, inflection point) for the TiO2 and TiO2@Silica 
systems were 2.28 ±0.04 mJ/cm2 and 1.81 ±0.03 mJ/cm2, respectively. The specular reflection measurements for both 
samples showed no difference; therefore, the coupling of pumping radiation with the samples is similar. A comparison 
between peak wavelengths of emission spectra, as a function of the pump fluence is found in Figure 1c for both systems 
(TiO2 and TiO2@Silica). The redshift of the RL spectrum with respect to the center of the luminescence spectrum at low 
pump intensity is almost null (<0.5 nm) for the TiO2@Silica system at 120 mJ/cm2. Therefore, it is inferred that the 
percentage of R6G molecules involved in the stimulated emission is close to 100%. The above results could be 
associated with a lower scattering mean free path (ls), caused by a higher effective scattering surface (higher “optical” 
colloidal stability). This latter means that the pumping energy is confined in a smaller volume (higher effective pumping 
fluence). Moreover, the amount of R6G molecules inside this volume would also be lower and therefore a higher 
population inversion is achieved. ls values measured for TiO2 and TiO2@Silica systems are 52 μm and 21 μm, 
respectively. The light of the pumping pulse reflected by the samples was measured with and without R6G. We 
designated the ratio between the pumping intensities reflected by the scattering medium with and without R6G as the 
fraction of absorbed pumping (FAP). FAP dependence with pumping energy fluence is shown in figure 1d (TiO2 and 
TiO2@Silica). For TiO2@Silica system, FAP value for fluencies <0.3 mJ/cm2, well below the laser threshold (FAPbT), 
was constant (~4.7). The FAP value decreases for fluencies from ~0.3 down to ~1.8 mJ/cm2. For fluencies >1.8 mJ/cm2, 
FAP values remains approximately constant (~4.2). From the FAP value well below RL threshold (FAPbT), we can 
estimate the average photon path length (leO) inside the scattering medium before being reflected from equation 1, where 
la is the ballistic or microscopic absorption length  [R6G]. ݈ୣ୓ = ݈ୟ lnሺܣܨ ୠܲ୘ሻ ≈ 384 μm × lnሺ4.7ሻ ≈ 594 μm (1) 
The la value well below the laser threshold (passive regime) should not change (384 μm at [10-4 M] of R6G). leO is much 
larger than ls ≈21 μm, which would mean that the pumping photons undergo, on average, ~28 scattering events before 
being reflected. For the TiO2 system, FAPbT is approximately 2.5 and starts to decay at ~0.8 mJ/cm2. Using equation 1, 
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one calculates leO≈352 μm. This means that pumping photons would undergo an average of only ~6.8 scattering events 
before being reflected, since ls≈52 μm. This latter can explain the higher RL efficiency observed in the TiO2@Silica 
system. 

 
Figure 1. a) emitted peak intensity and (b) spectral FWHM emission of the RL for the two kinds of nanoparticles (TiO2 and 
TiO2@Silica). Inset of (b): photograph of ethanol solutions of R6G containing nanoparticles of TiO2 and TiO2@Silica. c-d) 
Influence of the pump energy fluence on c) peak wavelength of the emission spectrum and d) FAP values (FAP values for 
fluencies well below FAPbT and above FAPaT RL threshold are embodied in the graphic). 

3.2 Random laser photodegradation 

In order to study the RL photodegradation process, the laser beam of 3 mm diameter and fluence of 180 mJ/cm2 was 
used to pump the samples, whose volume of 200 ml was accommodated in a 2 mm path length quartz cuvette. Figure 2a 
and b show a decrease in emission intensity with the number of shots. The TiO2 system (fig. 2a) shows a rapid 
exponential decay. The number of shots for which the emission intensity decreased to 50% was 1540. However, for the 
TiO2@Silica system (fig. 2b), the number of shots required was much higher (72000), which represents more than 46 
times that of the TiO2 system. The TiO2 photocatalytic properties are a well-studied subject and have been used to 
remove or to degrade dyes from the environment 45.  

 
Figure 2. Photodegradation process of the RL action as a function of the number of shots (laser pumping fluence is 180 
mJ/cm2) for a) the TiO2 system and b) the TiO2@Silica system.  
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The photocatalytic pathway involves a reaction on the TiO2 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 TiO2 surface; 3) a redox process induced by the separated electrons and holes with the adsorbates present 
on the surface. The exponential decreasing of the RL intensity in the TiO2 system indicates that the photodegradation is 
proportional to its derivative, or as to the photodegradation rate. This means that the charge transfer and therefore the 
redox reaction will cause a greater charge transfer in the next laser shot. Thus, one might think that the high 
concentration of charges created by the TiO2 nanoparticles at high pumping fluencies must react with the proper surface 
of the nanoparticles, reducing Ti4+ and oxidizing O2-. This process results in oxygen vacancies 46, which act as traps for 
photo-electrons. 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 47. Additionally, the creation of oxygen vacancies in TiO2 
causes a progressive decreasing of the bandgap on the nanoparticles surface (TiO2), which is reflected in the progressive 
increase in the creation of electron-hole pairs. This effect of photo-darkening is observed in films of TiO2 exposed to the 
successive irradiation of the laser pulses 46. The photodegradation process for TiO2@Silica system presents a linear 
behavior. However, the modulus of the slope increases slightly after the emission intensity decreases to 50%. This fact 
indicates that the photodegradation rate of R6G remains constant until the emission intensity decreases to 50%. 
Subsequently, the photodegradation rate increases slightly, 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 
(TiO2@Silica), which should increase the photodegradation rate of R6G. 

3.3 Random laser action at the localization regime 

3.3.1 Random laser action (frontal side) 

In order to study RL action at localization,  TiO2@Silica NPs at [140x1010 NPs ml-1] were suspended in an ethanol 
solution with [1x10-4 M] of R6g. Figure 3a shows the behavior of the emitted intensity as a function of pumping energy 
fluence. As can be observed, the RL slope efficiency (RLeff) is not constant, it decreases markedly for pumping fluencies 
from ~12 up to 36 mJ/cm2, showing a saturation of the emission. The green line represents the RLeff for fluencies <12 
mJ/cm2. For pumping fluencies ≥36 mJ/cm2, RLeff adopts a 2.3 times smaller value (blue line). The RL threshold, 
determined by extrapolating the straight line corresponding to RLeff (green line) to a zero emission intensity, is ∼1.2 
mJ/cm2.  

 
Figure 3. Influence of the pumping fluence on (a) the RL emitted peak intensity, RLeff, for fluencies <12 mJ/cm2 (green line) 
and >36 mJ/cm2 (blue line) and (b) the FAP values, for fluencies <0.048 mJ/cm2, FAPbT≈1.5 (blue arrow). 

Figure 3b shows FAP dependence with pumping energy fluence. The FAP value for fluencies <0.048 mJ/cm2, well 
below the laser threshold (FAPbT), was constant (∼1.5). The FAP value decreases quickly for fluencies from 0.048 up to 
0.36 mJ/cm2. For fluencies between 0.36 and 4.8 mJ/cm2, the FAP values decrease slowly from 1.34 down to 1.28, 
where it remains approximately constant up to a fluence of 8.4 mJ/cm2. The FAP values start to drop quickly again for 
fluencies >8.4 mJ/cm2 and decrease down to ∼1.15 for fluencies ≥36 mJ/cm2, showing a clear phase transition for the 
absorption, indicating two different modes of laser operation. From the FAPbT value (1.5), we can estimate the average 
photon path length  inside the scattering medium before being reflected (leO, equation 2), as well as the photon residence 
time (τeO, equation 3). 
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݈ୣ୓ = ݈ୟቀ1 + ଴2ߛ ቁ lnሺܣܨ ୠܲ୘ሻ ≈ 384 μmቀ1 + 1.842 ቁ × lnሺ1.5ሻ ≈ 110 μm 
(2) 

߬ୣ୓ = ݈ୣ୓ܿ ݊ୣ୤୤଴ = ݈ୣ୓ܿ ቆ1 + ൬1 + ଴2ߛ ൰ ሺ݊ୣ୤୤ − 1ሻቇ ≈ 110 μm × 3.3 × 10ିଷ ps × ሺ1.75ሻ ≈ 0.64	ps (3) 

where la, γ0, neff0, neff, and c are the ballistic or microscopic absorption length [R6G], the enhanced absorption factor by 
localization (γ0= 1.84) 44, the effective refractive index (increased by localization), the classical refractive index (1.53), 
and speed of light, respectively. The la value well below the laser threshold (passive regime) should not change (384 μm) 
at [10-4 M] of R6G. However, just as it was determined in our previous work 44, the absorption coefficient and the 
effective refractive index are enhanced near the input border ݊ୣ୤୤଴ = 1 + ቀଵାఊబଶ ቁ ሺ݊ୣ୤୤ − 1ሻ. The term ቀଵାఊబଶ ቁ ≈ቀଵାଵ.଼ସଶ ቁ ≈ 1.42 represents an estimate of the mean value of the enhanced absorption factor in the region where 
absorption is enhanced. We note that leo is much lower than the microscopic absorption length of the scattering medium 
near the sample’s surface (lIn0) (residual absorption without R6G) determined in our previous work (lIn0 ≈2700 μm 
>>leO≈110 μm) 44. Therefore, the photons would leave the scattering medium long before being absorbed by it. The 
observed saturated absorption (fig. 1b) can be explained in the following way: a very low percentage of R6G molecules 
are in the lowest sublevels, S0i, of the ground state, and/or a high population of molecules are in the sublevels, S1i, of the 
excited singlet state. Saturated emission (fig. 1a) means a low population of molecules are in the lowest sublevels, S1i, of 
the excited singlet state or/and a high population are in the S0i sublevels of the ground state. Joining saturated absorption 
and saturated emission, the result is that a large percentage of R6G molecules are encountered in the higher lying 
sublevels of S1 and S0. Therefore, the transition rates from S0i up to S1i (absorption) and from S1i to S0i (stimulated 
emission) are higher than the vibrational relaxation rate within the excited singlet sublevels, S1i, or within the sublevels 
of the ground state, S0i. The polarization of R6G molecules by pumping photons trapped within localized states should 
give rise to a photon-molecule bound state 7,48, which in turn would lead to the suppression of vibrational relaxation 49 
and spontaneous emission 50. 

3.3.2 Random laser action in a small micrometric volume 

When collecting the light from the front side of the sample coming from a large surface area as before in Chapter 3.3.1, 
the emission of localized modes is integrated, making its individual detection difficult. Therefore, to better analyze the 
possible peaks, a study has been performed collecting RL emissions from a micrometric region (∼3.8 μm diameter) near 
the input-pumping surface (less than 4 μm depth) using a detection system that performs like a confocal microscope 51. 
Figure 4a, b, c and d show the evolution of the emission spectra for pumping fluencies below 0.8 mJ/cm2 , close to 1.2 
mJ/cm2, and above the RL threshold, 3.2 and 7.2 mJ/cm2, respectively. The spectral region framed with a dashed circle 
highlights the emerging peaks. For lower pumping fluencies (0.8 mJ/cm2), the spectra consisted of the fluorescence 
emission band with overlapping narrow peaks at frequencies close to the maximum of the spectrum. As the pump 
fluence increases, the emission band becomes narrower, although the overlapped narrow peaks continue to appear in 
approximately the same frequency interval of 15−20 nm. The minimum linewidth observed for the narrowest peaks was 
≤0.17 nm, which is the spectral resolution limit of our detection system. However, the photon residence time, determined 
by FAP measurement (τeO≈ 0.64 ps; equation 3), would yield a homogeneous spectral broadening of ∼1.29 nm, obtained 
by using a Fourier transform assuming a Gaussian envelope, which is broader than this narrowest linewidth (≤0.17 nm). 
This fact could be a consequence of an anomalous nonlinear increase of the refractive index within the closed loop paths 
(localized states), which gives rise to a phase shift (for the pumping photon) that continuously increases by increasing the 
intensity (within the closed loop paths), during the residence time of the pumping photons. This phase accumulated by 
pumping photons can lead to a resonance breaking, reducing τeO. However, for emitted photons this phase accumulation 
by such an anomalous nonlinear effect would be greatly suppressed above the lasing threshold, as the intensity increase 
for each lasing mode would be a consequence of the stimulated emission. In other words, the phase accumulated within 
the localized state during the laser action (emission) by nonlinear effects is corrected continually, as the intensity 
increase results from the stimulated emission. Perhaps for this reason, the coherent laser emission sustained by 
localization has been largely recognized in disordered optical media with gain 31,34,52,53. However, the direct observation 
of localization in the absence of gain has proved to be elusive 54,55. In this way, an anomalous nonlinear increase of the 
refractive index could be a likely cause, by which pump photons leave the scattering medium, breaking the interference 
condition (localization). This can be interpreted as photon-photon (virtual) interaction, due to the strong photon 
correlation within a localized state 49, which in turn can also be understood as that the average of the electromagnetic 
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field at any point within a localized state ceases to be zero. A similar nonlinear phenomenon was theoretically addressed 
by Buttiker and Moskalets in disordered electronic media 56, who proposed that when the energy of the localized state 
changes, the localized state can emit nonequilibrium electrons and holes propagating away from the localized state 
within the edge state, which acts similar to a waveguide. The position of these sharp peaks changes little in a few 
seconds; it only changes completely after tens of seconds or by stirring the sample. Notice that the pump spot is 3 mm in 
diameter, and the estimated pump depth above the RL threshold must be around 15 μm. Therefore, the effects caused by 
inhomogeneous pumping should not play a role in promoting these peaks. In addition, the narrow peaks could not result 
from amplified spontaneous emission 37, as these emission spectra are obtained by integrating 21 laser shots of long 
duration (∼4 ns).  

 
Figure 4. Emission spectra of RL collected from a small micrometric volume (<4 μm diameter and depth) for pumping 
fluencies of (a) 0.8, (b) 1.2, (c) 3.2, and (d) 7.2 mJ/cm2. The diameter of the pumping spot is the same (3 mm). The solid red 
lines represent the respective noise signal. The dashed red circles highlight peaks emerging in the RL emission spectrum. 
Emission spectra were collected integrating 21 laser shots.  

We note that the intensity of these narrow peaks, relative to the fluorescence band, is lower than that reported by Cao and 
co-workers 31 that could be a consequence of the extremely reduced (effective) size of their random laser composed of 
ZnO nanoparticles of 50 nm clustered in micrometric structures (diameter of several micrometers): it is known that the 
density of strongly localized modes (anomalous or superficial localized modes, long lifetime) increases in the vicinity of 
the boundary, which was theoretically predicted by Mirlin in disordered electronic media 57,58. The anomalous or 
superficial localized modes are those where the boundary is part of the closed loop path (localized state). Thereby, the 
density of superficial localized modes (long lifetime) must increase and the total amount of localized modes decrease as 
system size is decreased below localization length. The latter can be interpreted as an increase in the extent of 
localization (modes of long lifetime, decrease of the effective localization length) for a reduced number of anomalous 
localized modes (decrease of the total amount of localized modes) within these micrometric clusters. Additionally, an 
increase of the effective refractive index is expected near the boundaries (localization) 44,59. Consequently, owing to the 
fact that surface-volume ratio is considerably higher in these clusters; the interference (localization) must be increased, 
since the photon pathlength is forced to be longer due to the internal reflection. The latter can be understood such that the 
presence of a finite barrier in the border provokes an increase of the quantum interference (localization), which was 
theoretically demonstrated by Ramos and co-workers in disordered electronic media 60. Therefore, lasing emission in 
their sample (clusters) must be confined to fewer lasing modes (anomalous localized modes) with higher intensity (high 
quality factor, long lifetime) 61. However, our sample is a three-dimensional (3D) semi-infinite system with just one 
effective border, the input interface (silica-sample). On the other hand, contrary to our sample, where an R6G quantum 
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efficiency near unity is expected, the fluorescence in their sample must be greatly quenched due to the superficial defects 
and dangling bonds of ZnO nanoparticles. Nevertheless, the excitation of ZnO or R6G molecules within the closed loop 
paths (excitation within localized state) would be free of quenching, since such molecules would be strongly correlated 
49. Therefore, the intensity ratio (peaks/ fluorescence) reported by Cao and co-workers (clusters) 31 must be necessarily 
greater than that observed in our sample. In this way, the system studied by Cao and co-workers (very small size) 31 
should be addressed as a particular case of random lasing at localization or localization transition for reduced size. 
Indeed, in a subsequent study conducted by the same group 52, ZnO spheres of 85-617 nm diameters were cold pressed to 
form pellets. In this case, the relative intensity of the sharp peaks was considerably lower and for the sample of 85 nm 
spheres, lasing was not observed, which was attributed to a drastic increase of the random laser’s cavity size brought 
about by an increase in transport mean free path. The latter indicates that the clustered structure (composed by 50 nm 
Nps) with very small dimensions (micrometric) 31 must play a crucial role in the localized lasing phenomenon. The 
above perspective represents another approach to addressing the random lasing at localization, since the shape and size 
of a random laser should have strong influence on localization and consequently on random lasing.  

3.3.3 Study of Random laser modes  

To determine the contribution of the RL modes, the superfluorescence band (extended band mode or ASE) and the 
narrow peaks (peaks mode), an additional experiment was designed. Let us introduce the following conjecture: if the 
narrow peaks are derived from localized modes due to the localization phenomenon, then they should basically be 
backscattered, that is, their emission should be detected in the direction opposite to the pump direction. Note that the 
emission of localized modes inside the sample is exponentially attenuated, so that if they are very near the front edge, 
they will be detected only in the spectrum obtained from the front surface (frontal spectrum) because they are too far 
from the back edge to survive, as the attenuation is huge. During the experiment, the RL emission was also collected 
from the back of the cuvette (back collection). The back-collected spectra consisted of a broad emission band (∼50 nm 
bandwidth) with an overlapped single emission band, whose intensity and bandwidth are dependent on the pumping 
energy 51.  

 
Figure 5. Influence of the pump fluence on (a) the spectrally integrated emission intensity for frontal and back collection, (b) 
spectrally integrated emission intensity of RL back collection (open triangle) and difference between frontal and back 
collection (closed triangle). (c) The emission spectra for a fluence of 6 mJ/cm2 collected at the back (dots) and front (line) of 
the cuvette, and (d) difference between the frontal and back spectra of (c).  

Figure 5a shows the behavior of the spectrally integrated RL emission for the frontal integrated collection (collected over 
the whole emission volume) and back collection. Figure 5b shows a comparison of the spectrally integrated RL 
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emissions for peaks and band modes. The integrated emission slope (fluencies ≤ 8.4 mJ/cm2) of the peaks mode (green 
line) was ∼2.9 times higher than that for the extended mode band (magenta line). Therefore, for fluencies ≤8.4 mJ/cm2, 
∼74% of the RL emission, detected with our experimental setup, corresponds to the peaks mode. Figure 5c shows the RL 
emission spectra at 6 mJ/cm2 for both collections, the frontal spectrum collected over the whole emission volume and the 
back spectrum. The bandwidth of the frontal spectrum (8.8 nm) is larger than that of the back spectrum (4.8 nm). In 
addition, the frontal spectra are slightly asymmetrical, showing a widening toward a longer wavelength. The resulting 
spectrum from the difference between both spectra (Figure 5d), which must correspond to the emission spectrum of the 
peaks mode collected from the whole emission area (integrated collection), shows a plateau in intensity of 2-3 nm. This 
indicates suppression of the interaction between the peaks modes, which is a signature of random lasing at localization 
34,43. 

4. CONCLUSION  
The core-shell TiO2@Silica nanoparticle for a random laser combines the high refractive index of TiO2 with chemical 
inertness, “optical” colloidal stability (steric “optical” effect), and better light coupling (TiO2 cores) provided by the 
silica shell. Higher efficiency, lower RL threshold and lower photodegradation in the random laser were achieved. The 
FAP measurement could be a promising method to characterize scattering media. The core-shell TiO2@Silica 
nanoparticle at [140x1010 NPs ml-1], allowed us to study the RL action at the critical regime of approaching localization. 
An absorption-emission saturation phenomenon was observed in the RL. This phenomenon was associated with the 
absorption-emission saturation of the localized modes called the peaks mode. Narrow peaks with a linewidth of ≤0.17 
nm were observed in the RL emission spectrum. This linewidth (≤0.17 nm) is narrower than the mean linewidth of the 
modes of the scattering medium (∼1.29 nm, τeO≈ 0.64 ps). This fact could be a consequence of the anomalous nonlinear 
increase of the refractive index by localization, due to the continuously increasing intensity within the closed loop paths 
during the residence time of the pumping photons. This effect would be greatly suppressed for emitted photons above the 
lasing threshold, as the intensity increase would be a result of stimulated emission. The back-collection method allowed 
for the separate measurement of the RL band mode, showing a linear dependence with pumping fluence without gain 
depletion. The core-shell strategy presented and discussed in this paper could enable the design, manufacture and 
characterization of novel optical devices, based on highly disordered scattering media.  
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