Published in SPIE Proceedings Vol. 10101, Organic Photonic Materials and Devices XIX, 1010103
(February 16, 2017) - DOI: 10.1117/12.2263663

RANDOM OPTICAL MEDIA BASED ON HYBRID ORGANICINORGANIC NANOWIRES: MULTIPLE SCATTERING, FIELD
LOCALIZATION AND LIGHT DIFFUSION
L. Persano*a, M. Moffaa, V. Fasanob, A. Portonea,b, L. Romanoa,b, B. Fazioc, R. Saijad, M. A. Iatìc, A.
Camposeoa, O. M. Maragòc, D. Pisignanoa,b
a
NEST, Istituto Nanoscienze-CNR, Piazza San Silvestro 12, I-56127 Pisa (Italy); bDipartimento di
Matematica e Fisica “Ennio De Giorgi”, Università del Salento, via Arnesano, I-73100 Lecce (Italy);
c
CNR-IPCF, Istituto per i Processi Chimico-Fisici, viale F. Stagno D’Alcontres 37, I-98158 Messina
(Italy); dDipartimento di Scienze Matematiche e Informatiche, Scienze Fisiche e Scienze della
Terra, Università di Messina, 98161 Messina (Italy)
ABSTRACT
Random optical media (ROM) are a novel class of photonic materials characterized by a disordered assembly of the
elementary constituents (such as particles, wires and fibers), that determines unique scattering, absorption and emission
properties. The propagation of light in ROM is affected by the size and optical properties (refractive index, absorption
and emission wavelengths) of their components, as well as by the overall 3-dimensional architecture. So far, most of the
investigated ROM have been realized using liquid dispersions or bulk samples embedding colloidal nanoparticles or
porous systems. While nanowire-based ROM are poorly investigated, such materials can feature new optical effects
related to the elongated shape of their building blocks and to their light-transport properties. Here we report on the
fabrication and on the morphological and spectroscopic characterization of hybrid organic-inorganic nanowires, realized
by doping polymers with dielectric nanoparticles. We investigate light diffusion and multi-scattering properties of 3dimensional ROM formed by organic and hybrid nanowires, as well as field localization in 2-dimensional networks. The
influence of nanowire geometry and composition on the scattering properties is also discussed.
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1. INTRODUCTION
In nature, light interacts with a variety of materials characterized by marked structural and compositional non
homogeneities, leading to a series of interesting optical phenomena, which are related to the multiple-scattering of
photons through such disordered materials. These complex structures have inspired many research reports aimed at
understanding the phenomena characterizing light propagation in disordered materials [1]. The rationalization of light
diffusion processes in complex systems might be useful in view of developing applications related to optical imaging of
non-homogeneous materials, such as biological tissues [2]. Furthermore, the fundamental properties of light propagating
in disordered materials can be addressed to highlight phenomena such as Anderson localization [3], and to pave the way
for novel solutions in photovoltaics [4], laser science [5], optical beam manipulation [6] and transmission of images
through opaque media [7]. This has been made possible by the engineering of artificial random optical media (ROM),
which are disordered materials composed by elementary constituents (typically nano- or micro-particles) dispersed in
suitable matrices with lower refractive index. The disordered arrangement of the particles in the embedding medium
determines multiple scattering and diffusion of incident light in random directions. Interference of scattered rays can also
occur, leading to coherent backscattering (CBS) [8], which provides quantitative insight about the characteristic transport
length of light in ROM. To date, most of artificial ROM were realized by dispersing colloidal particles with high
refractive index either in fluids or in solid polymer matrices. Such ROM allowed random lasers to be realized when
combined with optical gain materials [9], and unconventional light transport in specifically engineered materials [10] to
be highlighted.
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Mimicking natural disordered materials, which are typically composed by anisotropic long filaments, demands for
novel ROM, where the host particles have elongated shapes such as nanowires and nanofibers. These disordered
materials might feature intriguing optical properties, as evidenced by a recent report on a natural ROM derived from
Cyphochilus and Lepidiota stigma white beetles, composed by many densely-packed chitin filaments and featuring
broadband reflectance [11]. However, engineering novel artificial ROM with wire-shaped elementary constituents
requires the availability of high-throughput fabrication processes for micro- and nanowires, with the possibility of
tailoring both the shape and the composition of the building blocks. For instance, inorganic nanowires can be fabricated
by solution-based synthesis routes [12], or by top-down nanofabrication approaches [13]. Also, many techniques have
been developed for the fabrication of organic light-emitting nanowires and nanofibers, including electrospinning [14]
which generates mats of long filaments assembled in a random fashion, resembling the structure of many biological
tissues and natural fibrous materials. Electrospinning is a method based on the uniaxial stretching of a polymer jet by an
electrostatic field [15-18]. Nanoparticles, nanotubes and nanowires can be added in the solution used for the process,
thus enabling the realization of ROM with multiscale disorder, namely both at the scale of individual filaments (due to
embedded particles), and at the macroscopic scale (due to the random assembly of many nanowires). In addition, the size
of spun solid nanowires, which determines the single-filament scattering properties [19], can be tuned by a tight control
of process parameters, thus opening interesting perspectives for the production of artificial ROM with novel and
unexpected optical properties.
Here, we focus on the light diffusion properties of 3-dimensional (3D) mats of hybrid electrospun fibers.
Macroscopic samples of polymer and hybrid fibers embedding TiO2 nanoparticles were produced and their light
transport properties investigated by CBS measurements. Light transport lengths in the range 12-23 µm were measured,
depending on the sample composition. In addition, modelling of the light scattering properties of 2-dimensional (2D)
networks of polymer filaments was implemented, unveiling interesting properties such as the formation of hot spots for
fields in the network, which might be conveniently exploited for random laser and sensing applications.

2. METHODS
Poly(methylmethacrylate) (PMMA, M.W. 120,000, Sigma Aldrich) was used as the polymer matrix of the
electrospun fibers. For the production of pristine PMMA fibers, 150 mg of polymer powder was dissolved in 1 mL of
chloroform (CHCl3, Sigma Aldrich). 15 mg of tetrabutylammonium iodide (TBAI, Sigma Aldrich) organic salt [20] were
added the solution, in order to obtain fibers with uniform and sub-micron average size. Electrospinning experiments were
performed by delivering the solution through a 21G syringe needle at a constant flow rate (1 mL h-1), by means of a
syringe pump (Harvard Apparatus, Holliston, MA). A metal plate, used as fiber collector, was positioned 10 cm away
from the needle, while a 16 kV bias was applied between the needle and the collector. Fibers were being collected on Al
foils for about 4 hours, providing free-standing fibrous samples with typical thicknesses of about 500 µm. Hybrid
polymer fibers were produced following a similar procedure and adding 100 mg of TiO2 nanoparticles (Sigma Aldrich),
with nominal average size of 21 nm, to the PMMA/TBAI/CHCl3 solution. The size and morphology of the samples was
analyzed by scanning electron microscopy using a FEI Nova NanoSEM 450 system. Optical dark field images of the
samples were acquired by an up-right optical microscope (BX51, Olympus), equipped with a charge coupled device
(CCD) camera for imaging.
CBS measurements were performed by using a continuous wave, polarized He-Ne laser (JDS Uniphase, wavelength
633 nm) as light source. Filters with neutral density were used to keep the incident laser power <0.5 mW. The laser beam
was expanded by a telescope to provide a 4 mm diameter, collimated incident beam. A cube beamsplitter was used to
direct the incident beam onto the sample, and the backscattered light onto a CCD camera (iDus 40, Andor Technology),
here used for measuring the angular distribution of the backscattered light intensity. The backscattered light was
collected through a lens with 30 cm focal length and 2 inches diameter, allowing the collection of CBS photons in an
angular range of ± 60 mrad. In a typical experiment, the contribution of single scattering events reduces the CBS
enhancement factor and increases the background signal, possibly obscuring the actual shape of the CBS cone. In our
set-up a polarization sensitive detection system was implemented in order to decrease significantly the backscattered
signal arising from single scattering processes [21,22]. To this aim a λ/4 waveplate was positioned in front of the sample,
which circularizes the polarization of the incident beam while removing the contribution of the single scattering
processes which do not preserve light helicity, in combination with a polarization filter that was positioned in front of the
detection CCD camera. On the contrary, the CBS signal having helicity-conserving properties was fully transmitted
through the λ/4 waveplate and the polarization filter. Also, in solid samples with fixed scattering elements the presence
of peaks due to speckle patterns might decrease the signal-to-noise ratio of the CBS cone [21]. In our measurements,
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such speckle noise was minimized by displacing periodically the samples at a typical frequency of 45 Hz with a
mechanical system. The resulting averaging of the CBS signal over slightly different sample areas in a typical acquisition
interval of 0.5 s allows the speckle noise to be reduced (typical signal-to-noise ratios of the order of 10). In addition,
CBS signals were averaged over several (>10) acquisitions in different sample regions.

3. RESULTS AND DISCUSSION
The insets of Figures 1 and 2 show dark field images of mats made of PMMA and PMMA/TiO2 nanofibers,
respectively, clearly evidencing the light scattering properties of the produced samples. PMMA fibers have average
diameters of 230 nm (standard deviation of the diameter distribution=50 nm), whereas a slight increase of the fiber size
was found for the hybrid fibers, which have average diameters of 370 nm (standard deviation of the diameter
distribution=100 nm). The inset of Figure 2 clearly evidences some bright spots, due to the presence of small aggregates
of TiO2 nanoparticles (size in the range 50-400 nm) distributed along the polymer fibers, which may introduce further
local disorder and affect the overall resulting light transport. These properties are investigated by the CBS method [8],
which allows the transport mean free path, t, to be evaluated by measuring the angular intensity distribution of the
backscattered light nearby the direction of the incident beam. For light rays backscattered around the wavevector of the
incident light field, an enhancement of the light intensity is expected as a consequence of the constructive interference
between those rays that propagate along time-reversed optical paths inside the scattering medium. This effect produces a
characteristic cone-shaped angular distribution of backscattered light intensity at small scattering angles, as shown in
Figures 1 and 2. The width of the cone is related to the light transport mean free path. To determine t for the samples
developed in this study, the CBS data shown in Figure 1 and 2 were fitted to a finite slab model, which provides the
following expression for the angular distribution of the backscattered intensity [23, 24]:
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where ϑ is the scattering angle, γ and γC are the diffuse and coherent background intensities for a finite slab, respectively,
and E is enhancement factor due to the interference effect, related to the intensity of the CBS signal at ϑ=0, i.e. along a
scattering direction parallel to the wavevector of the incident field. The scattering angle, ϑ, is given by the angle formed
by the wavevector of the incident field and the wavevector of the backscattered one. γ and γC in the expression above are
known as bistatic coefficients, and are expressed in terms of the scattering angle, ϑ, and the photon fluxes per probed
area and solid angle, and normalized to the incident photon fluxes.

Figure 1. Angular dependence of the intensity of the CBS signal from a PMMA nanofiber sample. The continuous line is a fit to the
data by Eq. (1). The obtained transport mean free path and enhancement factor were 12±2 µm and 1.7, respectively. Inelastic mean free
path for fitting curve: 1080 µm. Other fitting constants: slab thickness=500 µm, PMMA refractive index=1.49, slab volume fraction
occupied by PMMA nanofibers=70%. Inset: dark-field optical micrograph of a PMMA nanofibrous sample. Scale bar: 20 µm.
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Figure 2. Angular dependence of the intensity of the CBS signal from a hybrid PMMA/TiO2 nanofiber sample. The continuous line is a
fit to the data by Eq. (1). The obtained transport mean free path and enhancement factor were 23±5 µm and 1.6, respectively. Inelastic
mean free path for fitting curve: 340 µm. Other fitting constants: slab thickness=500 µm, PMMA refractive index=1.49, TiO2 refractive
index=2.58, slab volume fraction occupied by hybrid nanofibers=70%. Inset: dark-field optical micrograph of PMMA/TiO2 nanofibers.
Scale bar: 20 µm.

For pristine PMMA nanofiber mats, the analysis of the data shown in Figure 1 provides a light transport mean free
path of t=12 µm, and an enhancement factor (E=1.7) lower than the theoretical value (E=2), possibly due to stray light
and signal from residual single-scattering processes collected by the detection system. A similar analysis performed on
hybrid PMMA/TiO2 nanofibers leads to t=23 µm, and to an enhancement factor, E=1.6 (Figure 2). Hence, the
embedment of the TiO2 nanoparticles in the nanofibrous sample significantly modifies the light diffusion and multiple
scattering of visible light, showing the potential of the electrospinning technique for producing and engineering
macroscopic ROM with targeted optical properties. The found differences between pristine and hybrid nanowire-based
ROM in terms of their light transport lengths can be attributed to the different average nanowire size, that is known to
affect the light scattering properties of individual filaments [19], as well as to the presence of spherical particles in the
hybrid system, which can couple scattered photons into the nanowires allowing their channelling and waveguiding over
distances of the order of few micrometers.
Another advantage of the electrospinning technique is the possibility to collect fibers at relative low density on
suitable substrates, forming 2D or quasi-2D networks, which might exhibit specific scattering properties and local field
enhancement. To investigate these features, we developed a model for the scattering of disordered 2D networks of
polymer filaments based on the T-Matrix method [25]. In this approach individual filaments are schematized as a pearl
necklace, namely a linear aggregate (cluster) of dielectric spherical particles, which are immersed in a homogeneous
medium (in our calculations, air with refractive index, n=1), as shown in Figure 3a and 3b. The electromagnetic fields
are calculated through a vector multipole expansion that determines (by imposing the boundary condition at the particle
surfaces) the T-matrix as the linear operator linking the scattered field (Es) to the incident one (E) [25,26]: Es=SE. The
T-matrix fully describes the scattering process of the whole aggregate and does not depend on the direction of the
incident and scattered field. The total field is analytically calculated and then computed as the sum of the incident and
scattered fields [27]. Thanks to the flexibility of this theoretical approach, each spherical particle can have different
geometrical and optical constants, thus allowing the field scattered by clusters with complex shape and composition to be
calculated [28]. In particular, we can compute the field scattered by polymer filaments by modeling each filament as a
chain-like aggregate of polymer spherical particles with appropriate arrangement. Figures 3c and 3d show an example of
the results of such calculations, performed for the fiber network schematized in Figure 3b. The network is composed by
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nanowires with a refractive index of 1.5, as typical of polymers. Interestingly, the computed scattered field shown in Fig.
3c evidences the presence of “hot spots” (yellow-red areas in the map), namely sample regions where nanocavities are
likely formed which locally enhance the electromagnetic field with respect to the surrounding regions. Such local field
enhancement can be related to inter-sphere coupling and multiple scattering processes among the individual particles
composing the network. Formation of hot spots, commonly observed in aggregates of metal nanoparticles, has been
reported recently in all-dielectric, high refractive index silicon nanoparticle dimers [29]. Aggregates of all-dielectric
nanoparticles are interesting because hot spots of electric and magnetic fields can be realized, differently from metal
particles which allow the local enhancement solely for the electric field [29]. Such local field enhancement is relevant for
optical sensing applications [30], because a more efficient excitation of the analytes can be accomplished in sensing
schemes based on both fluorescence and Raman spectroscopies, thus improving the resulting sensitivity and detection
limit. Our results show that ROM made of low refractive index nanowires can provide a new platform of artificial optical
materials, where practical field enhancement and localization can be achieved, without the need of complex, multi-step
and, time- and energy-consuming nanolithographic approaches.

Figure 3. (a, b) Illustration of the modelled fiber array. Individual filaments are discretized as a chain of spheres of diameter a, as
shown in (a), which depicts a zoom of the structure used for the calculation, marked with a rectangular red box in (a) and in (b). The
scheme of overall the filaments network used for the calculation is shown in (b), where fibers are schematized as green continuous
lines. The calculations are performed using a value of a/λ=0.75, where λ is the wavelength of the incident field, a refractive index
n=1.5 for the filaments and n=1 for the surrounding medium, respectively. (c) Calculated map of the intensity of the scattered field
(ES) normalized to the incident field (E). (d) Map of the intensity of the total field (ET) normalized to the incident field.
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4. CONCLUSIONS
In summary, we developed novel ROM composed by hybrid organic-inorganic filaments. The nanowires were
produced by electrospinning pristine polymers and nanocomposites, namely polymers doped with TiO2 nanoparticles.
The investigation of the light scattering and diffusion processes in such 3D ROM by the CBS method evidences a light
transport mean free path of few tens of micrometers. Modelling of scattered field of networks of polymer filaments
shows the occurrence of hot spots, which provide local field enhancement suitable for lasing and sensing applications.
Next steps will include the systematic study of the dependence of the light transport mean free path on the architecture of
the nanofibrous mats, and of the local field enhancement in networks of organic and hybrid nanowires.
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