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Chapter 1
Introduction

The target of this Ph.D. thesis is the study of light scattering and light trap-

ping in complex photonic structures. To this purpose, the new phenomena

emerging from the optical investigation of fabricated structures have been in-

terpreted by the theoretical frame of multiple-scattering of light. These issues

are important for the understanding of general properties of light propagation

and light-matter interaction, and for developing structures that are suitable for

the harvesting of light in photovoltaic (PV) devices. Thus, the present work

has both fundamental and application-oriented aspects.

This chapter illustrate the general overview of the thesis. In the first sec-

tion we describe the interest for studying light scattering in disordered media.

Moreover, we discuss fundamental problems of coherence and localization ef-

fects in disordered photonic structures. In the second section we discuss the

organization of the topics in the next chapters.

1.1 General overview

In the last decades, the interest for light scattering in complex structure has

increased rapidly, together with the development of photonics as a new branch

of applied optics [1, 2, 3, 4, 5, 6]. Nowadays, computer simulations for the

design of increasingly complex photonic structures allow to reach very high

performances both for optical mode coupling between different materials and

for enhanced light-matter interaction related to the confinement of light [7,

8]. On the other hand, unavoidable fabrication defects limit the efficiency of
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1. Introduction

photonic structures [9, 10, 11, 12, 13]. This becomes a real impediment to large

scale applications, because fabrication costs do not allow to realize elaborate

wavelength-scale architectures with the same quality that is achievable at la-

boratory scale [14, 15].

A crucial research area from this point of view is the implementation of

photonic solutions in PV devices. In fact, the simultaneous requirements to

achieve a complete harvesting of sunlight and to use the minimum amount of

absorber material in fabrication processes lead to hard technological challenges.

In all PV technologies considered so far, the main challenge is to increase

the light harvesting and the overall conversion efficiency, while reducing the

fabrication costs [16].

The studies shown in this thesis originate from the aforementioned consi-

derations and focus the attention on photonic structures suitable to enhance

light-trapping in thin-film silicon solar cells (SCs). During the evolution of

this research field, the different solutions proposed by the scientific community

were based on two different approaches [5], i.e. the diffractive coupling or the

diffusive scattering [17]. The first solution is achieved by means of ordered

photonic structures [18, 19, 20]. These photonic crystals couple efficiently the

external radiation into the SC, but the few modes that are activated by a

diffraction resonance [21, 22] are not sufficient to cover the whole spectrum of

interest. The second approach requires simply a random disordered texture,

which typically results from the native morphology of deposited thin layers (as

in the case of a rough transparent electrode) or from the chemical/physical

erosion of the SC surface [23]. The random surface roughness scatters sunlight

incoherently over a broad spectrum [24, 25], however the optical coupling may

be weak if the level of roughness is not high enough.

In the last years both theoretical and experimental evidences suggest that

the best results in light-trapping for SCs are achieved by combining the two ap-

proaches [22, 26, 27, 28]. Actually, aperiodic structures and spatially-correlated

roughness scatter sunlight more efficiently than strictly periodic or fully ran-

dom textures. An aperiodic structure is realized by avoiding a regular repe-

tition in ordering dielectric elements. The lack of a periodic lattice increases

the number of coupled modes but makes the fabrications process more difficult

[29]. On the other hand, the realization of a spatially-correlated randomness is
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1.2. Goal of the thesis

quite natural in self-organized processes, which are driven by thermodynamic

forces [30]. This is the case of clusters formation by thin-film deposition of a

metal. Moreover, disorder-based structures show optical properties that are

very stable against fabrication defects [6, 31].

The presence of spatially-correlated features in the disordered texture al-

lows the occurrence of coherent light scattering from the diffusive one. The

result is an enhancement of light scattering, which could even lead to light

localization. The study of light propagation in such systems has to consider

the mechanisms for multiple scattering of the electromagnetic waves [32]. The

investigation of these scattering mechanisms elucidates the various regimes for

light propagation and helps understanding the basic properties of the interac-

tion between light and complex dielectric media.

1.2 Goal of the thesis

The samples investigated in this thesis are: (1) a rough glass substrate for the

growth of thin-film SCs; (2) a forest of silicon nanowires (NWs). In both of

them, light scattering is enhanced by the high aspect ratio of the random tex-

ture, whose correlation lengths at the wavelength scale result in the coexistence

of diffusive and coherent scattering of light.

The topics dealt with in this thesis are organized as follows:

� In the second chapter, the scattering theory of light is introduced with

particular attention to multiple scattering theory and to localization ef-

fects. We give the theoretical instruments to understand the phenomeno-

logy of wave scattering in turbid media. The phenomenon of weak loca-

lization of light in disordered media is explained and is put in relation

with the observation of Coherent Back-Scattering (CBS) of light. We

introduce the theoretical formalism of average Green’s propagator and

the concept of bi-static coefficient to explain the enhancement factor of

CBS.

� The third chapter contains the description of experimental techniques

used for this research activity to perform optical investigation of the pro-

posed textures. Since the main goal is to look for evidences of photon

3



1. Introduction

scattering events which increase the optical path along a thin layer, we

perform optical characterization of the samples by means of total trans-

mission and reflection spectroscopy and by the angular intensity distribu-

tion of scattered light, also called angle-resolved scattering (ARS). These

two techniques are basic research methods for light scattering investiga-

tions and they are commonly used in the field of photovoltaics. Moreover,

we investigate the coherent features of light propagation of silicon NW

samples by means of coherent back-scattering of light. The home-made

apparatus employed to perform ARS and CBS measurements is described

in detail.

� The fourth chapter reports on the investigations of light-scattering pro-

perties of a self-assembled nanotexture fabricated by defocused ion-beam

sputtering at the University of Genova. The experimental characteri-

zations of the diffused light measured in transmission are shown. We

compare the results obtained for our nanotexture with those from the

Asahi-U glass, which is a fabrication standard of growth substrates for

thin-film silicon SCs. We discuss the features arising from angle-resolved

scattering, linking them to the statistical properties of the morphology

of the nanotexture, which exhibits both a random roughness and pseudo-

periodic patterns.

� In the fifth chapter, we present the anti-reflection properties of ultra-thin

and vertically aligned silicon NWs arranged in dense 2D fractal arrays.

These NW samples were produced at the CNR-IMM institute in Catania

and Messina. We investigate the absorbance of these Si NW forests across

the entire visible and near-IR range. Very low values of total reflectance

are measured. We relate the remarkable optical properties of NW fo-

rest to the randomness in the fractal structure, whose refractive index

fluctuations trap the photons by strong in-plane multiple scattering.

� Coherent back-scattering experiments performed on the silicon NW fo-

rest are reported in the sixth chapter. We characterize the strength

of light scattering by fitting the CBS data with a theoretical model.

Experimental evidences of far-field coherence are found in the angular-

dependence of backscattering enhancement for Raman light. We in-
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1.2. Goal of the thesis

terpret these results within a simple model of mixed Rayleigh-Raman

random walks. Moreover, an original theoretical model - developed in

collaboration with the University of Florence - that accounts for CBS

dephasing of the Raman signal is shown. Finally, this new theoretical

model is validated by extrapolating the Stokes shift of Raman light from

data-analysis.

� In the last chapter we summarize the main results of the thesis and

conclude the work by discussing the prospects for further investigations.
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Chapter 2
Light scattering in

nanostructures

The study of light scattering in optical nanostructures is of great interest,

because of the enhancement of optical phenomena arising from light-matter

interaction. In general, light-matter interaction can cause both elastic and

inelastic scattering as well as absorption of radiation. The latter simply re-

duces the intensity of light along its path. The elastic scattering alters the

propagation direction leaving the energy of photons unchanged. The inelastic

scattering changes both the propagation direction and the wave frequency, as

in the case of Raman scattering. The coexistence of both nanometric and mi-

crometric features in nanostructures is the cause of an intensive scattering of

light at the wavelength scale. The radiation may preserve a strong coherence

even after many scattering events.

The effects of coherent scattering of light emerge clearly in a photonic crys-

tal with defects. In fact, an ideal photonic crystal is an ordered arrangement of

dielectric elements where the light propagates only in electromagnetic eigen-

modes, which are determined theoretically by solving Maxwell equations in

the periodic lattice. This periodicity causes the absence of modes in some

regions of the energy-wavevector space. These regions are known as photonic

bandgaps (PBGs) [3, 4, 33]. The presence of local defects in the dielectric pe-

riodicity may introduce local electromagnetic modes inside the PBG. In these

local modes, the light is spatially confined like in a cavity [34]. However, if the

number of defects increases too much the phenomenon of light localization in
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2. Light scattering in nanostructures

the ordered structure can get lost, because the optical losses prevail over the

enhancement. On the other hand, coherent scattering of light can lead to a

confined electromagnetic field in a totally disordered structure. In agreement

with Anderson’s localization theory, a very intense wave scattering caused by

disorder produces non-propagating waves [35]. More precisely, wave localiza-

tion can happen when the average distance between two consecutive scattering

events is comparable with the wavelength [32].

The textures studied here for this purpose are disordered and endowed with

high aspect ratio (see sections 4.2 and 5.1). In these structures, light scattering

takes place at all length scales. Therefore we recall in this chapter the light

scattering theory that is required in order to interpret the fascinating optical

phenomena observed on our experiments.

2.1 Elastic scattering of light

The elastic scattering of light is generically distinguished by the relation be-

tween the involved length scales, i.e., the wavelength of light λ and the size

of the obstacle (scatterer) a the light scatters on. Usually, light scattering is

described by means of the scattering cross section σ defined via the ratio of

scattered power Ps over the incident intensity I0. When the light scatters on

a macroscopic obstacle (i.e., in the limit λ � a), the scattering is a simple

refraction or specular reflection and ray-optics theory is sufficient to describe

light propagation by means of Snell law and the Fresnel equations [36]. In the

opposite limit λ � a, elastic scattering of light is well described by Rayleigh

theory, which explains the λ−4 trend in strength of light scattering1 In the in-

termediate regime, the Mie theory describes rigorously the scattering problem

of light in the case λ ∼ a [37, 38].

Since a small dielectric particle spreads the incident light over all directions,

the scattering event is describe by means of differential scattering cross section

1Rayleigh scattering accounts for the blue colour of sky in sunny days. In fact the scatter-
ing by air particles is greater for shorter wavelengths of the visible spectrum, which become
widely diffused in all directions. On the other hand the longer wavelengths (corresponding
to warm colors) propagate longer into the atmosphere without an appreciable scattering.
This is also the explanation for the red colour of sunset.
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2.1. Elastic scattering of light

dσ

dΩ
(~k0,~ε0;~k,~ε) =

r2Is(~k,~ε)

I0(~k0,~ε0)
, (2.1)

where ~ε0, ~ε and ~k0, ~k are the polarization vector and the wave vector, re-

spectively, of the incident and of the scattered radiation. The latter have a

modulus defined by the relation k = 2π/λ and are oriented as the Poynting

unitary vector ~n. The differential scattering cross section has dimensions of

area per unit solid angle and represents the power radiated in the direction ~k

with polarization ~ε, per unit solid angle, per unit incident flux (power per unit

area) in the direction ~k0 with polarization ~ε0 [39]. The total scattering cross

section is obtained by integrating the equation 2.1 on the whole solid angle.

The calculation of the explicit form of equation 2.1 can be done in a stan-

dard way by the Mie theory. However, the Mie theory reduces to the Rayleigh

scattering by using the Born approximation in the limit λ� a [39]. Therefore

the equation 2.1 becomes

dσ

dΩ
(θ) =

k4a6

2

∣∣∣∣εr − 1

εr + 2

∣∣∣∣2 (1 + cos2 θ
)
, (2.2)

where we have considered a single dielectric sphere with µr = 1 and isotropic

dielectric constant εr. The angle θ is the scattering angle formed by ~k with

~k0, while the factor (1 + cos2 θ) comes from the summation over the scattered

polarizations2.

Now we consider the scattering from a system of small scatterers equal to

the aforementioned dielectric particle and separated by a fixed length. The

incident radiation induces the same dipole on each of the small scatterers,

which, therefore, scatter the radiative field with the same strength. Since the

field scattered by the j-th scatterer has a phase factor ei~q·~xj depending on the

position ~xj and on the exchange scattering momentum ~q = (~k0 − ~k), the scat-

tered light results from the coherent superposition of the individual scattered

fields. In this case, the scattering cross section is generally the product of the

cross section for a single particle (equation 2.2) times the square modulus of

2Actually θ comes from the scalar product between ~ε and ~ε0, i.e. the polarization vectors
of the scattered and of the incident radiation, respectively.

9



2. Light scattering in nanostructures

the summation of phase factors Γ(~q) =
∣∣∣∑j e

i~q·~xj
∣∣∣2. The dependence of scat-

tered field on the spatial positions of scatterers becomes explicit by rewriting

Γ(~q) in the form

Γ(~q) =
∑
j

∑
j′

ei~q·(~xj−~xj′). (2.3)

The equation 2.3 carries the information about the spatial distribution of scat-

terers and, for this reason, it is named the structure factor. Notice that the

terms with j 6= j′ give a considerable contribution only if the array of dielec-

tric particles exhibits structural correlations (i.e., if the scatterers are numerous

and ordered in the space). In this case the structure factor gives a significant

contribution only in the forward direction (~k = ~k0), or possibly in the direc-

tions of diffracted beams that are determined by constructive interference of

all terms. On the contrary, if the scatterers are randomly distributed, only the

terms with j = j′ are relevant and the value of Γ reduce to total number of the

scatterers N with no angular dependence. So the scattering cross section of

many scatterers is just N times the scattering cross section of a single one. In

this case, the scattering is like an incoherent superposition of individual contri-

butions and is simply called incoherent scattering. In this treatment we follow

Ref. [39] and we are neglecting up to now the effects of multiple scattering,

which we discuss in Sec. 2.3.

2.2 Scattering from a rough surface

The goal of studying light-trapping in this work is to achieve the highest con-

centration of incoming radiation into a physically thin region. By this latter

expression we mean a space region whose size is comparable with the wave-

length of incident radiation, but smaller than the characteristic length scale of

light-matter interaction. A disordered nanotexture endowed with high aspect-

ratio features (like a rough surface) could be suitable for this purpose. In fact

the features of a rough dielectric surface scatter the light at all relative length

scales, enabling the coexistence of anti-reflection effects and of diffractive and

diffusive scattering. The light-scattering properties of a texture are usually

related to the lateral correlation length and the root-mean-square (RMS) vari-
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2.2. Scattering from a rough surface

ation of roughness, which are the two statistical parameters describing the

height distribution of the surface features.

The lateral correlation length describes statistically the periodicity of the

texture, or anyway its spatial correlation along the surface plane. In fact, the

correlation length is easy to observe in the height profile of an ordered structure

(like for photonic crystal textures), which are made of a periodic repetition of

a unit cell profile. However for a texture made by roughness, the height profile

h(x) looks as a random repetition of features, which are different from each

other. In this case, information on the spatial profile of the texture comes from

the spectral analysis of the height profile in the reciprocal space. The latter is

given by the Fourier series representation of the height profile of the texture,

whose dependence on the position takes the form

h(x) =
N∑

m=−N

hm exp

(
2πix

Tm

)
. (2.4)

where x represents the coordinate along the texture profile, Tm = T0/m (with

m belongs to the range [−N,N ]) are the spatial wavelengths of Fourier har-

monics, T0 is the length of unidimensional profile of texture, and hm are the

strengths of the corresponding spatial harmonics [40]. We defer the definition

of the lateral correlation length to section 4.2, where we shall give its explicit

form from the operational definition. We limit ourselves here to the form

of the RMS roughness, because it is the most important parameter used to

evaluate the specular reflectance and transmittance in scalar scattering theory

[40, 41, 42]. The RMS of roughness is commonly indicated with σr and is

strictly related to the intensities of the Fourier harmonics hm:

σ2 =
N∑

n=−N

|hm|2 . (2.5)

Notice that the value of RMS roughness could depend on the range of spatial

wavelengths Tm we consider in the analysis of the height profile. On the other

hand, the relative length scale Tm · k (where k is the wavevector of incident

radiation) determines the mechanism of light scattering as discussed in section

2.1. For these reasons we treat separately the elastic scattering of light due to

11



2. Light scattering in nanostructures

a small-scale RMS roughness and a long-scale one.

The small-scale RMS roughness σs is calculated from the equation 2.5 tak-

ing into account only the contributions of the short Fourier harmonics, i.e.,

those having a spatial wavelength Tm < λ [40]. This small-scale roughness

enhances the coupling of the incident light into the substrate, as it makes the

dielectric constant variate on a sub-wavelength scale. To explain this, we start

by considering a value σs � λ. In this case there is an enhancement of scat-

tered light in the forward direction as a result by Rayleigh theory (see final

comments of section 2.1). On the other hand a value of σs ' λ indicates a

roughness that is high enough to behave optically as an intermediate layer be-

tween the two media. In this layer we can define an effective refractive index

neff as follows:

neff =
√
φn2

sub + (1− φ)n2
air, (2.6)

where φ is the fill factor of the roughness (i.e., the fraction of substrate material

in the texture), while (1 − φ) is the fraction of air. Since nair < neff < nsub,

the presence of roughness smoothens the transition between the two refractive

indices, and, therefore, the optical losses due to Fresnel reflection decreases.

Moreover, if the width of the texture protrusions is not constant but decreases

with the height (as for instance in a conical shape), the fill factor becomes

a function of the texture hight φ(z). Therefore the value of refractive index

changes gradually along the z direction of the textured layer. In this case

the roughness works as an optical impedance matching layer between air and

substrate, which makes Fresnel reflection vanish [40, 43]. In the natural world,

similar morphologies confer some insect organs transparency and broadband

anti-reflection functionality, as observed in the corneas of nocturnal moths [44].

On the contrary the evaluation of equation 2.5 based on the Fourier harmonics

with long spatial period (Tm > λ) returns the value of the long-scale RMS

σl. In other words, the value of σl concerns the long-scale periodicity of the

texture. We want to highlight the role of Fourier harmonics with Tm > λ for

the coherent coupling of incident radiation in the texture: the larger σl, the

stronger the scattering of light. Diffraction processes scatter the incident light

at large scattering angles into the substrate, increasing the optical path at a

12



2.3. Multiple scattering of light

fixed thickness of the substrate. This appears as a reduction of both specular

reflectance and specular transmittance, while the light diffused off the incident

direction increases.

The above qualitative discussion about the role of RMS roughness in the

scattering of light can be related to the results of the calculation of reflection

(r) and transmission (t) coefficients by applying the electrodynamic theory.

In fact the separation of roughness contributions according to short-scale and

long-scale components allows to write the expressions of r and t, respectively,

in the form [40] {
r = r0(1− 2k2n1n2σ

2
s)

t = t0[1 + 0.5k2(n1 − n2)2σ2
s ]

(2.7)

{
r = r0(1− 2k2n1σ

2
l )

t = t0[1− 0.5k2(n1 − n2)2σ2
l ]

(2.8)

where r0 and t0 are the amplitudes of Fresnel reflection and transmission co-

efficients, n1 and n2 are the refractive index of air and substrate, respectively.

The above discussion motivates the need for both short-scale and large-scale

surface corrugations in the texture in order to achieve an effective scheme of

light trapping.

2.3 Multiple scattering of light

The light scattered off a textured material with hm ≥ λ has non-negligible

probability to be scattered several times before leaving the material, since

each scattering event randomizes the direction of light propagation. Therefore,

the proper description of elastic light scattering on deep textures requires the

theory of multiple scattering of light. The latter is typically used to treat the

light propagation into turbid media, i.e. when the light propagates within a

collection of transparent (or weakly absorbing) scatterers. Common examples

of turbid media are dispersions of colloidal particles in a liquid or the water

drops in the dense fog.

13



2. Light scattering in nanostructures

The relevance of multiple light scattering depends on the average distance

between two scatterers, which is usually called the mean free path l∗. The

classical ray propagation takes places for λ � l∗. On the other hand, when

the scattering is weak and λ� l∗, the disordered medium appears as a homo-

geneous effective medium. However, over long distances (on the scale of many

l∗) the scattering effect accumulates and the wave propagation direction can

still be significantly randomized. For the case of λ ≤ l∗, the effective medium

approximation is no longer valid and the propagating waves rapidly loses the

correlation with the incident direction after some scattering events. Therefore,

because of multiple scattering the wave path results in a random walk [45],

which is characterized by a mean-square displacement

〈
∆r2

〉
=

d∑
i=1

〈
x2
i

〉
, (2.9)

where d is the system dimensionality. The Lambert-Beer law allows to write

for the scattering paths with a length l:

〈
x2
i

〉
=

2ls

d
=

2ns2

d
, (2.10)

where n is the number of the scattering events along l, while the factor 2 comes

from the statistical distribution of the step length s, which is the average

distance separating two consecutive scattering events [46]. When the wave

scattering is isotropic (Rayleigh scattering), s coincides with the scattering

mean free path, which has the form

ls =
1

ρNσs
, (2.11)

where ρN is the number density of scatterers and σs is the cross section for

the considered scattering process. Otherwise, the case of the anisotropic (Mie)

scattering is described by introducing the typical distance on which the wave

randomizes the direction of propagation. The latter is called transport mean

free path lt and is related to ls:

lt =
ls

1− 〈cos θ〉
, (2.12)
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2.3. Multiple scattering of light

where θ is the scattering angle with respect to the incident beam. Notice that

if the scattering is isotropic lt = ls.

2.3.1 Diffusion

The random walks theory is useful to describes the wave propagation in ran-

dom media when λ ≤ l∗ and n � 1. However, the random walk approach

becomes totally equivalent to the diffusion approximation yet for n ≥ 10 be-

cause of the central limit theorem [32, 46].

In these hypothesis, lt coincides with s and we can use the diffusion equation

to describe the wave intensity propagation:

∂I(~r, t)

∂t
= D∇2I(~r, t)− 1

τabs
I(~r, t), (2.13)

where D = vlt/d and τabs are the diffusion coefficient (with the wave velocity

v and the system dimensionality d) and the typical absorption time in the ran-

dom medium, respectively. The latter term of equation 2.13 accounts for the

absorption of wave intensity I(~r, t) We observe that the diffusion coefficient is

related to the mean-square displacement by

〈
∆r2

〉
= 2dDt, (2.14)

where t is the dwell time of wave in the random medium. Notice that the

coherent nature of electromagnetic waves is not destroyed by the occurrence

of multiple scattering, since elastically scattered waves actually preserve both

the optical phase and polarization even after a very large number of scattering

events. However, the scalar theory of light diffusion does not account for

coherent phenomena. In fact, equation 2.13 treats the problem only in terms

of light intensity, while the wave nature of electromagnetic field (phase and

polarization) is completely overlooked.
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2. Light scattering in nanostructures

2.3.2 Weak localization

During the last decades, the coherent propagation of light in disordered ma-

terials received a great interest within the scientific community because of the

occurence of exciting fundamental effects, such as Anderson localization of

light [32, 47, 48, 49] or random lasing [50]. Among these, one of the most

striking phenomenon is the weak localization of light [51, 52], which has been

observed and studied in a number of physical systems, ranging from high re-

fractive index powders, to cold atom gases, liquid crystals and many other

randomly textured materials.

Weak localization of light is due to the interference between reciprocal scat-

tering paths, following from the theorem of reciprocity (as shown schematically

in figure 2.1 a). The latter states that the scattering matrix of the reversed

path is the transposed matrix of the direct path. Since this implies the full

reversibility of the wave paths, the consequence is the constructive interference

of multiply scattered waves in the exact backward direction, where the total

phase difference between reciprocal paths is exactly zero (see figure 2.1 b). For

this reason, more light is scattered back to the light source than expected by

a simple scalar diffusion model, giving rise to a characteristic conical shape

in the angle-dependent scattered intensity, which is named the backscattering

cone (figure 2.1 c).

Therefore, the weak localization of light coincides with the occurrence of

coherent backscattering (CBS) cone and causes a net reduction of light trans-

port in the forward direction [47, 53]. This phenomenon is not restricted to

light but may occur for any kind of waves. Actually, it is widely studied in

other field of physics, as mechanical waves [54] and coherent atomic physics

[55].

In addition to reveal the wave localization, the CBS cone manifests every

time the multiple scattering of light takes place, allowing the characterization

of diffusing media. In fact, it is closely related to the fact that wave paths are

reversible taking in account also for the polarization [32, 45].
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2.3. Multiple scattering of light

Figure 2.1: a) Reciprocal paths sketched in diffusing media. We use solid and
dashed lines to represent direct and reverse path, respectively. b) Young’s
interference between two reciprocal paths: r‖ is the displacement projected
on surface; the difference of optical path d is function of the scattering angle
ψ, taken with respect to the incident direction. c) The coherent backscat-
tering enhancement (black line) built by overlapping all interference patterns
(coloured lines). Here, the dashed line represents the incoherent background
level.
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2. Light scattering in nanostructures

Theory of coherent backscattering

The CBS of light is a consequence of reciprocity of Maxwell equations. Its

theoretical description comes from the solution of Helmholtz equation for the

electromagnetic field in diffusion approximation, written through the formalism

of average Green’s propagator.

In such a formalism the backscattered intensity of light, averaged over the

disorder of the system, is proportional to:

〈I(~r)〉 ∝
∫
d~r1 . . . d~r4 〈G(~r, ~r1)〉 〈G∗(~r, ~r3)〉Γ (~r1, ~r2;~r3, ~r4) 〈Ein(~r2)E∗in(~r4)〉

(2.15)

In this expression Γ (~r1, ~r2;~r3, ~r4) represents the structure factor (or the total

vertex) describing the multiple scattering inside the diffusing medium. The

Green function 〈G(~rj, ~ri)〉 describes the field generated at point ~rj by a source

at point ~ri. In the case of scalar waves, the Green function takes the form

〈G(~rj, ~ri)〉 =
e−iK|~rj−~ri|

4π |~rj − ~ri|
(2.16)

where |K| =
√

(ω/c0)2 + nt is the (complex) effective k-vector for the light

inside the sample, with ω the frequency, n the density of scatterers and t the

sum of all repeated scattering from one scatterer (t-matrix).

A rigorous treatment of the CBS theoretical problem is given by E. Akker-

mans in [56]. In this thesis, we restrict to show the quantity of interest to

define the bi-static coefficient, which is the CBS observable and describes the

shape of CBS cone. Therefore, we resort to the theoretical formalism of the di-

agrammatic expansion of Green functions developed by Diederik S. Wiersma

in his Ph.D. thesis [46]. That allows a simplifying expression of backscat-

tered intensity by separating total scattering in the diffuse background and

the interference between reciprocal light paths, which are called ladder L and

most-crossed C diagrams, respectively. In fact, when we deal with modestly

scattering disordered systems, the calculation of the total vertex Γ (~r1, ~r2;~r3, ~r4)

is greatly simplified by means of the condition klt � 1 [57]:

Γ (~r1, ~r2;~r3, ~r4) = 〈L (~r1, ~r2;~r3, ~r4)〉+ 〈C (~r1, ~r2;~r3, ~r4)〉 (2.17)
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2.3. Multiple scattering of light

Figure 2.2 shows the averaged form of ladder 〈L〉 and most-crossed 〈C〉
diagrams. In this notation the cross × represents a single scattering event

and is named single scattering t-matrix tω (~ri, ~rj+1;ω). The double lines repre-

sent the average Green’s function 〈G(~rj, ~rj+1)〉. Dotted lines connect identical

scattering event. The most-crossed diagrams describe the interference between

reciprocal light paths (leading to the cone of backscattering) while the ladder

diagrams describe the diffuse background on which the coherent backscattering

cone is superimposed.

Figure 2.2: Averaged ladder 〈L〉 and most-crossed diagrams 〈C〉.
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Chapter 3
Experimental characterization

of light scattering

In this work we experimentally investigate the light scattering properties and

multiple scattering propagation of light in disordered media. In particular,

we focus on disordered nanostructures with a high aspect ratio morphology,

which provide a strong absorption enhancement through light trapping over a

broad wavelength range across the visible and near-infrared spectrum. These

kind of nanostructured materials could be relevant for applications in Si photo-

voltaic devices suffering from poor absorption, such as for thin-film solar cells

[19, 26, 27, 58]. Our main interest is to look for evidences of light scattering

processes leading to an increased optical path for photons in a physically thin

layer of absorbing material, and to correlate the light scattering properties to

the physical features of the textured material.

Two different experimental techniques will be employed to study the light

scattering properties of nanotextured materials: 1) the total transmission and

reflection spectroscopy; 2) the angle-resolved scattering (ARS) spectroscopy

[59]. These techniques are basic research methods in photovoltaics, and they

are described in the following two sections. Finally, in last section of this

chapter we present a modified version of the ARS technique, which is used

to measure the coherent back scattering (CBS) effect arising from multiple

scattering diffusion in our nanostructured materials.
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3. Experimental characterization of light scattering

3.1 Transmission and reflection spectroscopies

The total transmission and reflection spectroscopies are direct techniques to

experimentally measure the total amount of light that is transmitted through

or reflected off a diffusing material, which is usually shaped into a slab of finite

thickness. The basic instrument for this purpose is a grating spectrometer

equipped with an integrating sphere. This is essentially a hollow sphere (with

a inner radius of 10 cm in our setup), whose the internal surface is covered

with a material having a very high reflectivity (usually greater than 99 %)

across the entire infrared (IR), visible (Vis) and ultra-violet (UV) spectral

range. In our case the sphere is coated with a fine powder of barium sulphate

(BaSO4). The scattered light propagates into the sphere by reflecting on the

inner surface until it reaches the detector window, where a phototube and a

lead sulphate (PbS) detect the diffused radiation in UV and visible range and

in IR range, respectively. The hollow sphere has an additional window for

the reference beam and two holes for entrance and exit of the light beam (see

figure 3.1). Measurements of the transmitted and reflected light are performed

placing the sample at the entrance hole and at the exit one, respectively. The

integrating sphere allows to discern on the diffused and specular transmission

(reflection), which we indicate with Tdiff (Rdiff ) and Tspec (Rspec), respectively.

In fact, Tspec and Rspec are relative to light scattered from an optically flat

interface according to the Fresnel equations1, while Tdiff Rdiff are relative to

light scattered by textured interface (in all directions) away from the specular

one. The total transmission Ttot and reflection Rtot are given by the following

equations [59]:

Ttot(λ) = Tspec(λ) + Tdiff (λ), (3.1)

Rtot(λ) = Rspec(λ) +Rdiff (λ), (3.2)

where these physical quantity are functions of the wavelength λ.

The values of Ttot(λ) and Tdiff (λ) (Rtot(λ) and Rdiff (λ)) are calculated as

the ratio of the total and diffused light intensity in transmission2 (reflection)

over the light intensity measured from the reference beam, respectively.

1Optically flat means that the interface defects have typical size a� λ.
2Figure 3.1 depicts the schemes for measuring these quantity.
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3.1. Transmission and reflection spectroscopies

Figure 3.1: Operating scheme of the integrating sphere. The scattered light is
collected on the detector by multiple reflections (here the reference beam win-
dow is not represented). Top, transmission configurations. Bottom, reflection
configurations. On the left, the measurement of only diffused light. Here the
specular component leaves the integrating sphere passing through the a) exit,
c) entrance hole. On the other hand, the whole diffused radiation is collected
on detector window by b) closing, d) tilting the exit hole.
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3. Experimental characterization of light scattering

Haze

The haze is an interesting physical quantity that can be calculated from the

measurement of the total transmission and reflection spectra by normalizing

the value of the diffuse transmitted Tdiff (λ) light to the total one Ttot(λ):

hazeT (λ) =
Tdiff (λ)

Ttot(λ)
(3.3)

Hence, the haze gives the information on the fraction of the incident light

which is scattered out of the specular direction. We use this technique to

characterize the global scattering power of the textured samples on all the

transmission half-space, as shown in section 4.3.

3.2 Angle-resolved scattering of light

The haze integrates over the angular dependence of the scattered light, which

is important for determining the photon path length enhancement in thin-

film photovoltaic devices. However, a more detailed information about the

scattering properties of a nanostructured material can be gained from a mea-

surement of the angular intensity distribution of the scattered light. This is

obtained by the angle-resolved scattering (ARS) technique. Note that we indi-

cate both the measurement technique and the measurement result as the ARS.

This technique is also known in literature with other names, as for example

the angular intensity distribution (AID) [60, 61] and the angular distribution

function (ADF) [62]. Formally we define the ARS function as the ratio of

scattered light power per unit of solid angle Ps(λ, θ, φ) to incident power Pi(λ):

ARS(λ, θ, φ) =
Ps(λ, θ, φ)

Pi(λ)
(3.4)

Therefore, the ARS(λ, θ, φ) is function of the light wavelength λ and of the

spherical coordinates θ and φ, which indicate the angular direction of scatter-

ing. It indicates how strong a texture scatters into different angles as shown

in figure 4.7 and 4.8, in which we report some results of ARS measurements

taken in transmission configuration.
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3.2. Angle-resolved scattering of light

The scheme of ARS measurements is displayed in figure 3.2. It consists

of a light source, whose un-polarized beam shines normally to the flat side

of the substrate under investigation, and a collection arm rotating around

the sample holder. A set of lenses located on the collection arm focuses the

scattered light signal onto an optical fiber that brings it to the detector. The

measurement is performed automatically at several collecting angles by an

angular step scanning procedure.

Figure 3.2: Scheme of the ARS experiment. The transparent textured sub-
strate is placed in the rotation center of the collection arm. An unpolarized
light beam shines normally on the flat side of sample and is scattered by the
texture present on the other interface. The transmitted light is collected at
various scattering angles by the detection system, which is placed on a rotating
arm.
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3. Experimental characterization of light scattering

ARS setup

We have performed the ARS measurements using a home-made experimental

setup (shown in figure 3.3 and 3.5). The light source for our experiment is

a FIANIUM super-continuum laser, which provides a highly collimated white

light beam (with a diameter of about 2 mm) across the range of wavelengths

from 460 nm to above 1 µm. We use a power-meter to detect the intensity

of the optical signal in combination with a pass-band filter (FWHM of 10

nm) to select the wavelength. The undesired IR components of the super-

continuum spectrum are filtered out using a set of dichroic filters. Notice, the

dynamic range of power-meter follows the optical signal over more than four

orders of magnitude without changing the acquisition parameters. That allows

a continuous acquisition of the ARS on all directions, including the specular

one. The measurement is performed automatically by an angular step scanning

procedure. A micro-step motor controlled by software rotates a goniometer on

which is mounted the collecting arm.

We perform an operating test of our home-made setup by reproducing the ARS

profile of the Asahi-U texture (SnO2:F). Our results (not shown here) are in

good agreement with one produced by ARTA system [59].
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3.2. Angle-resolved scattering of light

Figure 3.3: The project scheme of our home made ARS setup.
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3. Experimental characterization of light scattering

3.3 Coherent backscattering of light

Coherent backscattering (CBS) of light is a wave interference effect arising

from the multiple scattering of light within a diffusing medium [56]. It ma-

nifests through an enhancement of the light scattered in the exact backward

direction, which makes the measured ARS deviating from the Lambert’s law3.

This enhancement originates from constructive interference between any arbi-

trary multiple scattering path and its reverse, i.e. the same scattering path

travelled in the opposite direction (see figure 2.1 a). In fact, the phase relation

between two waves, each propagating along one of the two reciprocal paths, is

preserved because the two paths travel equal optical lengths in the medium.

Considering a semi-infinite diffusing medium, the last scattering point for one

of the two reciprocal paths corresponds to the first one for the other path.

Since any scattering event randomizes the direction of the wave propagation,

these two points are sources of spherical waves and find an analogue in the

slits of Young’s experiment, their distance at surface represents the separation

of the slits, which characterizes the angular period of the interference pattern

(see figure 2.1, b). In such an intuitive explanation of the phenomenon, the

CBS enhancement results from the constructive overlap of interference patterns

relative to all possible reciprocal paths. Actually, this overlapping remains con-

structive just for angles slightly deviating from the backscattering direction,

because the angular functions of interference patterns rapidly averages to one

[45]. Therefore the backscattered intensity at large angle decreases to diffuse

value given by the incoherent summation of all light paths (see figure 2.1, c).

The cone

The above interpretation of the CBS enhancement clarifies the typical conical

shape of ARS from a diffusing medium, whose angular center does not depend

on the orientation of the sample but rather on the direction of the incident

light. This enhancement manifests only in the coherent part of backscattering

light, which preserves the same polarization of the light beam, especially in

the case of circular polarization, whereas a reflection would have the opposite

circular polarization. This enhancement overcomes the incoherent background

3The Lambert’s law describes the ARS of an ideal scatterer, which follows the cosine
function where θ is the angle with respect to the normal of the surface.
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3.3. Coherent backscattering of light

even doubling the scattered intensity around the incident direction. We define

the enhancement factor E of the CBS cone by the ratio of the total intensity

γtot to the diffuse background intensity both at exact backscattering γd:

E =
γtot
γd

=
γc + γd + γs

γd

∣∣∣∣
θ=0

(3.5)

where γc and γs are the coherent component and single-scattering contribution

of the intensity, respectively. The θ = 0 indicates the backscattering direction

[46, 63, 64]. The shape of the CBS cone reflects the path length distribution of

the light inside the sample. In the ideal case of a non-absorbing semi-infinite

slab, the top of the backscattering cone is a cusp. The contribution at the

cusp of the CBS cone is mainly due to long scattering paths involving a large

number of scattering events. An accurate determination of specific angular

shape of the CBS cone also provides informations on the photonic strength of

the material [46]. In fact, the FWHM of the CBS cone is proportional to the

wavelength λ over the transport mean free path of light in the medium lt (see

section 2.3):

FWHMCBS(λ) ∝ λ

lt
. (3.6)

If absorption is present in the material, the contribution from the longer paths

is strongly suppressed and consequently the cusp becomes rounded. A similar

effect is due to the finite thickness of the diffusive medium and to the spot

size of the light beam, which should be greater than 10lt to avoid a significant

rounding of the peak. Nevertheless, the presence of absorption and the finite

size of sample modify the shape of the CBS cone without reducing its enhance-

ment, because they limit the length of paths without destroying the optical

coherence. To account for these effects, we fitted the experimental data using a

finite-slab model for the CBS intensity including a characteristic inelastic mean

free path li, as shown in section 3.4. On the contrary, the CBS enhancement

can be reduced by dephasing effects (as for instance magneto-optical Faraday

rotation) that invalidate the reciprocity hypothesis indispensable for the exis-

tence of the reciprocal paths. For the same reason, the coherence area of the

light source is a key issue [45].
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3. Experimental characterization of light scattering

Figure 3.4: Scheme of the experimental setup for CBS measurements [65].

The setup

The CBS measurements consist in a modified ARS experiment with high an-

gular resolution. Therefore we have modified our home-made ARS setup, by

taking inspiration from the one described in [65], and programmed a LabView

control software for semi-automation of the measurement [66]. The scheme of

the experimental setup is sketched in figure 3.4, while figure 3.5 shows some

pictures of this home-made setup.

The sample (a diffusing medium) is placed on the x-y-z-rotation stage

shown in figure 3.5 b), which allows to position the sample surface in the

exact rotation centre of the collection arm (yellow part in figure 3.4) in order

to obtain symmetric and reliable measurements. If the sample is not liquid,

the speckle patterns are averaged out by rotating the sample. The sample is

excited with a polarized laser beam, usually at normal incidence. The intensity

of the laser beam is controlled by a rotating λ/2-plate and a linear polarizer.

Both linear and circular polarisations are used. The latter is realized by a

λ/4-plate and is used to collect the coherent part of backscattered signal, since
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3.3. Coherent backscattering of light

Figure 3.5: Some photos of the home made ARS-CBS setup [66].

the multiple scattered light preserves the polarization chirality while the single

scattered light reverses it. Notice that the spatial coherence and homogeneity

of the wave front are essential to avoid a reduction of the enhancement factor

due to a difference in intensity at the beginning and the end point of a random

walk. Therefore, we cut off the Gaussian beam profile by means of a diaphragm

hole. The laser beam is driven on the sample by means of a semi-transparent

mirror or a small 45◦ mirror. Using the semi-transparent mirror, the unde-

flected part of laser beam must be completely absorbed by a black filter or a

beam damper. The 45◦ mirror is less critical than the semi-transparent mirror,

which creates most of the experimental artifacts. However, the width of this

cone is smaller than about one degree, in the majority of cases. Therefore, to

avoid too much shadowing of the cone tip, the small mirror is useful just in

the case of very strongly scattering samples with rather large cones, as in our

cases (see chapter 6). The backscattered signal from the sample is filtered by a

λ/4-plate and a linear polarizer, which works as analyser, placed on the collec-

tion arm. The coherent signal is selected by conserving the orientation of the

polarization (helicity-conserving channel), while the only diffused (incoherent)

background is collected by means of the analyser with the axis orthogonal to
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3. Experimental characterization of light scattering

the one of the polarizer (non-conserving channel) [45]. Then, the filtered signal

is collected through an achromatic doublet lens mounted on the collection arm

and focused on the core of a multi-mode optical fibre (a = 550 µm). The signal

is finally analysed through a spectrometer (a monochromator Acton SP-2300

coupled to a liquid-nitrogen cooled Silicon CCD Spec 10 System, both made

by Princeton Instruments). A powermeter used instead of the spectrometer

can provide a higher dynamic range, but a lower spectral resolution. To en-

sure measuring the absolute intensity, a dark reference is subtracted from the

sample measurement. The angular resolution can be selected by varying the

aperture of one or more diaphragms mounted between the analyser and the

lens. We achieve an angular resolution of about 0.1 deg without losing the

quality of light signal.

In all our CBS experiments, we optically excite the sample by means of a

laser (532 nm and 488 nm CW solid state lasers and a 785 nm diode laser)

focused to a 1 mm diameter spot onto the sample surface. We collect the

backscattered signal as a function of the scattering angle both in helicity-

conserving channel, i.e. by selecting the same circular polarization of the pump

beam, and in the two linear polarizations (non-conserving channel). While the

first polarization allows also to collect the coherent component of backscattered

signal, the collected signals in these two latter polarizations, which contain only

the incoherent component for the backscattering light, are averaged to obtain

the normalization of the signal from the conserving channel.

3.4 Fitting model for finite slab

Section 2.3 treats the CBS model for the semi-infinite diffusing medium. How-

ever, most of the samples that are investigated have a finite slab geometry.

Therefore, in this section we give the stationary solution to the diffusion equa-

tion for such a geometry. The starting point is the diffusion equation 2.13

written in the stationary case, i.e.the time derivative on the left hand side is

zero. We can account for an incoming intensity by adding a source function

S(~r) on the right hand side, which for an incoming plane wave from the infinite

takes the form S(~r) = S0e
−rκe , where κe = l−1

e = l−1
s + l−1

i .
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3.4. Fitting model for finite slab

This yields:

1

3
l2~∇2I(~r)− lκiI(~r) + S(~r) = 0 (3.7)

Notice that it is useful to solve the problem of light intensity propagation in

the disordered media independently from the profile function of the incoming

intensity S(~r), solving the equation

1

3
l2~∇2F (~r1, ~r2)− lκiF (~r1, ~r2) = −δ(~r1, ~r2) (3.8)

where F (~r1, ~r2) is the intensity propagator, i.e. the Green function for the

intensity in the medium, and it is related to the intensity function I(~r):

I(~r1) =

∫
d~r2F (~r1, ~r2)S(~r2) . (3.9)

Here the integration over d~r2 is taken over the whole volume of the scattering

medium (the sample). The intensity propagator F (~r1, ~r2) describes the pro-

pagation of the intensity in a disordered slab in the diffusion approximation.

It is convenient to choose the orientation of the slab such that its interface is

perpendicular to the z-axis. Then the system has translational invariance over

the xy-plane and we can use the Fourier transform:

F (~q⊥, z1, z2) =

∫
d~r⊥F (~r1, ~r2)ei~r⊥·~q⊥ (3.10)

where ~r⊥ = ~r1⊥−~r2⊥ and ~q⊥ = ~k1⊥−~k2⊥ are perpendicular to z. ~k2⊥ and ~k1⊥

are the perpendicular components of the incoming and outgoing wavevector,

respectively [46, 67]. After Fourier transforming the equation 3.8, we obtain:

1

3
l2
(
∂2

∂z2
1

− q2
⊥

)
F (~q⊥, z1, z2)− lκiF (~q⊥, z1, z2) = −δ(z1 − z2) (3.11)
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From radiative transfer theory, it is known that the diffusive intensity at

the front and rear interface (z = 0 and z = L) of the sample is not zero. The

appropriate boundary condition for a slab is found by taking the intensity zero

at distance z0 from the interface. The value of z0 depends on the refractive

index contrast between the sample and its surrounding medium. For an index

matched sample interface it value is z0 ' 2/3lt. Solving equation 3.11 with

this boundary condition, we find:

F (~q⊥, z1, z2) = F (~q⊥, zs, zd) =
3 cosh[α(L− zs)]− 3 cosh[α(L+ 2z0 − |zd|)]

2l2α sinh[α(L+ 2z0)]
(3.12)

where zs = z1 + z2, zd = z1 − z2, L is the slab thickness and α =
√
l−2
abs + q2

⊥

with labs =
√
ltli/3 the absorption length in the medium.

We consider the backscattered intensity in terms of the bistatic coefficient

γ, defined as the measured scattered flux per solid angle and per unit of the

probed area, normalized to the incident flux. In particular the coherent in-

tensity γc for a finite slab of thickness L can be modelled by the following

expression [46, 68, 69]:

γc(ψ) = 3e−uL

−2αl3t sinh[α(L+2z0)][(u2+η2−α2)2+(2αη)2]
×

[2 (−α2 + u2 + η2) cosh (2αz0) cos (Lη)

+4αη sinh (2αz0) sin (Lη)

+2 (−α2 − u2 − η2) cos (Lη)

−2α
u

(α2 − u2 + η2) sinh [α (L+ 2z0)] sinh (uL)

+2 (α2 − u2 − η2) cosh [α (L+ 2z0)] cosh (uL)

−4αu sinh (αL) sinh (uL)

+2 (α2 + u2 + η2) cosh (αL) cosh (uL)]

(3.13)
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3.4. Fitting model for finite slab

where ψ is the angle formed between the incoming and the outgoing wave-

vectors. The γc (ψ) expression is a function of the following parameters:

η ≡ k(1− µs), u ≡ 1
2
κext C(1 + µ−1

s ) and α. Here k = 2π
λ

in the light wavevec-

tor, µs = cosψ, z0 = alt is the extrapolation length accounting for internal

reflections at the boundaries (z = 0 and z = L) [70, 71], κext C = l−1
t + l−1

i

is an effective extinction coefficient accounting for the attenuation of scat-

tered intensity and α ≡
√
L−2
abs + q2

⊥ is the diffusive extinction coefficient, with

Labs =
√

ltli
3

and q⊥ = k sinψ. For the expression describing the diffuse back-

ground γl we also introduce the parameter ν ≡ 1
2
κext D(1 − µ−1

s ). Since γl

is evaluated at q⊥ = 0, as a direct consequence α ≡
√
L−2
abs and the bistatic

coefficient representing the diffuse background contribution becomes:

γl(ψ) =
3Z1

[(
1 + e−2L

)
+ Z2

(
1− e−2L

)
+ Z3e

−L(u+ν)
]

−2αl3t sinh [α (L+ 2z0)]u
[
(u2 − α2)2 + ν2 (ν2 − 2α2 − 2u2)

] (3.14)

where,

Z1 = u(ν2 − u2 + α2) cosh [α (L+ 2z0)] + u (u2 − ν2 + α) cosh (αL)

−2uνα sinh [α (L+ 2z0)]− uνα ν2−α2−3u2

u2−α2 sinh (αL)

(3.15)

Z2 = ν(u2 − ν2 + α2) cosh [α (L+ 2z0)]− 2u2α cosh (αL)

+α(u2 + ν2 − α2) sinh [α (L+ 2z0)] + u2ν ν
2−u2−3α2

u2−α2 cosh (αL)

(3.16)

Z3 = 2u(ν2 − u2 − α2) + 2u(u2 − ν2 − α2) cosh (2z0α)

+4uνα sinh (2z0α)

(3.17)

Finally, the fitting function of the coherent backscattering cone is defined as

follows:

I(ψ) = 1 +
(Eexp − 1) γc

(E − 1) γl
(3.18)
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3. Experimental characterization of light scattering

where Eexp is the experimental enhancement factor, which deviates from its

theoretical value 2 due to residual of single scattering and the stray light,

and E = 1 + γc
γl

is the theoretical enhancement factor. We observe that the

occurrence of some dephasing effect in the multiple scattering medium can

lower the enhancement factor E from its theoretical value [56]. Therefore,

when this effect is expected, also E is set as a free fitting parameter. The

other fitting parameters are the transport mean free path lt and L. On the

other hand, the inelastic scattering length li is a fixed parameter of fitting

function, since its value is estimated by scaling the extinction length of the

absorbing material to its percentage present in the diffusing medium.

The fitting model for the CBS cone shown above is developed in the hy-

pothesis of isotropic diffusing medium. Nevertheless, CBS in highly anisotropic

systems (such as our samples) can be anyway modelled within the diffusion

approximation, if light scattering in the plane perpendicular to the backscat-

tering direction can be considered isotropic. Actually, the CBS cone is related

to the Fourier transform of the spatial distribution of scattered light intensity

on the sample surface. Therefore, the in-plane horizontal scattering is the only

responsible for the building up of the CBS cone, while the much higher (in our

case) transport mean free path along the vertical direction may influence its

angular width, together with the finite thickness of the NWs layer [56, 63, 64].
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Chapter 4
Substrate for thin-film

photovoltaic applications

The optimization of solar cells (SCs) architecture aims to maximize both light

absorption and charge collection efficiencies, which jointly determine the SC

conversion efficiency. To allow the almost complete absorption of the incident

photons with energy greater than energy gap of active material, the thickness

of absorber layer should be much greater than the optical extinction length,

since the light absorption in dielectric medium follows the negative exponen-

tial trend with the length of photon path. On the other hand, the average

distance from the creation to collection of photon-generated charges in the

active medium has to be shorter than their diffusion length to avoid recom-

bination losses. This requires the absorbing layer between the two electrodes

to be electronically thin. The traditional planar SC architecture designs the

two electrodes lying respectively on the opposite surfaces of the absorber layer.

Therefore, the thickness value of this latter comes from a trade-off between the

light absorption and the charge collection efficiency. The thin-film SC design

benefits from the minimization of the absorber thickness reducing the recom-

bination losses. Another advantage of thin-film SCs design comes from the less

consumption of active medium in the absorber layer realization, which results

in reduction of fabrication cost of the SC. However, in order to maintain a good

value of conversion efficiency, the cell must be assisted by photonic structures

that can enhance the absorption of incident light. These structures work as an

antireflection layer and increase the mean photon path in the active material.
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4. Substrate for thin-film photovoltaic applications

Their operating principle is based on the light trapping and on the radiation

intensity enhancement showed by E. Yablonovitch for a textured optical sheets

[72]. In the last years, the development of thin-film SCs challenges the photo-

voltaic research community to improve the light-trapping technologies.

The presence of sub-wavelength features on an optical interface perturbs

the refractive propagation of light by Mie scattering, spreading the light beam

in a way that increases at shorter wavelengths. Even sub-wavelength features

with high aspect ratio allow a progressive transition between air and substrate

matching the different refractive index values of two media, as illustrated in

section 2.2. This works similarly to the bio-mimetic broadband anti-reflection

observed in the corneas of nocturnal moths [43, 44]. Otherwise, surface corru-

gations with lateral size comparable or larger than the light wavelength scatter

light at large angles, which can exceed the total internal reflection critical angle

[40, 73].

The implementation of these two effects in the architecture for thin-film SCs

appears as a promising approach for broadband light trapping and for effective

photon harvesting [20, 74, 75]. In this context, nanofabrication techniques that

ensure patterning of a broad range of materials over macroscopic areas in a

cost effective way are required.

In this chapter we are going to present the study of light-scattering proper-

ties of a self-assembled nanotexture fabricated by defocused ion beam sputter-

ing at the University of Genova. In particular, we show the characterization of

the light diffused in transmission by means of measurements of the integrated

intensity and the angular dependence of scattering [59]. Looking for advan-

tages of the novel substrate, we discuss the experimental results benchmarking

them with those obtained for the Asahi-U glass, which is the growth substrate

commonly employed in the fabrication of thin-film silicon SCs. Also, we ana-

lyse the results in terms of the Lambertian trend (i.e., a cosine dependence

on the scattering angle), which is considered to be the reference for light-

trapping and photon harvesting in SCs [72], and can be treated theoretically

by simple analytical models. Finally, we relate the peculiar features arising

from angle-resolved scattering to the statistical properties of the morphology

of the texture, which exhibits both a random roughness and pseudo-periodic

patterns.
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4.1. Sample preparation

4.1 Sample preparation

The investigated texture is obtained on borosilicate glass by defocused ion

beam sputtering (IBS) with the help of a self-assembled stencil mask. This

is required to achieve high aspect ratio textured glass because of smoothing

mechanisms activated in amorphous materials by ion irradiation. A prede-

posited metal film auto-organizes on the surface under the ion flux and drives

the erosion shielding of the underlying substrate [76]. The IBS technique is

employed in nanopatterning and in functionalizing materials over large areas

[77]. The samples investigated here have been prepared following a new ver-

sion of the IBS process. The life-cycle of the metallic mask is extended by a

supplement deposition of metal atoms during the ion irradiation to furthering

the vertical dynamics of the surface pattern [78].

The stencil mask

The aforementioned sacrificial metal stencil mask is prepared by depositing a

150 nm polycrystalline Au film under UHV conditions on glass substrates by

thermal evaporation from an alumina crucible at a constant rate fixed at 6nm ·
min−1 by means of a quartz microbalance. Subsequently, the defocused ion

beam irradiation from a Ar+ source (Tectra instruments) shoots the substrate

under grazing incidence conditions (θ = 82◦) at a constant flux1 of 4.9 ×
1015 ions · cm−2 · s−1. A tungsten filament supplies electrons via thermionic

emission to avoid charge effects on surface.

Since ion induced roughening mechanisms favour erosion of regions with

positive curvature, i.e., in correspondence to a trough [79, 80], an anisotropic

pattern forms at the surface of the polycrystalline film. The metal auto-

organizes in ripples elongating parallel to the ion beam projection for several

micrometer (see sketch 1 in figure 4.1). The ripple amplitude increases with

ion dose until an array of disconnected nanowires is formed (ion fluence of

8.9 × 1018 ions · cm−2) and the underlying bare glass appears in-between. At

this point, the stencil mask guides selectively the etching of the underlying

substrate in correspondence to the metal disconnections.

The lifetime of the stencil mask under ion bombardment conditions is pro-

longed by reactivation metal deposition with a flux comparable to the metal

1The flux is measured in a plane orthogonal to the beam direction
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4. Substrate for thin-film photovoltaic applications

erosion rate. Heating up the substrate to 700 K, the ripples incorporate the

extra Au atom (figure 4.1 sketch 2). The Au flux is stopped after an ion fluence

of 1.8 × 1019 ions · cm−2. The ion beam continues to carve the glass surface,

while the gold nanowires shrink. The fabrication process terminates with the

complete etching of the gold. The final result of the IBS process is the tex-

tured glass into which the pattern of stencil mask should be propagated with

a vertical amplification, as shown in sketch 3 of figure 4.1.

There are some imbalances between eroding and redepositing of gold mask due

to the Gaussian profile of the Ar+ ion beam intensity distribution on the large

size of glass (2× 3 cm2), further amplified by the grazing incidence conditions

employed for this experiment. This allows to obtain different morphologies to

investigate on the same substrate.

Figure 4.1: Sketches of the preparation process steps: 1) Au stencil mask
formation, 2) deposition of Au atom and Ar ions on the heated sample, 3)
final exposure to Ar ions to remove residual Au of the mask.
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4.2. Morphological characterization

4.2 Morphological characterization

Light scattering and atomic force microscopy (AFM) studies are closely related

in the reciprocal space, as it was already demonstrated by Dumié et al [81]. For

this reason the morphological features of the textured glass are investigated

ex-situ by AFM operating in intermittent-contact mode (ezAFM from Nano-

magnetics Instruments and Nanosurf Mobile S) equipped with a high aspect

ratio Si tip (ACLA by AppNano).

The topography images have been processed by using WSxM software [82],

which allows to evaluate some statistical parameters of interest to correlate

the scattering properties to the texture morphology, such as root-mean-square

(RMS) roughness σ, autocorrelation functions, power spectral density. Ac-

tually, we find uniform morphology on a cm2 scale and identify three main

regions characterized by the presence of the lowest, the highest and medium

value of RMS roughness σ, which we label hereafter by Zone 1, Zone 2 and

Zone 3, respectively. Figures 4.2 a) and b) show the AFM images of Zone 2.

We can see the dominant presence of elongated shapes characterized by regu-

lar alternation of heights and depressions on a vertical dynamic range around

700 nm. In figure 4.2 c) we report also the AFM topography of a reference

Asahi-U substrate, which evidences the presence of pyramidal clusters with a

vertical dynamic range around 100 nm and dominant lateral sizes in the range

of 300 nm. In Zone 2 the RMS roughness has a value of σ = 140 nm. Here, in

the middle of the sample, the Au atom dose and Ar+ ion fluence are optimally

matched. However, in the other two regions of the substrate located at the

bottom edge, Zone 3, and at the top edge, Zone 1, the RMS roughness equals

σ = 100 nm and σ = 30 nm, respectively. A RMS roughness of σ = 36 nm

characterizes the Asahi-U substrate.

The analysis of the autocorrelation function (ACF) and of the 1-dimensional

power spectral densities (1D-PSD) gives the quantitative information about

size and periodicity distribution of the nanostructures [83, 84]. The ACF is a

powerful tool since it allows to average out uncorrelated fluctuations and to

extract the periodicity of the dominant spatial modulations. It can be cal-

culated as a 2-dimensional image matrix G(m,n) from the AFM data by the

formula:
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4. Substrate for thin-film photovoltaic applications

Figure 4.2: The AFM topographies acquired on the investigated samples. a)
The Zone 2 of nanostructured glass: image size 40 × 40 µm2, vertical range
700 nm. b) Zoom of the square region surrounded by red line in a): image size
6×6 µm2. c) An Asahi-U SnO2 film supported on glass: image size 6×6 µm2,
vertical range 250 nm. d) Topographic line profiles along the highlighted red
and blue lines on nanostructured glass and Asahi-U, respectively.
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4.2. Morphological characterization

G(m,n) =
1

(N − n)(M −m)

N−n,M−m∑
l,k=1

Zl,kZl+n,k+m (4.1)

where Zl,k and Zl+n,k+m are the topographic images laterally shifted by n

and m pixels, respectively, corresponding to a certain shifting length rn,m.

The ACF function has a maximum in the origin for m = n = 0 and, in the

presence of a periodical pattern, it exhibits secondary maxima that define the

auto-correlation length of the pattern.

Figure 4.3 shows line profiles of the ACF functions computed from AFM

images of the Asahi-U sample and of three different patterns identified on

regions Zone 1, Zone 2 and Zone 3 of the glass surface. The ACF line profiles

are cut orthogonally to the ripple direction, across the central peak at m = n =

0, and are normalized and shifted vertically for a better comparison. Notice

that the ACFs exhibit an oscillating pattern for large r values.

Figure 4.3: Log-log plot of autocorrelation function computed from AFM data,
which are collected scanning the sample surfaces for a length of about 5 µm.
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4. Substrate for thin-film photovoltaic applications

This indicates a pseudo-periodic nature of the ripples with some degree of

correlation extending up to distances in the range of 10 µm. The autocor-

relation lengths derived from the ACFs in Zone 1, Zone 2 and Zone 3 read

W1 = 780± 10 nm, W2 = 800± 10 nm and W3 = 1000± 10 nm, respectively,

as highlighted by the boxes drawn on the first order peaks of ACF curves

(see figure 4.3). The 1-dimensional power spectral densities function has been

calculated from the AFM data in order to better evidence the dominance of

specific spatial components, see figure 4.4. The 1D-PSD function is derived

from the 1-dimensional AFM line scans acquired along the fast scan direction

according to a discrete Fourier transform procedure:

1D-PSD(qx) ∝ L

[
1

N

N∑
k=1

hk exp (2πixkqk)

]2

(4.2)

where hk = h(xk) is the height sampled at the discrete position xk = k · L
N

. In

these formulas, N is the number of data-points sampled per line (generally N =

512 or 1024), and the spatial frequency is calculated at discrete values qx = j 1
L

,

j = 1, 2, ...N
2

. The 1D-PSD curve subtends an area, which is proportional to σ2,

so a comparison of the curves allows identifying how spatial modulations with

different wave-vectors qx contribute to the total RMS roughness. All curves

shown in figure 4.4 present a flat response in the lower part of the spatial

frequency spectrum and a power law roll-off with frequency in the upper part

of the spectrum, which is compatible with a q−4
x scaling. This indicates that the

surface morphology scales self-similarly up to a critical lateral scale λ∗ (critical

wavevector q∗ = 1/λ∗) determined by the range of the relaxation mechanisms,

which are dominated by surface diffusion (either thermally activated or ion

induced) [85, 86, 87]. For Zone 2 and Zone 1 the crossover is found in a range

of λ∗ ≈ 500 nm. For the over-exposed region Zone 3 the crossover λ∗ shifts

to 1000 nm, due to the increased coarsening. The 1D-PSD curves also reveal

that, in the range q > q∗, Zone 2 is characterized by harmonic components

with higher amplitude. The role of surface morphology on the optical response

of glass rough sample is highlighted in the next section.
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4.3. Optical properties

Figure 4.4: Log-log plot of 1-dimensional power spectral densities computed
from AFM data. The dashed (dark-orange) line indicates the q−4 scaling that
is expected for the experimental curves.

4.3 Optical properties

In this section, we present the experimental characterization of the spectral

scattering efficiency of the textures shown above. Then, we compare these

observations by taking into account the effect both of the RMS roughness

and of the spatial correlation length of the surface features. This allows to

rationalize the interplay between surface morphology and optical response of

the textures.

The optical properties of the substrates have been investigated using the

apparatus described in chapter 3 to calculate the haze and to measure the

angle-resolved scattering. Since the interest is in the scattering properties in

transmission configuration, we let the light beam pass through the sample from

the flat surface to the textured one (see figures 3.1 a, b and figure 3.2).
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4. Substrate for thin-film photovoltaic applications

Haze in transmission

The haze is the ratio of the diffuse scattered light intensity (i.e., excluding the

direct component) to the total one. This physical quantity is measured by an

integrating-sphere setup in a Cary 600i spectrometer, as described in section

3.1. In particular, we use the haze to get information about the fraction of

transmitted light scattered off the incident direction, which has a higher prob-

ability to be trapped into the absorber layer of the SC by starting a longer

optical path. The results for the haze in transmission are displayed in figure

4.5. The curve of the nanotextured glass (in red) is higher than the one of

the Asahi-U reference (in blue). This indicates a strong improvement in scat-

tering property on the whole wavelength range of interest for Si photovoltaic

applications, i.e. from about 350 nm to 1000 nm. We find the reason for the

increased scattering efficiency in the peculiar distribution of the morphological

parameters of our textured interfaces shown in figure 4.4. Actually, the 1D-

PSD curve relative to Zone 2 is characterized by surface features sized in the

range of light wavelengths.

Figure 4.5: The haze in transmission measured on the our nanotextured sub-
strate, in red, and on the Asahi-U sample, in blue.
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Angle resolved scattering

The ARS measurements have been performed in transmission configuration us-

ing the home-made experimental setup described in 3.2. This allows a detailed

examination of scattering properties for the different morphological regions of

our sample. The orientation of the collection plane is not relevant for the

Asahi-U sample, because of the isotropy of the texture. On the other hand,

in the case of the self-organized nanopatterned substrate, we choose to collect

light in the scattering plane orthogonal to the 1-dimensional ripple axis.

The graph of figure 4.6 shows the ARS data obtained in Zone 1, Zone 2

and Zone 3 of the nanotextured sample and on the reference Asahi-U texture

using monochromatic light at 600 nm wavelength. The data are plotted by

Figure 4.6: The ARS in transmission at a wavelength λ = 600 nm normalized
at the maximum, discarding the specular direction. The normalized intensity
of the scattered light is plotted as a function of the scattering angle. In the
graph, 0 deg corresponds to the specular direction in transmission and 90 deg
is the direction parallel to the scattering surface. The black, red and green
dot-line correspond to the three different morphologies obtained in different
regions named Zone 1, Zone 2 and Zone 3, respectively, of the investigated
sample. The blue dot-line refers to the Asahi-U texture.
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4. Substrate for thin-film photovoltaic applications

discarding the values measured at 0 degrees (placing them at zero) and each

curve is normalized to the respective maximum value. The ARS curve of Zone

2 presents a smooth peak around 20 deg, which spreads in a wide angular range

up to about 40 deg, and rapidly decreases at higher angles. For the other two

morphologies of our sample, where the scattering efficiency is affected by the

lower aspect ratio of the nanostructures, the ARS shows no maximum besides

the one coming from specular direction and the relative curves (labelled Zone

1 and Zone 3 in figure 4.6) decay monotonically similarly to the Asahi-U ones.

These experimental results outline the superior scattering property of Zone

2 in transmission with respect to the Asahi-U reference substrate. For this

reason, the interesting scattering property of Zone 2 are further investigated

by measuring the full ARS in transmission at several wavelengths, see figure

4.7. The curves are plotted in logarithmic scale in order to display both the

Figure 4.7: The ARS measured in transmission on Zone 2 at several wave-
lengths. The logarithmic scale allows to appreciate the spread between the
specular component of the scattered light and the diffused one. In the in-
set, the transmitted intensity in the specular direction is plotted versus the
wavelength.

48



4.3. Optical properties

specular and off-specular intensities. The latter decrease by almost one order

of magnitude when the wavelength of detected light λ increases from 460 nm

to 900 nm. At the same time, the transmitted intensity measured along the

specular direction increases monotonically from about 0.22 to 0.5 times the

incident intensity at λ = 460 nm and at λ = 900 nm, respectively. We interpret

such a behaviour taking into account again the typical lateral scale of pattern

corrugations λ∗, which reads approximately 500 nm in Zone 2 from 1D-PSD

curve (see figure 4.4). So light wavelengths shorter than λ∗ are more efficiently

scattered, while for wavelengths exceeding λ∗ the direct transmission becomes

increasingly important.

The partial short-range ordering in the texture shown by the ACF profile of

Zone 2 (see in figure 4.3) suggests that we should expect coherence phenomena

in observing light scattering. Actually a sort of diffraction effect emerges along

preferred angular scattering directions. This is highlighted by comparing the

ARS curve on Zone 2 with the cosine function representing Lambertian diffu-

sion, see figure 4.8. Notice the presence of two symmetrical lobes around 30◦

on top of the Lambertian background. In order to prove the coherent nature

of these symmetrical lobes, in figure 4.9 we show the ARS curves measured on

Zone 2 at different wavelengths. Each curve is normalized to its own maximum

value discarding the specular point as in figure 4.6. Also in this case we notice

the clear presence of the additional scattering lobes. The angular positions

of the maxima are indicated by the black boxes. We notice the shift of the

maxima toward larger angles on increasing wavelengths, which is compatible

with a diffractive (coherent) effect in the scattering of light.

The angular positions of the scattered intensity peak can be simply under-

stood in the framework of grating diffraction (without aiming at reproducing

the intensity profile), as depicted in the sketch in figure 4.8. This is reason-

able since the pseudo periodic nature of the ripple structures is confirmed by

the secondary fringes in the ACF profile of figure 4.3, indicating that lateral

coherence is strong even for distances exceeding several µm.

We recall that the autocorrelation length in Zone 2 reads W = 800 nm

and, in a simplified representation, this can be considered as the pitch of a one

dimensional diffraction grating with an associated wavenumber G = W−1 ly-

ing in the plane of the grating. Therefore, light impinging at normal incidence
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4. Substrate for thin-film photovoltaic applications

Figure 4.8: ARS curve measured on Zone 2 at λ = 800 nm (red dot-line) and
the cosine function representing Lambertian diffusion (blue line). The latter is
normalized in order to have the same scattered intensity for both curves. The
sketch illustrates the diffraction mechanism giving rise to preferred spatial
directions of the scattering pattern.

from the flat side travels into the glass slab with a refractive index of 1.5 and,

after crossing the grating, exits at an angle θ1 due to a momentum exchange

G with the glass grating (first scattering order). The position of the dominant

scattering peak can thus be calculated for different wavelengths according to

the following relation:

θ1 = sin−1

(
G

K1

)
= sin−1

(
λ

Wneff
· nglass

)
(4.3)

where K1 = nglass · K0, while neff = 1.2 represents an air-glass effective

medium, which accounts for the weighted average of the sub-wavelength struc-

tures with filling factor of 0.5 [88]. The predicted angular positions of the

maxima indicated by boxes in figure 4.9 agree very well with the measured

ARS maxima. Therefore, we can conclude that the angular distribution of
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the scattered intensity measured on Zone 2 is a combination of an incoherent

scattering background, which is related to the uncorrelated roughness, and a

coherent component, that follows from the pseudo-periodic nature of the nan-

otextured surface. The resulting profile of ARS overcomes the Lambertian

distribution (with the same fraction of diffused light) in a range of scattering

angles. For this reason we may say that it follows a super-Lambertian behavior.

The observations of wavelength- and angle-dependence of scattering there-

fore reflects the morphological features of the textured substrate. This study

is a good example of how the combination of randomness and order gives rise

to peculiar features in the scattering properties of light that are of interest for

light management and light trapping, especially for photovoltaic applications.

Figure 4.9: ARS curves measured on Zone 2 at different wavelengths without
the specular point and normalized to their own maximum value. For the sake
of clarity a vertical offset 0.2 is placed to stack the curves. The black boxes
highlight the angular positions of the maxima of the scattering lobes calculated
for the investigated wavelengths (as explained in the text).
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Chapter 5
Vertically aligned silicon

nanowires

Solar cells (SCs) are usually fabricated with the optical active layer embedded

between the two electrodes according to a vertical scheme, where the photon

absorption and the charge collection occur along the same axis (see figure 5.2

a). In this architecture, the thickness of the absorbing layer is a crucial para-

meter for the SC efficiency. In fact, the photon absorption increases with the

thickness, because of the negative exponential trend of light intensity with the

optical path. On the other hand, the charge collection efficiency decreases with

the thickness, because the longer the path to reach the electrodes the greater

the charge recombination probability. Therefore, a trade off between these two

mechanisms results in search of the optimal thickness of the active layer. This

concept is well resumed by the aphorism electrically thin and optically thick,

which aims for the maximization of SC efficiency. In the previous chapter we

have shown how a light-trapping scheme realized by means of a high aspect

ratio and a spatial correlated texture allows one to reduce the minimal per-

mitted thickness in this issue [19, 26]. However, a further reduction of the

distance between electrodes may be possible by resorting to an alternative ar-

chitecture, in which the optical axis does not lie on the same direction of the

electrical one (see figure 5.2 b). This principle is shown in figure 5.1, where a

prototype SC device exploits the radial collection in nanowire materials, whose

unidimensional aspect ratio allows a fast charge harvesting, while the light is

absorbed along the entire length of nanowires [58, 89].
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Furthermore, the radiation propagates by multiple scattering into structure

made of densely aggregated nanowires and an enhanced absorption of light can

occur, as already demonstrated for carbon-nanotubes and black silicon [90, 91].

In this chapter, we report on the investigation of the strong light absorption

and enhanced Raman emission of light in a nanostructured material made

of ultra-thin and vertically aligned silicon nanowires (Si NWs) arranged in

a 2D fractal array. The latter is obtained via auto-organized lithographic

process [92]. Despite their ultra-small dimensions (only a few microns long

with a diameter of few nanometers), the investigated NW samples show a very

high light-trapping across the entire visible and near-IR range, which is driven

by multiple scattering inside the structure. We demonstrate that the strong

absorption of light and the enhanced Raman scattering are strictly correlated

to the length scales at which the refractive index primarily fluctuates [63].

Figure 5.1: Schematic representation of charge radial collection in a prototype
SC device based on nanowire materials.
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Figure 5.2: A schematic representation of the light intensity absorption into
the absorber media of the solar cell. In a) the classic planar scheme and in
b) the nanowire architecture. Notice how the distance between the electrodes
is proportional to optical path in the first case, while it is independent in the
second one.
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5.1 Fabrication and morphology

The silicon NWs that have been studied in this work are fabricated by metal-

assisted wet etching process, which is performed on Si substrates consisting in

single crystal n-type doped wafers with orientation (111) and (100) for samples

1 and sample 2, respectively, and with resistivity of 1.5 Ω·cm and with thickness

of 540 µm. To produce a clean and oxide-free Si surface, the wafer are oxidized

by UV light exposure and then the oxide is removed by dipping them in solution

of 5% hydrofluoric acid (HF). After this cleaning step, a thin gold layer with

an equivalent thickness of 2 nm is deposited onto the Si substrates via electron

beam evaporation (electron beam evaporator from Kenosistec s.r.l., Binasco

MI, Italy) using high purity (99.9%) gold pellets. The final gold thickness

measured by Rutherford backscattering spectrometry corresponds to a surface

density of 1016 Au atoms per cm2. The sample surface results with patches of

uncovered silicon area surrounded by gold clusters. The Si NWs are obtained

by etching samples in an aqueous solution of HF (5 M) and H2O2 (0.44 M).

Notice, since the metal promotes the Si oxidation by injecting holes and the

presence of HF determines SiO2 removal, the Si NW formation occurs in the

regions which are not covered by the metal (see figure 5.3). For this reason

the metal deposition is made to achieve a discontinuous covering. Finally the

residual Au is removed via a KI dip [63].

Figure 5.3: Sketches of preparation stages of the Si NW forests by means of
the metal-assisted wet etching process. From left to right, the deposition of
thin gold layer as metal precursor, the silicon erosion by wet etching and the
final result of nanowires free from gold particles [5].
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This new fabrication method proposed by Irrera [92] replaces the cata-

lytic metal salt (AgNO3) present in the etching solution avoiding the dendrite

residues, whose removal could damage the NWs. Therefore morphology of the

metal layer and the etching solution determine the formation of NWs.

Figure 5.4: Si NWs obtained by the metal-assisted wet etching technique. The
scanning electron microscopy, a), cross-section and, b), plan view SEM images
of the Si NW array obtained using Zeiss Supra 25 (Oberkochen, Germany). c)
The high resolution transmission electron microscopy image of a single NW,
the Si core and the native silica shell are distinguishable. d) Photograph of
a Si NW sample having an area of about 1 cm2 excited by the 364 nm line
of a fully defocused Ar+ laser beam showing a bright red photo-luminescent
emission clearly visible by the naked eye [92].
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That allows an effective control of the structural properties obtaining the

formation of very thin Si NWs. Moreover this top-down lithography is advan-

tageous with respect to the vapour-liquid-solid (VLS) mechanism, because the

lattice of crystal Si NWs is free from metal contaminations, which are typical

of the bottom-up growth mechanisms. That opens new prospectives in terms

of quantum confinement effects, such as the light emission at room tempera-

ture shown by our Si NW samples under both optical and electrical excitation

(see figure 5.4 c and d) [92].

We characterize the structure and the morphology of the NW samples by

means of scanning electron microscopy (SEM) and of transmission electron

microscopy (TEM) techniques. From the latter we estimate a value of 7 ± 2

nm for the NWs diameter (see figure 5.4 c). From the cross-section SEM

image (shown in figure 5.4 a) the sample appears as a dense forest of vertically

aligned NWs, all having the same length (≈ 2.6 µm), while the analysis of the

top-view SEM images at increasing magnifications reveal a surface coverage of

≈ 60% for all of the three different magnifications in figures 5.5. That scalar

invariance in the filling factor (NWs over air) is an interesting self-similarity

properties in the planar morphology of NW forest [63, 92].

Figure 5.5: Plan view SEM images of a Si NW sample obtained at three
different magnifications (25 k×, 250 k× and 2500 k×). Panel b) is the higher
magnification of the sample area inside the yellow square in panel a), and panel
c) is the higher magnification of the sample area inside the red square in panel
b)[63].
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5.2 Disorder and lacunarity

The scale invariance in the 2D arrangement of the Si NWs is due to the struc-

ture of thin gold layer, which is close to the percolation threshold because

of the filling fraction of 54.6%. Since an infinite cluster close to the perco-

lation threshold is a fractal object [93], we expect a fractal morphology for

the gold layer. Infinite fractals have very interesting light scattering features,

because they are characterized by the absence of a characteristic length for

the inhomogeneities. In particular a random fractal pattern is characterized

by a self-similarity for which the structural heterogeneities are correlated on

all length scales. Moreover fractals are known as systems promoting electro-

magnetic field localizations because the lack of translational invariance leads

the structure to spatially localize the running waves. An inhomogeneous local-

izations of the electromagnetic field can happen in these structures and both

spatially delocalized and localized modes coexist. This is similar to the obser-

vation made in Refs. [94, 95], although in that case plasmonic effects should

also play a role and lead to tighter localization. Therefore the intensity of the

electromagnetic field can be enhanced with a fractal structure.

In other word, fractal textures are correlated on all length scales. Whatever

the effective wavelength λeff = λ/neff propagating inside them, there will

always be the possibility to match the length scale where the refractive index

fluctuates and thus the possibility to generate a stronger emission properties in

the system [63]. Therefore the wavelength of incident radiation matchs always

the inhomogeneity size. That enables strong light scattering as aforementioned

in chapter 2 [96]. However, our sample deviates from the structural characte-

ristics of a infinite fractal, having a cutoff value in the maxima dimensions of

holes in the range of 1 µm, see figure 5.5. For this reason we expect to observe

fascinating scattering properties in a finite range of wavelength.

Fractal dimension

The fractal arrangement of the Si NWs in our samples is also confirmed by

calculating the fractal dimension of the structures DF . We used a top-down

approach to calculate DF by sectioning in square boxes an highly resolved low-

magnification SEM image of the planar arrangement of the NWs, as shown in

the inset of figure 5.6 a).
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5. Vertically aligned silicon nanowires

Figure 5.6: Characterization of 2D random fractal structures of Si NWs. Si
NW samples 1 (a) and 2 (b) plan view SEM images used for Fraclac analysis.
Details of the analysis with sectioning in square boxes in the reduced sample
portion are shown in the inset of panel a. Note that the pixel size is 6.7 nm
[63].

We evaluated the occupied pixel number N (the dark pixel of the inset of

figure 5.6 a) as function of the square box dimension ε, according with the

relation [63]

N ∝ εDF . (5.1)

The presented method yields the so-called box-counting fractal dimension [97].

The analysis was performed by using ImageJ software and the Fraclac plugin

[98]. We obtained a value of fractal dimension DF = 1.87 ± 0.02 for sample
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1 and DF = 1.92 ± 0.02 for sample 2 from the slope of the curve ln(N) =

−DF · ln(ε) +C shown in figure 5.7 a). These values confirm the dense planar

arrangement of the Si NW forest, as expected starting from a 2D percolation

for an invasion cluster of gold [99].

Lacunarity

The gold layer morphology is imposed on the silicon substrate as a negative

mask during the wet etching procedure. Therefore the empty spaces (gaps) in

between of Si NWs are arranged with the same structure of the gold deposition

morphology. The fractal parameter that takes into account both the gaps and

the heterogeneity of the structure is the lacunarity. If there are large holes,

the fractal has high lacunarity. Since the lacunarity is related to the deviation

of fractal from translational invariance, it is expected to be high especially in

random fractals. The calculus of lacunarity is based on variation in pixels1

density at different box sizes of SEM images. The values of lacunarity λ are

defined for each grid of dimension ε, by relation:

λ(ε) =

(
σ(ε)

µ(ε)

)2

+ 1 (5.2)

where σ(ε) and µ(ε) are the standard deviation and the mean number of pixels,

respectively, calculated on a series of grid of dimension ε. The values of λ(ε)

calculated for both samples are plotted in figure 5.7 b). Sample 1 presents

heterogeneities over a wide-length range, as pointed out by spreading of λ

values at fixed ε. The maximum of lacunarity is revealed on the scale of

150 ÷ 200 nm. That is the range with the strongest fluctuations of refractive

index in the fractal structure and we expect exceptional scattering properties

in this range of effective wavelength. For sample 2 the lacunarity increases

at very small length scales following a monotonic trend. This is the result

of a different morphology of the Au thin film probably due to the different

crystallographic orientation of the silicon substrate (100) with respect to that

of sample 1 (111).

1The black ones in the inset of figures 5.6 a).
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5. Vertically aligned silicon nanowires

Figure 5.7: The fractal dimension (a) and lacunarity (b) plots obtained form
the analysis of SEM images shown in figure 5.6. In a), the number of boxes N
occupied by NWs (the dark pixels in the inset of figure 5.6 a) is plotted in a log-
log scale as a function of the box size ε. Therefore, the slop of the linear fit gives
the value DF of fractal dimensions of the NW samples, according to equation
5.1. In b), the plot of the calculated values of lacunarity vs length = ε×6.67nm.
Note that the lacunarity analysis is halted at 33 nm [63].
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5.3 Anti-reflection properties

The optical property of the two fractal samples of Si NWs are investigated by

total transmission and reflection spectroscopy techniques, which are described

in chapter 3.1. We expect a strong scattering strength in the visible and

IR range, because of the fractal properties discussed in the previous section.

To better appreciate the spectral features arising in our sample, we compare

them with both the optically flat side and rough side of a Si wafer. The total

diffused (integrated) reflectance is shown in figure 5.8. For the faces of Si

wafer, the measured values is that expected from the average angle-dependent

Fresnel coefficients at the Si–air interface. The total integrated reflectance of

the Si NWs deviate from the single scattering (reflection)behaviour dropping

to around 1% across the entire spectrum (visible-NIR range) of wavelengths

below the Si bandgap (≈ 1.1 µm). These experimental results evidence a

broadband light-trapping by Si NW forest, which justifies the black appearance

Figure 5.8: The total diffused reflectance of sample 1 (black lines) and sample
2 (red line) and of the flat surface and of the rough surface of c-Si wafer (green
and blue lines, respectively) [63].
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5. Vertically aligned silicon nanowires

of sample surfaces. Notice, in many black silicon materials, a similar broadband

antireflection behaviour is enabled by a graded index profile along the height

of the NWs [91]. However, as shown in figure 5.4 a), the constant cross section

and the perfect vertical alignment of our Si NWs should lead to a constant

average index of the NW layer along the vertical direction. Moreover, the

large reflectance observed just above the Si bandgap in the IR region and the

sharp decrease in the absorbing visible range are incompatible with a graded

index profile, which would give a very smooth and low reflectivity across the

Si bandgap as reported for black Si [100].

To clarify the physical phenomena leading such strong light absorption in

our samples, we measure the direct transmittance of our samples, reported

in figure 5.9. A very strong suppression of the transmittance to values below

1% is observed for both Si NW samples at IR wavelength above the bandgap.

Figure 5.9: Direct transmittance, by excluding the diffuse component, of sam-
ples 1 and sample 2 obtained in a polished (optically flat) back surface (black
and red dots, respectively) compared with that of a wafer bulk c-Si (blue dots).
Note only the data in Si transparency range are shown, because the values drop
to zero across the entire absorbing range [63].

64



5.3. Anti-reflection properties

That also is incompatible with an antireflection effect by the NW layer, which

would increase the transmittance compared with bulk Si instead of suppress-

ing it. According with these observations, we definitively reject the idea of

radiation coupling in Si bulk by impedance gradient in our samples. However

the visible light is neither reflected nor scattered out of the Si NW layer. We

hypothesize that light is strongly diffused within the NW array and remains

mostly trapped in the NW layer by multiple scattering processes until it is

eventually absorbed. Indeed, the single NW could not efficiently scatter the

visible light because of the ultra-small average diameter (a few nanometers)

[92]. The key role is played by the particular 2D random fractal texture of our

NW forest, whose the peculiar density variation of Si NWs and voids on the

wavelength scale between 10 nm and 1 µm (as shown in figure 5.5) activates the

light scattering processes. So the light propagation is preferentially in-plane,

because the refractive index fluctuations are across the 2D planar structure of

NW array. Moreover, observing in detail the reflectance spectra of sample 1

in figure 5.8, we notice a broad minimum approaching 0.1% around 428 nm of

wavelength. That indicates an over-trapping of light in NW structure at an

effective wavelength of λeff = 192 nm in the NW forest, with the refractive

index neff = 2.23, as calculated by the Bruggeman mixing rule assuming a

composition made of 40% air voids, of 40% silicon and of 20% native oxide on

the Si NWs [101, 102]. This value of effective wavelength falls into the length

range at which the lacunarity of sample 1 shows the maximum value (see figure

5.7), corroborating the hypothesis of strong scattering in-plane of NW array.

The light should travel for much longer path than the thickness of the NW

layer to reach the 99% extinction of intensity, because the photon absorption

is by c-Si of NW core, which is just the 40% of the total volume of thin layer.

Therefore, to reach the over-trapping of light, the photons should propagate

for a relative long path into the thin plane by multiple scattering processes

[103], which occur in strong scattering media folding the light propagation in a

random walk (see section 2.3). That conclusion is confirmed also by the CBS

experiments, which we have performed to assess the scattering strength of our

samples 1 (see section 6). The analysis of this CBS cone gives a value of trans-

port mean free path lt ≈ 160 nm, which is typical of very strong scattering

materials [63, 104].
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5. Vertically aligned silicon nanowires

5.4 Raman enhancement

As discussed above, whatever the optical frequency propagates into the fractal

array of Si NWs, its effective wavelength ever matches the fluctuation length

of the refractive index. That causes inhomogeneous localizations of the elec-

tromagnetic field into the NW samples. For this reason, the intensity of the

electromagnetic field is enhanced and strong scattering emissions arise from

our samples. Our Si NW samples exhibit efficient room temperature photo-

luminescence (PL) due to quantum confinement effects, as reported recently

[5, 92]. In particular, the PL emission in sample 1 is strongly evident, even

by the naked eyes (see figure 5.4 d). Figure 5.10 shows the optical emission

spectrum obtained by exciting the investigated sample with the 488 nm line

of a laser. The PL band, peaking at 690 nm, is clearly visible. However, a

further dominant feature is represented by an exceptionally strong first-order

Si Raman peak at 500.7 nm (≈ 520 cm−1 of Raman shift).

To reveal the nature of this intense Raman signal, we excited samples

1 and 2 at different laser wavelengths and compared the spectra with those

Figure 5.10: The backscattered Raman light and the PL emission from the Si
NW fractal array of sample 1 at an incident laser wavelength of 488 nm with
a power of 20 mW and and a spot diameter of 100 µm [63].
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of a single crystalline Si (c-Si) sample identical to the one used to fabricate

the NWs. The Raman spectra are acquired in back-scattering configuration

by means of a HR800 Horiba—Jobin Yvon spectrometer equipped with an a

100× objective of 0.9 of numerical aperture in air, while the Rayleigh light is

filtered by means of an optical density OD = 5. Figure 5.11 shows Raman

signals from sample 1 (blue curve) and bulk silicon used to fabricate the NWs

(red curve), which are reported in the same graph for the sake of comparison.

The spectrum of Si NWs shows at same time a clear enhancement for first

and second orders of Raman light and a reduction of the Rayleigh light. These

further dominant scattering feature is already experimentally proved in similar

structures by different groups [105, 106, 107].

The quantitative estimation of Raman enhancement (RE) comes from the

ratio between the Raman peak integrated intensities of Si NWs and those of

bulk silicon in the same experimental conditions. Notice that the amount of

material excited by the laser spot is not the same for NWs and bulk silicon,

because of the presence of the air voids between NWs and the silicon oxide shell

around each NW (40% and 20% respectively). Therefore we have to normalize

the RE to the probed volume of sample (REV) considering only 40% of silicon.

Figure 5.11: Raman spectrum of Si NW array (red line) and of bulk crystalline
Si reference (blue line). The Raman signal of NWs is clearly enhanced for both
first (at ∼ 520 cm−1) and second orders (at ∼ 1000 cm−1) [66].
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5. Vertically aligned silicon nanowires

Figure 5.12: a) PL emission of sample 1 evaluated at 690 nm. b) e c), Raman
enhancement with respect to the c-Si bare substrate for sample 1 and 2, respec-
tively. All the trends are plotted as a function of the incident laser wavelength
and compared to the apparent absorbance of the corresponding sample (black
lines). The arrows indicate the y-axis corresponding to the plotted data having
the same color [63]. Notice that the absorbance on the left y-scale represents
a logarithmic quantity like the right y-scale.
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However, this normalization underestimates the exact Raman enhancement

in NW material, because the Raman radiation is also trapped and then strongly

absorbed. To extract the actual absorption from the NW layer, we calculate

the apparent absorbance as obtained from the reflectance RNW % measure-

ments as log(100/RNW%) after normalization to the reflectance of the silicon

substrate. This curve, shown in figure 5.12, represents the extinction signal

due to in-plane multiple scattering processes through the 2D fractal structure,

showing a maximum when the effective wavelength λeff resonantly matches the

maximum intensity of the refractive index fluctuations in the medium (peak of

lacunarity). When this occurrence is fulfilled, the in-plane multiple scattering

processes in the fractal array can become more relevant. In figure 5.12 a),

we show the trend of PL intensity at 690 nm as excited by the different laser

colors (PLE), while its REV of sample 1 as a function of the excitation laser

wavelength λ is plotted in figure 5.12 b). Both trends of PLE and the REV

closely follow the shape of apparent absorbance curve. Exactly the same proce-

dure was applied to elaborate the data of sample 2, whose figure 5.12 c) shows

the comparison between the corresponding apparent absorbance spectrum and

REV. Therefore, we can state that increasing the dwell time of the pump inside

the material leads to the direct consequence of the increment of emission cross

sections. Figure 5.13 clearly confirms this scenario. Here, lacunarity curves

for samples 1 and 2 are presented compared with the REV trends plotted as a

function of λeff . The accord between two trends provides evidence regarding

how the heterogeneities influence the scattering inside the sample structure. In

particular, the results highlight how the Raman enhancement is correlated on

the length scales, which are characteristic of the finite fractal structure. Note

that lacunarity, which describes the refractive index fluctuations, is directly

related to the scattering cross-section.

In conclusion, the results of our investigations show the way the disorder

affects the transport of light in random Si NW array. We demonstrated the

strong correlation between the optical properties and the fractal characteristics.

In particular, we found evidences of light trapping due to the lacunarity of frac-

tal textures. This localization causes strong light-matter interactions, which

result in a nearly complete absorption of visible light and enhanced Raman

emission. In fact, the fractal array promotes a high light-trapping efficiency
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with total reflectance values down to the 0.1% when the incident wavelength

matches the maximum heterogeneity size exhibited by the arrangement of Si

NWs. Moreover, Raman emission is enhanced by multiple scattering processes

and shows to depend on the effective wavelength [63]. However the magnifica-

tion of Raman signal requires a surface enhanced Raman spectroscopy (SERS)

techniques, which are usually based on the plasmonic effects to locally amplify

the electromagnetic field. Actually, in our samples, the localization and the

amplification of electromagnetic field are mediated by the coherent multiple

scattering of radiative waves. The latter statement is further confirmed by

coherent back scattering experiments, which we performed on the Si NWs and

are showed in the next chapter.

Figure 5.13: Comparison between lacunarity and Raman enhancement. The
Raman enhancement of sample 1 (green dots) and sample 2 (blue dots) plotted
as a function of the effective incident laser wavelength propagating in the
medium λeff and compared with the corresponding lacunarity curves (black
and red lines represent samples 1 and 2, respectively) [63].
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Chapter 6
Coherent backscattering of light

from Si NWs

The latter chapter shows the wonder optical property of vertically aligned Si

NWs due to the strong elastic scattering of light taking place into the NW

array. In particular we explained how the enhanced absorption of visible light

is related to the fractal arrangement of the NWs, which promotes the in-plane

light confinement. Actually fractals are known for forming hot-spot regions,

where the light-matter interaction intensifies because of the confinement of

electromagnetic field due to the coherent multiple scattering of radiative waves.

The presence of this latter mechanism in our NW samples is confirmed by the

theoretical simulations [63].

In light of these evidences, we explore the angular dependence of the scat-

tered light from the Si NWs searching for coherence effects in backscattering

intensity. To this end, we excite the NW samples with a circularly polarized

laser beam at normally incidence to the sample surface and collect the scat-

tering light as a function of the scattering angle both in helicity-conserving

channel, i.e. by selecting the same circular polarization of the pump beam,

and in the two linear polarization. The collected signals in these two latter po-

larization, i.e. the non-conserving channels for polarization, contains only the

incoherent component for the backscattering light and their average is taken

for normalizing the signal from the conserving channel (for detailed description

of CBS technique see section 3.3).
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In this chapter, we report on the CBS measurements performed on the

fractal Si NW forest. We characterize the strength of light scattering taking

place in Si NW samples by means of CBS cone, which results in the context

of the weak localization interference effects (see section 2.3.2). Moreover we

investigate how the coherent multiple scattering of light mediates the enhance-

ment of the Raman backscattering. For this purpose, we performed also CBS

experiments collecting the Raman light from our NWs. We analyse the angu-

lar shape of Raman CBS and put it in relation with the scattering strength of

Si NW samples and the Stoke shift of the Raman light. In order to do that we

have extended the theoretical explanation of CBS for the Rayleigh light to the

Raman case. Therefore, we show that the coherent nature of spontaneous Ra-

man scattering, typically occurring on a nanometer length scale, is beautifully

unveiled also on a macroscopic scale through the appearance of an enhanced

backscattering cone in a simple backscattering experiment. To our knowledge,

this is the first experimental evidence of Raman coherent backscattering ever

reported [64].

6.1 Coherent backscattering of Rayleigh light

We investigate the coherent backscattering of light on two different Si NW sam-

ples, which are here labelled with sample 1 and sample 2. Both of them are

prepared by maskless metal-assisted wet etching technique but using two dif-

ferent types of metal precursors. The morphologically characterization of them

reveals the presence vertically aligned Si NWs arranged in a two-dimensional

random organization (see figure 6.1). The SEM images in panels a) and b) of

figure 6.1 belong to sample 1, which is the same of the chapter 5 and whose the

metal precursor is a thin gold film deposited at percolation limit, according to

fabrication process described in section 5.1. The NWs of sample 2 are shown

in panels c) and d) of figure 6.1. Here the Si NWs have been synthesized by

immersing directly a crystal silicon wafer in an aqueous solution containing

silver nitrate (AgNO3) as metal precursor and HF as etching agent at concen-

trations of 0.02 M and of 5 M, respectively. In solution the dissociated silver

salt realizes a precipitation of silver nanoparticles randomly distribute on the

silicon surface. Also in this fabrication process, the formation of NWs is due
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6.1. Coherent backscattering of Rayleigh light

to the HF erosion of the silicon oxide, which locally forms under the metal

particles. The texture of the two samples is substantially different. Sample 1

displays a dense distribution of vertically aligned NWs with an average diam-

eter of 7 nm and with a length of 2.6 µm, while the Si NWs on sample 2 are

less dense distributed and much larger and longer with an average diameter of

100 nm a height of about 8 µm. The distribution of these latter is still random

but their arrangement is no more fractal. In fact, we notice the presence of

NW bunches each other well separated by air-voids.

The light transport in these systems is expected to be highly anisotropic,

because of the strong vertical orientation of the Si NWs, as shown in figures 6.1

b) e d). Nevertheless, coherent backscattering can take place, and be observed,

in systems with strong anisotropies in either direction [69, 108]. The mean free

Figure 6.1: Plan view and cross section images of the Si NW array performed
by using a field emission scanning electron microscope Zeiss Supra 25. In a)
and b) the SEM images of the Si NWs on sample 1. c) and d) show the NWs
obtained on sample 2. The inset in c) panel is a zoom to higher magnification
to observe the NWs of two different samples on comparable dimensions [64].
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paths in the x and y direction (in the sample plane) determine the width of

the backscattering cone. The z direction comes into play with respect to the

(optical) thickness of the sample L/lz. The transport mean free path lz in

the vertical direction (parallel to the NWs) may be much larger than lxy in

the xy-plane (orthogonal to the NWs). However, some scattering in the z

direction is of course required, otherwise the sample will appear transparent.

The precise value of lz is difficult to determine and the situation is further being

complicated in our case by some roughness of the sample substrate (which also

actively contributes to couple the scattered light from the z direction into the

xy-plane). Needy of an efficacious way to quantify lz, we define an effective

sample thickness Leff/lt = L/lz accounting for the effect of the different value

(larger or smaller) of mean free path along the z direction. This way allows to

compare theory with experiments [64].

To assess the scattering strength of the Si NW samples in a quantitative

way we have obtain the coherent backscattering cone by normalizing the he-

Figure 6.2: Sketch of coherent backscattering taking place in NWs [64].
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licity conserving channel to the diffuse background. The angular dependence

of backscattering light measured at λ = 532 nm of laser wavelength different

polarization channels on sample 1 and 2 are shown in figures 6.3 a) and b), re-

spectively. To acquire the conserving channel of light polarization (blue dots),

we shine the sample with a circular polarized light and collect the backscattered

light in the polarization conserving channel by excluding the non conserving

channel of single scattering events and reflections from the optical set up, as

described in section 3.3. The diffuse background (green dots) is detected aver-

aging the linear polarization (non conserving channels) for s and p. CBS cones

at wavelength λ = 532 nm for sample 1 and 2 are shown in figures 6.4 a) and

b), respectively. In both samples the CBS cone shows a pronounced rounding

of the tip due to the combined effect of light absorption and finite thickness of

the Si NW layer, which strongly suppress the contribution of very long paths

to the backscattering intensity. Therefore, we fit the data using the finite-slab

model for the CBS intensity expressed by equations 3.18, 3.13 and 3.14. The

experimental enhancement factor Eexp is the height of CBS cone, which de-

viates from its theoretical value 2 due to residual of single scattering and the

stray light. The transport mean free path lt ≡ lx = ly and an effective optical

thickness L ≡ Leff left are free fitting parameters. These two parameters have

very different effects on the shape of the backscattering cone and lead to a

rapid convergence of the fit towards reliable values of these parameters. The

inelastic (absorption) mean free path li is also included in the fit function as

a fixed parameter. In fact, we independently estimate the value of li for both

samples by scaling the optical extinction length of bulk silicon to the effective

Si fraction present in the NW layer. The latter is determined by combined

SEM analyses and energy dispersive x-ray (EDX) spectroscopy [63]. The fits

to the data are shown by the red lines in figure 6.4. The extrapolated values of

transport mean free path are lt = 0.169µm and lt = 0.483µm for sample 1 and

sample 2, respectively, resulting in very strong scattering media1. The values

of effective optical thickness are relatively large with Leff/lt = 17 for sample

1 and Leff/lt = 5 for sample 2, pointing towards a strong effective scattering

in the z direction despite the strong anisotropy of the NW material [104, 63].

1These values are in line with the typical mean free-paths obtained from CBS measure-
ments in GaP NW arrays, confirming that our Si NWs are among the strongest scattering
materials to date.
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Figure 6.3: Coherent backscattering (blue dots) and the diffusive background
(green dots) signals measured at λ = 532 nm on Si NW sample 1 and 2 (a
and b respectively). Notice that the unusual shape in the angle-dependent
scattering intensity of sample 2 is due to a scattering behaviour that deviates
from the ideal Lambertian distribution.
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Figure 6.4: Coherent backscattering cones after normalization to the diffusive
background signals referred to Si NW sample 1 and 2 (a and b respectively).
The red continuous lines are the best fitting curves obtained by the finite slab
model [64].
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6.2 Coherent backscattering of Raman light

Once characterized the scattering strength of our samples and the fitting pa-

rameters of CBS for Rayleigh light, we explore also the angular intensity de-

pendence of Raman scattered light from the Si NWs in both samples searching

for the evidence of coherence effects in the backscattered intensity. Such in-

vestigations are motivated with the evidences of the mediating role played in

the enhancement of Raman backscattered signal from Si NW samples by the

multiple scattering of light, as we discus in the latter chapter. In particular,

the Raman spectrum in figure 5.11 shows at same time an enhancement of first

order Raman peak and a reduction of the Rayleigh light [63]. Such an effect

is compatible with the simple model of multiple scattering that includes both

Rayleigh and Raman photons, because the latter increases with the number

of scattering events [109]. Moreover, we cite also the measurement of Raman

spectrum performed on a Si NW sample infiltrated with silicone oil (a high

index fluid, n ' 1.6), which shows a lower enhancement of first order Raman

peak. The oil filling the air voids of NW texture reduces the refractive index

contrast with respect to that between the air and the silicon and lowers the

scattering strength of the Si NW forest [66].

As for the CBS measurements of Rayleigh light, we excite the NW samples

with a circularly polarized laser beam (wavelength of 532 nm) at normally

incidence to the sample surface and collect the backscattered Stokes Raman

peak as a function of the scattering angle both in helicity-conserving channel,

i.e. by selecting the same circular polarization of the pump beam, and in the

two linear polarizations (non-conserving channel). Again, the collected sig-

nals in the latter polarizations contain only the incoherent component for the

backscattering light and their average is taken for normalizing the signal from

the conserving channel, while the first polarization allows also to collect the

coherent component of backscattered signal (for detailed description of CBS

technique see section 3.3). The experimental data for samples 1 and 2 are

shown in figures 6.5 a) and b), respectively. There is a clear enhancement

around the backscattering direction (ψ = 0 deg) for the helicity-conserving

channel on both samples, in contrast the linear polarization non-conserving

channel follows a smooth Lambertian-like diffusing behaviour.
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Figure 6.5: Raman backscattered intensities as a function of detection angle
for sample 1 (a) and sample 2 (b). The helicity conserving channel and the
linear polarization non conserving channel configurations are represented by
blue and green dots, respectively [64].
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Figure 6.6: CBS of Raman light with excitation deviating of an angle θ from
the normal to the sample surface, while the backscattering angle ψ is still
defined with respect to the excitation beam direction [64].

We prove the CBS nature of the Raman enhancement by verifying that the

observed peak in conserving channel arises exactly along the backscattering

direction. For this purpose, we repeat the CBS experiment with an incident

laser beam forming an angle of 20 deg with the normal to the sample surface.

The experimental data reported in graph of figure 6.6 show the characteristic

angular trend of the CBS enhancement around the tilted incidence direction.

Therefore any doubt about geometrical artefacts of NW anisotropy is dispelled.

We recall that the spontaneous Raman scattering is usually considered as

one of such incoherent processes. However, the Raman scattering consists in

the inelastic scattering of an optical pump wave within a material by creation

(or annihilation) of quanta of vibration (phonon) and the Stokes (or the anti-

Stokes) wave, which is locked in phase with the pump wave through the phonon

phase of lattice. Both the frequency and the phase of the phonons populating

the vibration mode are equal to that of the beating due to the overlapping

between the pump signal and Raman local field [110].
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6.2. Coherent backscattering of Raman light

Therefore, there exists a fundamental difference between the incoherence of

spontaneously emitted light (as for instance in the fluorescent light emission)

and that of the spontaneous Raman scattering. The first process is incoherent

because it comes from the quantum vacuum fluctuations of electromagnetic

field, whose intrinsic randomness is reflected by the light incoherence. on the

contrary, Raman scattering is coherent in origin but becomes quickly incoher-

ent, since its coherence is fundamentally related to that of the phonon, which

has a typical coherence time and coherence length of the order of picosec-

onds and of tens of nanometres, respectively, in solid-state materials. For that

reason, the phonon-phase information becomes lost by overlapping of all Ra-

man photon generated from a bulk sample and the Raman light is commonly

considered an incoherent type of radiation when observed in far-field config-

uration [64], the typical configuration used in the Raman experiments. On

the contrary, the Raman signal preserves its coherent nature when detected

by a near-field technique, which restricts the collection of light into a sample

region with a size a � λ. Up to now, the only known experimental way to

put in evidence the coherence of spontaneous Raman scattering has been re-

cently reported in near-field regime, where the Raman signal is probed by using

very sharp tips on a length scale much smaller than λ and comparable to the

phonon coherence length [111]. Therefore, we look for a strong confirmation

of the new experimental observation of CBS enhancement for Raman light by

comparing the first order Raman peak and the photo-luminescence (PL) emis-

sion angular profiles acquired under the same experimental conditions, shown

in figure 6.7. That is possible since we perform the simultaneous measure-

ment of both the backscattered Raman light and the PL emission. In fact,

the latter is clearly visible in measured Raman spectra as a smooth decaying

background extending well below the Raman Stokes wavelength (see figure 6.7

a). The backscattered intensities of the Raman and of the photo-luminescence

(PL) signals evaluated by integrating the spectra over a narrow wavelength

range just below the Raman peak (the coloured areas of graph in figure 6.7 a).

Figure 6.7 b) shows the results of the data analysis of the two signals. Notice,

here, that the Raman curve (blue dots) is enhanced around the backscattering

direction with respect to the PL curve (red dots), whose the angular trend

follows a cosine (Lambertian) law.
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6. Coherent backscattering of light from Si NWs

Figure 6.7: Comparison between the backscattered signals of the Raman light
and of the PL emission from sample 1 obtained in helicity-conserving channel
configuration by exciting with a laser line at 532 nm [64].
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6.2. Coherent backscattering of Raman light

Hybrid Rayleigh-Raman path

The aforementioned experimental observations confirm clearly the occurrence

of constructive interference for the Raman Stokes waves of Si NWs in the

backscattering direction. However, the question about the coherence preserva-

tion of Raman radiation remains. In fact, differently to the established CBS

for Rayleigh light, Raman waves are generated inside the material within a

random walk of the pump beam, which has a length of about few microns (ac-

cording to results of section 5.3). On the other hand, the coherence length of

the lattice vibrations is much shorter than microns. Therefore the only way is

that two reciprocal paths for the wave radiation have their Raman scattering

event at the same scattering site. That is in agreement with the reciprocity

hypothesis of optical paths, which underlies the coherent back scattering phe-

nomena, confirming once more the true observation of coherent backscattering

for Raman light (RCBS). Note that a single Raman scattering event is cohe-

rent for all photons generated within a coherence length meaning that there is

a well-defined phase relation between the pump and Raman light (as opposed

to spontaneous emission).

We clarify the situation by means of the scheme represented in figure 6.8.

Here, the blue lines I and I’ represent two reciprocal optical paths of the pump

beam. This latter after some elastic scattering event gives rise to a Raman

scattered wave at an arbitrary point rj into the Si NW sample. The red lines

S and S’ represent the generated Stokes-shifted waves, which continue to pro-

pagate within the sample by multiply scattering till they exit as a Raman

beam. Therefore we deal with couples of hybrid Rayleigh-Raman reciprocal

paths. In general, these couples of hybrid paths should accumulate a random

phase-difference, which makes the outgoing Raman beams to be incoherent.

Moreover, polarization of these hybrid paths may also be not conserved, due

to the presence of an inelastic scattering event. We show, however, that if the

Stokes-shift introduced by Raman scattering is small compared to the Rayleigh

wavelength, both polarization and phase coherence between the hybrid paths

is actually preserved, thus restoring reciprocity and allowing the coherent su-

perposition of the outgoing Raman fields in the backscattering direction. A

detailed sketch of the Raman scattering event occurring at rj is shown in figure

6.8, for both the direct (solid line) and reverse (dash line) hybrid paths.
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6. Coherent backscattering of light from Si NWs

Figure 6.8: Illustration of basic concepts for the coherent Raman backscatter-
ing process. a) Schematic picture of light transport in mixed Rayleigh-Raman
paths. b) Zoom on the depicted Raman scattering at rj. In the direct Rayleigh-
Raman scattering path, a photon of frequency ωi and polarization ei is Raman
scattered by a Si nanowire with a cross-section σD, giving rise to a photon of
frequency ωs and polarization es. In the reverse path, the Rayleigh and Ra-
man photons are exchanged and propagation directions reversed) a photon of
frequency ωi and polarization es is Raman scattered by the same Si nanowire
with a cross-section σR, giving rise to a photon of frequency ωs and polarization
ei. Assuming ωi ≈ ωs, the Raman tensor R(ωi, ωs) is symmetric with respect
to exchange of ei and es, yielding σD = σR [64].
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6.2. Coherent backscattering of Raman light

The corresponding scattering cross-sections for the two processes are also

shown, where R(ωi, ωs) denotes the second-rank Raman tensor. If we now

assume ωi ≈ ωs, as it is usually done in Raman theory, the R(ωi, ωs) becomes

symmetric with respect to exchange of the polarization versors êi and ês [112,

113, 114]. This condition is verified for the first order Raman scattering in

crystals that probes phonon frequencies at q ' 0 (phonon wave vector), i.e.

having very long wavelength compared to the lattice constant, while in the

general case one has to consider the symmetry properties of the crystal. The

condition of symmetry with respect to exchange êi and ês yields the same cross

section for the two reciprocal scattering events and also ensures polarization

conservation upon reversing the optical paths. Moreover, the assumption ωi ≈
ωs implies that |~ki| ≈ |~ks| (and |~k′i| ≈ |~k′s|), thus making the same phonon

mode (ωq, ~q) to be equally available for both scattering paths. This has the

additional important consequence that the random phase-jump introduced by

the creation/annihilation of a phonon is exactly cancelled out when considering

the phase-difference between reciprocal paths [64]. We point out that this last

statement is strictly true provided that the dwell time for the two reciprocal

paths is much shorter than the phonon coherence time. In our case, due to

the very short transport mean free path (deduced by CBS cones) and to the

strong material absorption, we estimate an average dwell time of the order

of few femtoseconds (corresponding to an average total scattering path of the

order of few microns), which is far below the 1 picoseconds phonon coherence

time in crystalline silicon [115, 116].

We can resume all these considerations asserting that:

i multiple Raman scattering within our Si NW material may be described

by hybrid Rayleigh-Raman scattering paths, for which reciprocity holds

true because of the relative little Stoke-shift;

ii the temporal coherence between reciprocal paths is held, since the values

of lt for our samples allow a mean dwell time of multiple scattering very

small with respect to the coherence time of phonons in Si NWs.

Therefore the observed Raman enhanced cone is indeed due to the construc-

tive interference in backscattering direction of Raman shifted waves that are

coherently generated in a multiple scattering process.
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6.2.1 Theoretical model of dephasing

The quantitative evaluation of this phenomenon require the extension of stan-

dard CBS theory (showed in section 2.3.2) to the case of Raman scattering by

means of Green’s function and its diagrammatic representation. In these latter

the Raman scattering event is described by a new t-matrix tω (~rj, ~rj+1;ωi, ωs),

which obeys reciprocity since the relative little Raman shift |ωi − ωs| /ωi ≈ 0;

hence

tω (~rj, ~rj+1;ωi, ωs) = tω (~rj+1, ~rj;ωi, ωs) . (6.1)

Also the frequency dependence of the average Green’s function 〈G (~rj, ~rj+1;ω)〉
is now taken in account by indicating the Rayleigh light and Raman signal

propagators with 〈G (~rj, ~rj+1;ωi)〉 and 〈G (~rj, ~rj+1;ωs)〉, respectively. The di-

agrammatic expansion of Raman backscattered intensity, shown in figure 6.9,

helps to understand that interference effects in backscattering take place only

if the difference between 〈G (~rj, ~rj+1;ωi)〉 and 〈G (~rj, ~rj+1;ωs)〉 is small. This

is true when |ωi − ωs| is small enough to neglect the dispersion in the medium.

Nevertheless, when the reciprocal waves propagate off the same scattering

event (~rj − ~rj+1) = − (~rj+1 − ~rj) at different frequencies, for example ω = ωi

and ω′ = ωs (or, in the reciprocal path, ω′ = ωi and ω = ωs) as shown in C

diagrams of figure 6.9, a phase difference

∆φj =

(
ωj − ω′j

)
c

|~rj − ~rj+1| (6.2)

is developed with c the speed of light. At the end of whole scattering path,

the two waves come out from the scattering system with a total dephasing ∆Φ

given by the sum on the all these phase difference ∆φj; that it is possible to

express as:

∆Φ =

∣∣∣∣∣∑
j

(
ωj − ω′j

)
c

|~rj − ~rj+1|

∣∣∣∣∣ (6.3)

Note also that the ω dependence of the t-matrix tω (rj, rj+1) can be neglected

for the small frequency differences occurring in Raman scattering. The above

argument shows that an interference contribution, and hence a coherent back-

scattering signal, can be expected for multiple Raman scattering, for those

lights paths in which ∆Φ remains significantly below π.
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6.2. Coherent backscattering of Raman light

Figure 6.9: Diagrammatic representation of ladder L and most-crossed C di-
agrams. Here, the ⊗ stands for the Raman scattering event, while the propa-
gator of the Raman signal and Rayleigh light propagators are represented by
using thick double and regular double lines, respectivelly [64].

The presence of a dephasing mechanism in the coherent contribution to

multiple Raman scattering is expected to alter significantly the probability of

wave diffusion in the disordered material, hence leading to a modified backscat-

tering cone in a way similar to what observed for multiple scattering from

particles subject to Brownian motion or in the presence of a magnetic field

[56]. In general, one can show that dephasing affects the intensity propagator

F (~r1, ~r2; t) (proportional to the diffusion probability) by a global factor, so

that upon summation over all multiple scattering sequences one obtains an

expression of the form F (~r1, ~r2; t)
〈
ei∆Φ(t)

〉
, where ∆Φ(t) is the phase differ-

ence between reciprocal scattering paths. This phase difference is a random

variable whose statistical distribution depends on the specific mechanism at

the origin of dephasing. Normally, the average over this distribution takes

the form of a decaying function of time as
〈
ei∆Φ(t)

〉
= e

− t
τd , which provides a

physical interpretation of a cut-off time τd (corresponding to a cut-off length
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Ld =
√
Dτd) describing the loss of phase coherence. Once the temporal depen-

dence of this average factor is determined, the relevant properties such as the

diffused intensity may be simply obtained through a Laplace transform as

γ ∝
∫ ∞

0

F (~r1, ~r2; t) e
− t
τd dt (6.4)

The problem of dephasing in coherent Raman backscattering is reduced to

the evaluation of the average phase difference 〈∆ΦN〉 between any arbitrary

Rayleigh-Raman reciprocal path involving N scattering steps. According to

the sketch of figure 6.8, the total phase difference accumulated in any of these

paths may be separated into the sum of two contributions as:

∆ΦN =
∑R−1

j=1 ∆k |~rj − ~rj+1| −
∑N−1

j=R ∆k |~rj − ~rj+1|

= ∆k
∑R−1

j=1 ∆rj −∆k
∑N−1

j=R ∆rj

(6.5)

where R denotes the (random) position of the Raman scattering event shared

by the two reciprocal paths and ∆k is the wavevector change in the Raman

process. We first evaluate the average of this phase over the mean distance

between two successive scattering events

〈∆ΦN〉∆rj = ∆k
R−1∑
j=1

〈∆rj〉 −∆k
N−1∑
j=R

〈∆rj〉 = ∆klt(2R−N) (6.6)

where 〈∆rj〉 ≡ lt is the transport mean free path. Next, we need to evaluate the

average over the position of the Raman scattering event, i.e. the average of the

quantity 2R−N , which can assume either positive or negative values. However,

since different R correspond to different paired scattering paths adding up

incoherently to the backscattering cone (i.e. two different reciprocal paths

with equal but opposite phases do not cancel out their phases), we must take

the average over the absolute value of the quantity 2R−N :

〈∆ΦN〉∆rj ,R = ∆klt 〈|2R−N |〉 = ∆klt

∑N
R=1 |2R−N |P(R)∑N

R=1 P(R)
(6.7)
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where P(R) = (1− PRaman)R−1 PRaman is the probability for a Raman scatter-

ing event to occur at position R. Since PRaman ≈ 10−6 is very small, we can

assume that each Raman scattering event can occur at site R-th with the same

probability P(R) ≈ PRaman. This yields

〈∆ΦN〉∆rj ,R = ∆klt
1

N

N∑
R=1

|2R−N | = ∆klt
N

2
= ∆k

l

2
(6.8)

We see that the average of the phase difference between reciprocal hybrid paths

assume the very simple expression:

〈∆ΦN〉 =
∆kl

2

where l = Nlt is the total length of the path. Now, we evaluate the variance

〈δ∆Φ2
N〉 of the function of the equation 6.5

∆ΦN = ∆k

(
R−1∑
j=1

∆rj −
N−1∑
j=R

∆rj

)

Making use of the following well-known properties of the variance:

V ar (aX − bY ) = a2V ar (X) + b2V ar (Y ) ,

V ar (
∑

iXi) =
∑

i V ar (Xi)

(6.9)

and considering that the following relation holds

V ar (∆rj) =
〈
δ∆r2

j

〉
=

∫
(r − 〈rj〉)2 p(r)dr = l2t , (6.10)

where the distribution p(r) describes the statistics of the path length r, which

corresponds to the Beer-Lambert law for the case of multiple scattering,
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we have

V ar (∆ΦN) = V ar
(

∆k
∑R−1

j=1 ∆rj −∆k
∑N−1

j=R ∆rj

)
= ∆k2V ar

(∑R−1
j=1 ∆rj

)
+ ∆k2V ar

(∑N−1
j=R ∆rj

)
= ∆k2

∑R−1
j=1 V ar (∆rj) + ∆k2

∑N−1
j=1 V ar (∆rj)

= ∆k2
∑N−1

j=1 V ar (∆rj)

= ∆k2l2t (N − 1) = ∆k2ltl

(6.11)

The variance of the phase difference have also a very simple form:

〈
δ∆Φ2

N

〉
= ∆k2ltl (6.12)

The average phase factor associated with each elementary step is then:

〈
ei∆Φ(l)

〉
= ei∆Φ

∫
P(Φ)ei(∆Φ−〈∆Φ〉) ∼= ei

〈∆Φ〉−〈δ∆Φ2〉
2 = ei

∆kl
2 e−

∆k2ltl
2 (6.13)

The dependence of the mean scattering time and diffusion coefficient can be

evidenced using the relation D = clt
3

, which leads to the following final form

for the average phase factor:

〈
ei∆Φ(t)

〉
= e

i 3D∆kt
2lt e−

3D∆k2t
2 (6.14)

Once the temporal dependence of this average factor is determined, the rele-

vant properties such as the diffused intensity may be simply obtained through

a Laplace transform as

γ ∝
∫ ∞

0

F (~r1, ~r2; t)
〈
ei∆Φ(t)

〉
dt =

∫ ∞
0

F (~r1, ~r2; t) e
− t
τd dt. (6.15)
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From equation 6.14 we see that the average phase factor affecting the total

vertex is a complex valued function characterized by two different contribu-

tions:

1) a fast oscillating term, with a characteristic time (length) period τd1 =
2lt

3D∆k
set by the average value 〈∆Φ〉 of the dephasing;

2) a slow exponentially decaying term, with a characteristic time (length)

constant τd2 = 2
3D∆k2 set by the mean square value (variance) 〈δ∆Φ2〉 of

the dephasing.

The combination of these two terms constitutes the coherence function for the

RCBS process, which allows us to define two linked dephasing lengths

ld1 = cτd1 =
2

∆k
(6.16)

and

ld2 = cτd2 =
2

∆k2lt
=
l2d1

2lt
(6.17)

as the characteristic lengths of the specific dephasing mechanisms. We notice

that ld2 sets a cut-off for long scattering paths, for which coherence of the

Raman signal is globally lost due to random fluctuations in the phase difference

between hybrid paths. On the other hand, ld1 represents a sort of phase-

matching length, allowing the coherent superposition of reciprocal hybrid paths

with both constructive and destructive interference contributions, depending

on their relative phase difference being close to 2nπ (in-phase paths) or close to

(2n+ 1)π/2 (out of phase paths). For ld1 > lt (a condition which is easily met

in strongly scattering materials) we have ld2 � ld1, and the resulting coherence

function is a damped cosine. This peculiar behaviour is shown in figure 6.10

plotting the real part of the RCBS coherence function calculated for typical

sample parameters used in this work.
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Figure 6.10: Plot of the real part of the global phase factor (coherence function)
for the RCBS process, calculated with the following values of parameters lt =
0.2µm, ∆k = 0.466µm−1, ld1 = 4.3µm, ld2 = 46µm.

6.2.2 Effect of dephasing on the enhancement factor

According the above discussion, we expect to observe the RCBS cone strongly

influenced by dephasing, which modifies the most crossed term of the bistatic

coefficient γc, describing the RCBS process, while leaves the ladder (incoherent)

γl term unchanged. In particular, that leads to a reduced enhancement factor

in the measured backscattered intensity.

Actually, the aforementioned effect of dephasing on the RCBS cone can be

evaluated using the expressions for the time integrated diffusion probability

(albedo) γ = γc + γl and including the coherence function, described in the

previous section, in the term γc only. If we include also the effect of the inelastic

length we have the following expressions:

γl ∝
∫ ∞

0

t−
3
2 e
− t
τi

(
1− e−

t
τt

)
dt (6.18)
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γc ∝
∫ ∞

0

t−
3
2 e
− 1

3
(kltψ)2 t

τt e−3D∆k2 t
2 cos

(
3D∆kt

2lt

)
e
− t
τi

(
1− e−

t
τt

)
dt (6.19)

where the term
(

1− e−
t
τt

)
has been added to cut-off the integrals at small

times. For convenience, we can express the integrals as a function of the

scattering path length, which for ψ = 0 (i.e. in the exact backscattering

direction) reads:

γl ∝
∫ ∞

0

l−
3
2 e
− l
li

(
1− e−

l
lt

)
dl (6.20)

γc ∝
∫ ∞

0

l−
3
2 e
− l

d2 cos

(
l

ld1

)
e
− l
li

(
1− e

l
lt

)
dl (6.21)

The calculation of these integrals allows us to estimate the enhancement factor
γc+γl
γl

as a function of the relevant parameters lt, li and ld1. Figure 6.11 shows

the enhancement factor ERaman, calculated using the above defined relations,

as a function of both li and ld1, normalized to the transport mean free path. As

expected, for a given value of li, ERaman increases by increasing the dephasing

length ld1. On the contrary, for a fixed value of ld1, the dependence of ERaman

on li shows the opposite trend, leading to a lower enhancement for a longer

li. This unusual behaviour is determined by the oscillating coherence function

(see figure 6.10) entering the integral expression of the bistatic coefficient,

which must be multiplied by the exponentially decaying function describing

the absorption. Indeed, for large values of li > ld1 this results in a strongly

damped cosine function, whose average value may be significantly different

from zero.

Searching for experimental confirmations, we pump sample 1 at three dif-

ferent laser wavelengths (488 nm, 532 nm and 785 nm). In this way, we span

the range for which silicon nanowire material shows inelastic scattering lengths

significantly different (between few microns and few tens of microns). More-

over, we further observe the RCBS enhancement (at 532 nm of wavelength) on

sample 1 after the variation of its scattering strength by introducing a silicone

oil (refractive index 1.46) into the interstices between Si NWs.
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Figure 6.11: Theoretical Raman enhancement plotted versus the dephasing
length ld1 (blue) and versus the inelastic length li (red), fixing li = 8.1 µm and
ld1 = 3.38 µm, respectively [64].

All the experimental data are resumed and shown in figure 6.12, where the

Raman backscattering signals (green dots) are compared to the corresponding

Rayleigh CBS cones (blue dots). It strikes one immediately as the Raman cones

display a more rounded tip and a lower enhancement factor, while a similar

shape is found at large scattering angles. The best fits to the experimental data

are indicated in figure 6.12 by the red lines, showing very good agreement in all

cases. These are obtained by means of a modified fitting function (equations

3.18), in which we introduce the two linked characteristic lengths ld1 and ld2 to

take in account of dephasing effects. Thus, the extinction coefficient becomes

κext C = l−1
t + l−1

i − il−1
d1 + l−1

d2 .

The introduction of these dephasing lengths implies a new expression for

the coefficient α in γc (equation 3.13):

α ≡
√
L−2
abs + L−2

d1 + L−2
d2 + q2

⊥ (6.22)
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where Ld1 =
√

ltild1
3

and Ld2 =
√

ltld2
3

are the two new additional diffusion

lengths. On the other hand, there is no variation in the expression of γl (equa-

tion 3.14), since it is evaluated at q⊥ = 0 and contains only the incoherent

background of CBS signal. Even the theoretical enhancement factor E = 1+ γc
γl

is set E = ERaman < 2 since γc
γl
< 1 in the Raman case. This expression for the

fitting function is particularly useful for RCBS because it allows us to extract

the value of the enhancement factor E = ERaman as a fitting parameter for

the backscattering cone excluding any spurious effect, which may reduce the

measured intensity.

Figure 6.12: CBS cones for Rayleigh (blue dots) and Raman (green dots)
scattering in sample 1 at different excitation wavelength: 488 nm (a), 532 nm,
without (b) and with silicone oil filling (c), and 785 nm (d). The continuous
red lines represents the best fitting curves [64].
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Therefore the free fitting parameters for Raman cones are ld1 and ERaman,

while lt and Leff are fixed to the values found in the Rayleigh case, whose the

fitting function is even defined as in equation 3.18. Note that ld2 = l2d1/2lt is

not a free parameter. Finally the inelastic scattering length li is maintained

fixed as in the case of Rayleigh CBS. The values of the relevant parameters

obtained for sample 1 and sample 2 in different experimental conditions are

summarizes in the table of figure 6.13. Here, we see that the values of ld1

determined from the best-fit are of the order of a few microns, while those of

ld2 are in the range of a few tens of microns, in agreement with the predicted

dephasing lengths calculated from ∆k and lt values in each case.

Figure 6.13: Table of parameters used in fitting procedures for respective CBS
and RCBS cones. Here are listed the parameters values used in the fitting pro-
cedures for all measurement sets. In order, we fixed the excitation wavelength,
the refractive index, the parameter a taking into account the internal reflection
at the boundaries and the inelastic mean free path. The refractive index and
the inelastic scattering length have been estimated by morphological analysis
(SEM) and EDX spectroscopy. We fit the Rayleigh cones by using the trans-
port mean free path and the effective thickness Leff as free parameters, while
we fixed them in the fitting procedures of Raman cones at the values obtained
in CBS case. We adopted the dephasing length ld1 and the theoretical Raman
enhancement ERaman as fitting parameters of RCBS cones, while we evaluated
the values of ld2 with the respective propagated errors [64].
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Moreover we observe that lower enhancement factors ERaman correspond

to lower dephasing lengths. However, a direct relationship between ld1 and

ERaman cannot be established without considering the effect of the inelastic

length li. Taking into account the effect of optical absorption, we can fi-

nally make a quantitative comparison of our experimental RCBS data with

the theoretically predicted values of the Raman enhancement in the presence

of dephasing, calculated by means of the model of section 6.2.2. This is re-

ported in figure 6.14, where an almost perfect agreement between theoretical

and experimental values of is found for all the measured samples. Notice that

significant Raman enhancement factors are only possible when ld1 > li, which

implies li values of the order of a few microns for typical vibrational frequencies

in solid-state materials (we recall that ld1 = 2∆k = 2c∆ω). The reason for

this unexpected behaviour must be found in the peculiar coherence function

governing the interference of multiply scattered Raman waves. Indeed, due to

its fast oscillations as a function of the scattering path length, the coherence

function would rapidly average out to zero in absence of optical absorption,

thus yielding a vanishing contribution to the coherent term of the backscat-

tered intensity with respect to the diffused (incoherent) one. On the contrary,

the presence of absorption leads to a cut-off of the integral at long scattering

paths for both the coherent and diffused contribution, thus making the coher-

ent part of the backscattered intensity to emerge over the diffused one.

In conclusion, our findings state the first strong experimental evidence for

a coherent Raman backscattering phenomenon, in close analogy with the co-

herent Rayleigh backscattering process, in strongly scattering materials. Here,

the coherent nature of the Raman scattering processes manifests for the first

time macroscopically in a bulk material through the observation of the coher-

ent backscattering intensity in the angle-dependent Raman emission [64]. This

occurrence establishes both the robustness of the coherent backscattering phe-

nomenon and a new sound starting point towards unexplored phenomena in

Raman scattering by disordered materials and non linear Raman effects that

could lead to random Raman gain evidences.
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6. Coherent backscattering of light from Si NWs

Figure 6.14: a) The Raman enhancement ERaman as a function of the dephasing
length ld1 (in units of lt) for different inelastic lengths li. The dots represent
the experimental data: sample 1 excited at 488, 532 and 785 nm (blue, green
and red dots, respectively), sample 1 filled with silicone oil and excited at 532
nm (orange dot) and sample 2 excited at 532 nm (black dot). b) Contour plot
of the theoretical ERaman as a function of ld1 and li, both represented in units
of lt on logarithmic scales. White dots indicate experimental values [64].
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Chapter 7
Conclusions and future

perspectives

This thesis reports on the studies of the light scattering from disordered tex-

tures with high aspect ratio of roughness profile, that I carried out during my

PhD in the Photonics and Nanostructures group at the Physics Department

of the University of Pavia. The underlying theme of my research has been the

enhancement of light scattering by coherent propagation of light into deep tex-

tured surfaces fabricated by auto-organized lithography processes, which are

in principle scalable to large areas and make the optical properties of textures

very robust against fabrication imperfections. In this thesis, I discuss how the

optical properties, which these textures show in the whole visible range of the

electromagnetic spectrum, are enhanced by strong light scattering. Indeed, I

argue that such scattering is activated by the coexistence of order and disorder,

which characterizes texture morphologies realized by means of auto-organized

fabrication processes.

The aforementioned reasons motivate the research interests for auto-organized

textured substrates. In fact, such substrates provide enhanced light-matter

interactions on large areas, which are required in devices for sensing and pho-

tovoltaic applications. This point of view is elaborated in chapter 1.

The general goal of this thesis is to relate the enhanced of light scattering

to the surface morphology of investigated samples. For this reason, chapter 2

presents a theoretical overview of elastic scattering of light, highlighting how

the relative length scale of scatterers determines the scattering regime.
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7. Conclusions and future perspectives

In my investigations, particular attention has been paid to experimen-

tal characterization of the angle resolved scattering (ARS) and to the anti-

reflection properties of textures. To perform angle-resolved measurements we

have used a home-made setup, described in chapter 3, which I contributed to

build during the first year of my PhD.

Some results emerging from our experimental investigations have a wider

breath than the initial aims, as it often happens in fundamental research. In

particular, this is the case of the new fascinating phenomena emerging from

the experimental investigations of coherent backscattering of light.

The main results of this thesis are summarized below.

Chapter 4 reports on experimental investigations of light scattering proper-

ties of a nanotextured substrate fabricated at the University of Genova in the

group of F. Buatier de Mongeot by a self-organized procedure based on defo-

cused Ion-Beam Sputtering (IBS). The sample surface characterized by means

of statistical analysis of the texture profile shows a complex surface morphol-

ogy, which combines a sub-micrometric random roughness with a deep and

elongated pseudo-periodic pattern. Since we aimed to demonstrate the re-

markable optical properties of this new substrate especially applied to thin-

film SCs technology, we performed a comparison between our substrate and

the Asahi-U glass, which is a textured substrate commonly employed for the

fabrication of thin-film SCs.

We characterized the optical properties by means of both integrating sphere

and ARS measurements of scattered light in transmission. The results of these

experiments show a strongly improved Haze (ratio of diffused light on the to-

tal one) for the proposed self-organized texture with respect to that of the

Asahi-U glass, which is remarkable considering that our texture is 1D while

the Asahi-U texture is 2D. In principle, a more complete investigation should

be done by measuring scattering at all angles of incidence and for all orien-

tations of the incidence plane, although the conclusions given above are not

expected to be modified. Both wavelength- and angular- dependence of the

ARS are explained in terms of the morphological nature of the investigated

substrate, finding agreement with that expected for Mie (Tyndall) scatter-

ing from a rough substrate. In fact, the ARS measured on our sample is
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broadly similar to those of an isotropic (Lambertian) scatterer, but in addi-

tion it displays angular peaks that we call super-Lambertian. These peaks are

a consequence of the pseudo-periodic nature of ripples, as derived from the

height-height correlation function. Therefore, the angular distribution of the

scattering has a diffusive part related to the roughness and a diffractive part

that follows from the pseudo-periodic nature of the nanotextured surface. The

scattering properties of this nanotextured substrate follow from the complex

nature of the surface morphology, which includes random roughness with sub-

micrometric correlation length as well as some degree of 1-dimensional periodic

ordering. That is a good example of how the combination of randomness and

order in a texture gives rise to peculiar features in the light scattering, which

have interesting applications for the light-trapping in thin-film SCs.

More generally, the enhancement of a photon-to-electron conversion in the

active medium is an appealing goal also for crystalline SCs. This is achievable

by means of a light-trapping strategy, among which the surface texturing of

SC is one of the most effective. In this case it is possible to realize the texture

directly on the absorbing layer. For this scope, the IBS technique is also suited

despite the hardness of the crystalline nature of layers.

In chapter 5 we have investigated a different light-trapping scheme, which

is based on multiple scattering of light. Here the texture consists in an array

of vertically aligned densely packed silicon nanowires (Si NWs) realized at the

CNR-IMM institute in Messina and Catania (group of A. Irrera and F. Priolo)

by means of a metal-assisted wet etching process. The latter is an inexpen-

sive and industrially-compatible fabrication method, in which gold or silver

nanoparticles act as precursors in the erosion of silicon. The resulting textures

have a novel planar random geometry, whose fractal characteristics determine

the fascinating optical properties we have investigated. The NW samples show

total reflectance values around 1% in whole visible spectrum, which goes down

to 0.1% when the incident wavelength matches the maximum heterogeneity size

exhibited by the arrangement of Si NWs. We relate this high light-trapping

efficiency to multiple scattering propagation of radiation in the array plane,

which is promoted by a dense fractal arrangement of the NWs. The very

low measured reflectance values place the investigated structures among the
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7. Conclusions and future perspectives

most appropriate silicon-based architectures for applications in which a strong

light-matter interaction is required (like photonic sensing, photovoltaic and

photo-catalysis devices). Moreover, the internal multiple scattering processes

are also responsible for a strong photoluminescence scattering from the Si NW

array. This could open the way towards a number of new photonic applications

of silicon as a light source. Furthermore, these samples have an enhancement of

Raman emission due to multiple scattering processes. We have demonstrated

the dependence of this Raman enhancement on the lacunarity of the fractal

morphology of the samples.

Chapter 6 reports on investigations of coherent backscattering of light

(CBS), which we have performed on Si NW samples. In fact, we expected

the occurrence of CBS of light in Si NW samples because of the strong scat-

tering properties of Si NWs and the multiple scattering of light established

in the NW array. The enhancement of the Rayleigh light in backscattering

direction results from the typical conical shape of the angle resolved scatter-

ing. Therefore we have explored the angular dependence of backscattered light

from two Si NW samples, which differ in morphology. Actually the CBS cones

of our NW samples show a much larger FWHM than that observed in common

turbid media. Such a result indicates that light travels a mean distance into

NW arrays, which is much shorter than the length of the mean optical path.

The experimental data have been fitted by the finite slab model for the CBS

of light, whose parameters characterize the phenomenon. The latter observa-

tion is a further confirmation of the strength of light scattering in our Si NWs

and, moreover, it provides an estimation of light trapping taking place into our

samples.

Furthermore, we have provided the first experimental observation for the

coherent nature of spontaneous Raman scattering at a macroscopic length

scale in a bulk material (whereas it typically occurs on a nanometer length

scale). In fact, because of the aforementioned evidences of Raman enhance-

ment mediated by multiple scattering of light, we characterized the angular

dependence of the Raman emission intensity searching for coherent back scat-

tering evidences in analogy to that of Rayleigh light. In the second part of

chapter 6, we theoretically explain the appearance of a CBS cone for Raman

102



light by means of a reciprocal hybrid Rayleigh-Raman paths model, for which

optical coherence is provided by both the symmetry of the Raman tensor and

the short dwell time of light inside the material. Actually the Raman CBS

cones appear lower and flatter than Rayleigh ones. In order to account for

this phenomenon in a quantitative way, we have extended the classical the-

ory of CBS to the case of Raman light, considering the Stokes shift in the

diagrammatic expansions of Green functions. In fact a certain dephasing is

accumulated between wave functions of the reciprocal paths, which are now

generally asymmetric because of the scattering event of Raman light genera-

tion. We have statistically treated the dephasing for all possible combinations

of reciprocal paths in order to obtain a single dephasing factor, which globally

affects the bistatic factor determining the CBS enhancement. We highlight

that this global dephasing factor presents an oscillating exponential in addi-

tion to classical damping. This new theory, developed in collaboration with

the group of D. Wiersma in Florence, perfectly matches our experimental ob-

servations as demonstrated by the very good agreement between the data and

the modified finite slab model used for fitting. In this model, the effects of

the global dephasing factor are described by introducing two new character-

istic (dephasing) lengths, which depend on the Stokes shift. Finally, we have

studied the trend of this new model with the characteristic lengths of the sys-

tem. Surprisingly, an appreciable enhancement of Raman CBS is determined

by the presence of absorption in the system, whose associated characteristic

(inelastic) length has be comparable to the shorter of two dephasing lengths.

Otherwise the oscillating nature of the global dephasing factor averages the

enhancement of Raman CBS to zero.

I am going to conclude my thesis talking about feature perspectives of the

aforementioned research, whose themes encompass the study of texture mor-

phologies and optical properties, as well as the theoretical correlation between

these two.

From the point of view of texture morphology, we highlight that the pre-

sented light scattering performances are obtained in spite of the low dimen-

sionality of the textures, i.e., one-dimensional for the textured glass and two-

dimensional for the Si NW arrays. Therefore we believe that scattering strength

103



7. Conclusions and future perspectives

of textures could be further improved by developing fabrication techniques,

which enable a three-dimensional shaping of textures. Nowadays the fabrica-

tion of similar complex photonic structures needs several lithographic stages

to merge random and periodic patterns. We stress that the self-organized

nanopatterning approaches, described in this thesis, are potentially scalable

to larger scales employing conventional industrial equipment. The use of such

substrates can prove useful for light trapping applications in which strong and

broadband light-matter interaction is required.

Particularly the IBS textured glass allows the growth of transparent elec-

trodes to be employed in solar water splitting applications or in the superstrate

configuration growth of thin-film SCs [78]. An even greater improvement of Jsc

is expected using crystalline or micro-crystalline silicon, as their lower band

gap allows for a higher enhancement of absorption in the near-infrared spectral

range. More in general, the ability to form high aspect ratio textured patterns

at the interfaces of low cost materials will prove of interest in a broad range

of applications involving e.g. the confinement of metallic nanostructures for

plasmonics, controlled wettability and adhesion, etc. Unfortunately the real-

ization of deep roughness is difficult because of the concomitance of hardness

(and, when applicable, amorphous nature) of silicon. A breakthrough may

come from the metal-assisted wet etching technique, which allows to realize a

very high aspect ratio texture in silicon.

Finally, we remark that such deep textures have demonstrated enhanced

optical properties due to the very strong scattering strength, which is typically

considered a prerequisite for light localization. However the observation of

such a subtle phenomenon needs further investigations. For this purpose we

envisage the implementation of a Monte Carlo model to theoretically treat the

light propagation into our samples and to compare it with ad-hoc experiments.
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ravov, and Angela Duparré. Effects of interface roughness on the spectral

properties of thin films and multilayers. Appl. Opt., 42(25):5140–5148,

Sep 2003.

[41] H E Bennett and J O Porteus. Relation between surface roughness and

specular reflectance at normal incidence. J. Opt. Soc. Am., 51(2):123–

129, Feb 1961.

[42] Alexei A Maradudin. Light scattering and nanoscale surface roughness.

Springer Science & Business Media, 2010.

[43] Wei-Lun Min, Bin Jiang, and Peng Jiang. Bioinspired self-cleaning an-

tireflection coatings. Advanced Materials, 20(20):3914–3918, 2008.

[44] Pete Vukusic and J Roy Sambles. Photonic structures in biology. Nature,

424(6950):852–855, 2003.

[45] Ralf Lenke and Georg Maret. Multiple scattering of light: Coherent

backscattering and transmission. In Wyn Brown, editor, Scattering in

polymeric and colloidal systems, pages 1–71. Gordon & Breach, Amster-

dam, 2000.

[46] Diederik S Wiersma. Light in strongly scattering and amplifying random

media. PhD Thesis University of Amsterdam, 1995.

[47] Sajeev John. Localization and absorption of waves in a weakly dissipative

disordered medium. Phys. Rev. B, 31:304–309, Jan 1985.

[48] Diederik S Wiersma, Paolo Bartolini, Ad Lagendijk, and Roberto Righ-

ini. Localization of light in a disordered medium. Nature, 390(6661):671–

673, 1997.

[49] Mordechai Segev, Yaron Silberberg, and Demetrios N Christodoulides.

Anderson localization of light. Nature Photonics, 7(3):197–204, 2013.

109



BIBLIOGRAPHY

[50] Diederik S Wiersma. The physics and applications of random lasers.

Nature physics, 4(5):359–367, 2008.

[51] Yasuo Kuga and Akira Ishimaru. Retroreflectance from a dense distri-

bution of spherical particles. J. Opt. Soc. Am. A, 1(8):831–835, Aug

1984.

[52] Meint P Van Albada and Ad Lagendijk. Observation of weak localization

of light in a random medium. Phys. Rev. Lett., 55:2692–2695, Dec 1985.

[53] Costanza Toninelli. Light transport in photonic structures: interplay

between order and disorder. PhD Thesis University of Florence, 2007.

[54] E Larose, L Margerin, B A van Tiggelen, and M Campillo. Weak local-

ization of seismic waves. Phys. Rev. Lett., 93:048501, Jul 2004.

[55] C Fort, L Fallani, V Guarrera, J E Lye, M Modugno, D S Wiersma, and

M Inguscio. Effect of optical disorder and single defects on the expansion

of a bose-einstein condensate in a one-dimensional waveguide. Phys. Rev.

Lett., 95:170410, Oct 2005.

[56] Eric Akkermans and Gilles Montambaux. Mesoscopic physics of electrons

and photons. Cambridge University Press, 2007.
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Abstract: Coherent backscattering of light is observed when electromagnetic

waves undergo multiple scattering within a disordered optical medium. So

far, coherent backscattering of light has been studied extensively for elastic

(or Rayleigh) light scattering. The occurrence of inelastic scattering affects

the visibility of the backscattering effect by reducing the degree of optical

coherence in the diffusion process. Here, we discuss the first experimental ob-

servation of a constructive interference effect in the inelastically backscattered

Raman radiation from strongly diffusing silicon nanowire random media. The

observed phenomenon originates from the coherent nature of the Raman scat-

tering process, which typically occurs on a scale given by the phonon coherence

length. We interpret our results in the context of a theoretical model of mixed

Rayleigh–Raman random walks to shed light on the role of phase coherence in

multiple scattering phenomena.
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Abstract: We investigate the scattering properties of a novel kind of nano-

textured substrates, fabricated in a self-organized fashion by defocused ion

beam sputtering. These substrates provide strong and broadband scattering

of light and can be useful for application in thin-film solar cells. In particular,

we characterize the transmitted light in terms of Haze and Angle-Resolved

Scattering, and we compare our results with those obtained for the commonly

employed Asahi-U texture. The results indicate that the novel substrate has

better scattering properties compared to reference Asahi-U substrates. We

observe a super-Lambertian light scattering behavior in selected spectral and
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1-dimensional periodic pattern.
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Abstract: We report on the unconventional optical properties exhibited by a

two-dimensional array of thin Si nanowires arranged in a random fractal geom-

etry and fabricated using an inexpensive, fast and maskless process compatible

with Si technology. The structure allows for a high light-trapping efficiency

across the entire visible range, attaining total reflectance values as low as 0.1%

when the wavelength in the medium matches the length scale of maximum

heterogeneity in the system. We show that the random fractal structure of

our nanowire array is responsible for a strong in-plane multiple scattering,

118



BIBLIOGRAPHY

which is related to the material refractive index fluctuations and leads to a

greatly enhanced Raman scattering and a bright photoluminescence. These

strong emissions are correlated on all length scales according to the refractive

index fluctuations. The relevance and the perspectives of the reported results
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significantly reduces absorption of sunlight. In this regard, engineering the
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layer and to maximize the absorption. In this work, we experimentally investi-

gate the scattering properties of one-dimensional rough substrates that provide
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substrates have superior scattering properties with respect to the commonly
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(ARS) and haze of the light transmitted through the rough texture.
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