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1 1 

Introductio n n 

Thiss thesis describes an experimental study of the propagation of light in disordered scat-
teringg media. In an intensive search for Anderson localization of light in 3D systems, 
strongly-scatteringg samples of high refractive index semiconductors have been studied. In 
thiss chapter a general introduction to light localization is given, starting from the basis of 
singlee and multiple scattering (sections 1.1 and 1.2). Weak localization and interference in 
randomm media are explained in section 1.3. In section 1.4 a simple picture of localization 
andd the role of the dimensionality are given. A summary of the history of localization can 
bee found in section 1.5. The reasons why it is difficult to localize light are discussed in 
sectionn 1.6. A short summary of the chapters of this thesis is given in section 1.7. 

1.11 Singl e scatterin g 

Thee propagation of light in a homogeneous material is simple: light propagates in 
straightt trajectories. Eventually, optical absorption may occur and the light inten-
sityy decays exponentially as the wave travels in the medium. If the wave encoun-
terss an inhomogeneity it is scattered, which means that its direction of propagation 
changes.. An inhomogeneity or scatterer can be an atom with polarizability <p, or a 
particlee of refractive index n, or a density fluctuation in a liquid or gas. The scat-
teringg cross section of the scatterer as is defined as the amount of light removed 
fromm the incident beam by scattering. 

DependingDepending on the size of the scatterer r relative to the wavelength Ao, the scat-
teringg can be classified in three different types: Rayleigh scattering, Mie scattering, 
andd geometrical-optics scattering. 

Rayleighh scattering is the scattering by particles much smaller than the optical 
wavelength,, like for instance atoms and molecules. In this regime the scattering is 

9 9 



10 0 CHAPTERR 1: INTRODUCTIO N 

veryy inefficient and the cross section is given by [3] 

C7SS = - T t C p 2 ^ , ( 1 . 1) 

wheree <p is the polarizability and the wave vector in vacuum is given by k0 = IU/XQ. 

Iff  the size of the scatterer is of the order of the wavelength as is maximal. This 
regimee is known as Mie scattering. The determination of the Mie cross section 
iss far from trivial, and it can be calculated numerically with relative ease only for 
objectss with a high degree of symmetry, as spheres or cylinders [4,5]. In general, 
ass is larger when the refractive index contrast m between the scatterer and the 
surroundingg medium is higher. 

Iff  the size of the scatterer is much larger than the wavelength its scatter-
ingg cross section is equal to two times its geometrical cross section. This is the 
geometrical-opticss regime, and the scattering is described by Snell's law [6]. 

Thee three scattering regimes are depicted in Fig. 1.1. In this figure the quality 
factorr (or ÖS normalized by the geometrical cross section) is plotted as a function of 
thee size parameter defined as 2nr/Xo. This example corresponds to a germanium 
spheree in air (m — n/n0 = 4.1). In the Mie scattering regime (r ~ XQ) the cross 
sectionn presents a rich resonant structure, and it is up to 12 times larger than geo-
metricall  cross section. For r <C Xo, as scales with X~4, and for r^>Xo,as converges 
t oo 2JC7-2. 

1.22 Multipl e scatterin g 

Thee scattering mean free path £s in a medium is definedd as the average distance be-
tweenn two consecutive scattering events. If the medium is larger than £s the single-
scatteringg approximation is not valid. Multiple scattering takes place. Depending 
onn the arrangement of the scatterers, two limiting cases of multiple-scattering me-
diaa can be discerned: crystals on one side and random or disordered media on 
thee other. In this thesis a photonic material is defined as a medium that strongly 
scatterss light. 

AA photonic crystal is a periodic structure of (usually two) different dielectric 
materials,, with a lattice parameter of the order of the wavelength of light. Photonic 
crystalss were first devised by E. Yablonovitch [7] and S. John in 1987 [8]. Light in 
suchh a structure is multiply scattered due to the periodic variation of the refractive 
index.. This causes a splitting of the bands at the edges of the Brillouin zone called 
stopp gaps. Light with energy equal to the energy of the stop gap can not propagate 
inn the photonic crystal, and it is reflected according to Bragg's law [9]. A stop gap 
thatt exists for all directions is called a band gap. The feasibility to create a photonic 
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Figuree 1.1: 
Qualityy factor, defined as the 
scatteringg cross section as nor-
malizedd by the geometrical 
crosss section nr2, plotted ver-
suss the size parameter Inrfko 
off  a germanium (n — 4.1) 
spheree in air n0 = 1. For r <C X<, 
(Rayleighh scattering) the qual-
ityy factor scales with X~A. If 
rr  ~ Xo (Mie scattering) the scat-
teringg cross section is maximal 
att the resonances. If r » Xo 
(geometrical-opticss scattering) 
thee quality factor converges to 
2. . 

crystall  with a band gap has been demonstrated for microwave radiation [10]. A 
greatt experimental challenge is to make a crystal with a photonic band gap at 
opticall  wavelengths. 

Three-dimensionall  photonic crystals can be formed by self-assembly of col-
loids.11 Ordered colloids surrounded by air are called opals. If the air voids of an 
opall  are filled with another material and the colloids are removed, by for instance 
calcinationn or etching, an inverse photonic crystal is formed [12,13]. 

Apartt from the multiple applications that photonic crystals have and are ex-
pectedd to have (superprisms [14], microcavities [15], waveguides [16], optical 
fibersfibers [17], efficient light sources [18]), a photonic band gap will lead to excit-
ingg fundamental phenomena as the inhibition of spontaneous emission [7]. The 
realizationn of a photonic band gap material depends on the crystal structure, and 
onn the refractive index contrast between the dielectric materials; for instance, for a 
face-cube-centeredd (fee) inverse crystal a refractive index contrast larger than 2.8 
iss required [19]. 

AA disordered medium has a random distribution of scatterers. Multiple scat-
teringg of light in random media is a phenomenon encountered daily: clouds, milk, 
sand,, paper are some examples. The photonic or scattering strength in a disor-
deredd scattering medium is described by the inverse of the localization parameter 

*Manyy other techniques to produce 3D photonic crystals have been developed. For a review see 
Ref.. [11]. 
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k£k£ss (also known as the Ioffe-Regel parameter [20]), 

In In 
k£k£ss = —njs, (1.2) 

wheree k is the wave vector in the medium, and ne is the effective refractive index 
off  the medium. 

Thee scattering mean free path is, to a first approximation (independent-scattering 
approximation),, given by 

1 1 
44 = — , (1.3) 

P<7s s 

wheree p is the density of scatterers and os is the average scattering cross section. 
Inn a weakly-scattering medium k£s > 1. The photonic strength can be increased 
byy reducing £&, which is achieved by maximizing the scattering cross section. 

Inn the weak-scattering limit, that is when the scatterers density is low, and/or 
whenn the scattering cross section is small, the transport of light is well described 
byy the diffusion equation. The wave diffuses in the medium as electrons do in a 
disorderedd metal. The main approximation of the diffusion approach is to neglect 
anyy interference of the wave propagating along different paths. When the scatter-
ingg becomes strong, interference plays an important role. If the scattering is strong 
enoughh light can be spatially localized, which means that it can not propagate. 
Thiss occurs when k£s~l, which is known as the Ioffe-Regel criterion of localiza-
tionn [20]. In sections 1.3 and 1.4 a simple picture of the role of interference and its 
connectionn to localization is given. 

Similarr to photonic crystals, direct and inverse random media can be real-
ized.. A direct medium or disordered opal consists of a powder of particles in air; 
whilee an inverse random media is a sponge like material in which air voids are 
surroundedd by the material with high refractive index. 

Figuree 1.2 (a) shows a scanning-electron-microscope (SEM) photograph of an 
inversee photonic crystal of titanium dioxide Ti02. The SEM photograph 1.2 (b) 
correspondss to an inverse random medium formed by electrochemical etching of 
galliumm phosphide (GaP). The formation of porous GaP is described in chapter 5. 

1.33 Weak localizatio n 

Thee concepts discussed in this and the next sections are general to any kind of 
wave.. Therefore, they are applicable not only to light but also to quantum waves as 
electronss or to any classical wave as electromagnetic radiation or acoustic waves. 
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Figuree 1.2: (a) SEM photograph of an inverse photonic crystal. The white regions cor-
respondd to TiÜ2. The dark spots are the contact points between the colloids that formed 
thee opal before the infiltration with TiÜ2. These colloids were calcinated after the infiltra-
tion.. Photo by courtesy of L. Bechger. (b) SEM photograph of an inverse random medium 
formedd in GaP. The black regions are holes created by electrochemical etching. 

Thee microscopic description of the wave propagation in a random medium 
requiress the solution of the appropriate wave equation, such as the Schrödinger 
equation,, the Maxwell's equations or the acoustic-wave equation. In order to ob-
tainn this solution the precise location of all the scatterers and their scattering prop-
ertiess need to be known. Of course, this is an impossible task. 

Byy using the diffusion equation a great simplification is achieved in the macro-
scopicc description of the wave propagation [22], i.e., on length scales larger than 
if.if. The main approximation that the diffusion approach does is to neglect any 
interferencee effect. 

Thee essence of the diffusion approximation can be captured by looking at the 
averagee intensity (7AB) i n a point B produced by a source located at A, as it is 
depictedd in Fig. 1.3 (a). By average intensity is meant the ensemble average or the 
intensityy averaged over all possible positions of the scatterers. 

Thee wave can propagate along many different optical paths. For clarity, in 
Fig.. 1.3 (a) only two of these paths are represented. It is important to realize that 
whenn a plane wave is incident on a scatterer, a spherical wave emerges from it. The 
liness representing the optical paths in Fig. 1.3 correspond to the wave vector of the 
scatteredd waves. The intensity at point B is calculated by multiplying the sum of 
thee complex amplitudes E of the wave propagating along all possible optical paths 
byy its complex conjugate 

</AB>> = d>i>;> = (£W)+<EE*B?) *  <E*E?) = <I»
ii  j i i fêi i i 

(1.4) ) 
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Thee term Y.i^iE* corresponds to amplitudes that propagate along the same path i. 
Thee term L / ^ y / f ^ accounts for the interference of the amplitudes propagating 
alongg different paths. This interference contribution depends on the difference in 
thee length of paths i and j . For a path length difference of nX, with n = 0,1,2... 
andd X the wavelength in the medium, the two amplitudes interfere constructively; 
whilee if the path difference is (2n+ l)A./2 the interference is destructive. 

Inn a real system there are many possible optical paths, and the interference 
termm leads to the characteristic speckle pattern that can be observed on the trans-
mittedd or reflected light. Speckles are the bright and dark spots formed by the scat-
teredd light and they give to the transmission and reflection its granular aspect [23]. 
Iff  the intensity /AB is averaged over all possible realizations of the disorder, the in-
terferencee term or speckle vanishes. This vanishing of the speckle occurs because 
onn average the interference term cancels out since the contribution of constructive 
andd destructive interference are equal. Neglecting the interference term in Eq. (1.4) 
thee average intensity (/AB) is the sum of the intensities of the waves diffusing along 
differentt paths. Therefore, the diffusion approximation does not make any distinc-
tionn between diffusing particles or wave intensities. The wave diffuses in a 3D 
mediumm with a diffusion constant 

0BB = iv e*B , (1.5) 

wheree ve is the energy velocity or the rate at which the energy is transported [24, 
25],, and £B is the Boltzman mean free path or the length over which the direction of 
propagationn of the wave is randomized by scattering in the absence of interference. 

However,, in a random medium there is always an interference contribution 
thatt survives (even for weakly-scattering media) the averaging over different con-
figurationsfigurations of the disorder. This interference originates from closed paths [26] as 
thee one plotted in Fig. 1.3 (b). For each closed path a wave emitted at the source 
AA can return to the same point after propagating along two reversed paths, I and II 
inn Fig. 1.3 (b). These paths are called time-reversed paths. The returning probabil-
ityy or average intensity at the source after the wave has propagated in the random 
mediumm is 

</AA>> = <££.*;> + <L I E,EJ) + (£Eft) =*  2 ) = 2<£/,>. 

(1.6) ) 

Thee first term is the same as in Eq. (1.4). The second term accounts for the inter-
ferencee of the amplitudes propagating along different paths, except for the time-
reversedd ones. Because of the same argument as before, the interference term is 
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(a)) two possible paths (I and II) ^ <j£^^ V» J J 
inn a random medium between a 'y \ 
sourcee located at A and B. (b) v ^ " }  | \ f  0 

aa path (I) and its time reversed IP** - ^\J 
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negligible.. The £/=,/ £,-£J term corresponds to the intensity due to waves propa-
gatingg along the time-reversed paths i and i'. The difference between the lengths of 
time-reversedd paths is zero, i.e., the interference is constructive, and the amplitudes 
aree equal. All this makes that the intensity at the source is two times larger than 
expectedd on the basis of neglecting the interference. This effect is called weak 
localization,, since it is believed to be the precursor of Anderson localization or 
strongg localization (see section 1.4). 

Thee main influence of weak localization on transport of the wave is the renor-
malizationn of the diffusion constant [28]. If the probability for the wave to return 
too the source is higher than the probability to diffuse away, the diffusion constant 
iss reduced. The renormalization of the diffusion constant can be expressed as 

DB>D=^vDB>D=^veee,e, (1.7) 

wheree £ is the transport mean free path or length over which the direction of prop-
agationn of the wave is randomized by scattering in the presence of interference. 
Weakk localization is a stationary process, and the renormalization of the diffusion 
constantt should be interpreted as a renormalization of the Boltzman mean free 
path. . 

1.44 Anderso n localizatio n 

Localizationn was introduced by Philip W. Anderson in his famous article absence 
ofof diffusion in certain random lattices [29]. Anderson localization can be defined 
ass D = 0 or equivalently I = 0. Following the discussion of the preceding section, 
localizationn occurs when the diffuse transport breaks down due to interference of 
wavess propagating along time-reversed paths, i.e., when the wave returns to the 
source.. When a wave is localized, its ensemble-average intensity decays exponen-
tiallyy with the distance to the source L and with a characteristic length given by the 
localizationn length \, 

</ ) -exp( -LA).. (1.8) 
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Inn this thesis only ensemble-average quantities are investigated. Therefore, the 
symbolss () will be omitted in the following. 

Andersonn localization is a phase transition between propagating states and 
localizedd states. As the important length scale for interference effects is the wave-
length,, A.F. Ioffe and A.R. Regel proposed that when the scattering mean free path 
iss comparable to X, it should not be possible to describe classically the wave trans-
portt [20]. They established that the transition between the extended and localized 
statess in a 3D infinite system formed by isotropic scatterers occurs when 

k£k£ss~l.~l. (1.9) 

Equationn (1.9) is known as the Ioffe-Regel criterion for localization. The validity 
off  the Ioffe-Regel criterion has been confirmed with more rigorous theories [30, 
31]. . 

Att this point it is worthwhile to stress the difference between the scattering 
andd the transport mean free paths. The scattering mean free path 4 is the average 
distancee between scattering events. The transport mean free path £ is the average 
distancee necessary to randomize the direction of propagation of the wave by scat-
tering.. In the absence of interference the transport mean free path is called the 
Boltzmann mean free path ^B- If the scattering is anisotropic, one scattering event is 
nott enough to randomize the direction of the propagation; in other words, one scat-
teringg event does not fully convert the ballistic propagation of the wave into diffuse 
propagation.. The number of scattering events required for a full conversion in a 
non-absorbingg medium is 

TTss
==  l~(cos$)  ( U 0 ) 

wheree (costf) is the average of the cosine of the scattering angle [32]. Thus £s < £Q, 
andd both mean free paths are equal only for isotropic scatterers, i.e., if (costf) = 0. 

Duee to interference in strongly-scattering media, £B is renormalized to £ [28, 
30].. In Fig. 1.4 the scattering and transport mean free paths of a system formed by 
isotropicc scatterers are represented as a function of the disorder, which is defined 
ass £~l. As can be appreciated, for a low degree of disorder 4 = £. Close to the 
localizationn transition, indicated with an arrow in Fig. 1.4, £ becomes smaller than 
4-- If the Ioffe-Regel criterion is satisfied £ = 0, and light is localized. 

Oftenn one can find in literature that the criterion for localization is k£ ~ 1. This 
iss not correct since a non-zero £ means that transport is possible. The source of this 
confusionn is probably due to the experimental difficulties to obtain 4 in a strongly-
scatteringg medium. As £ can be readily extracted from enhanced-backscattering 
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Figuree 1.4: 
Scatteringg (£8) and transport (£) 
meann free paths of light in a 
randomm medium plotted as a 
functionn of the disorder or the 
inversee of the scattering mean 
freee path. The system is formed 
byy isotropic scatterers. Close to 
thee localization transition (ls ~ 
l/k),l/k), £ becomes smaller than 
L.L. At the transition £ = 0. 

MLML  (disorder) 

measurementss or from total-transmission measurements, k£ is incorrectly taken as 
thee localization parameter. 

Thee dimensionality plays a crucial role in localization. The following simple 
descriptionn of localization gives an idea of its main features and the role of the 
dimensionality.. According to the diffusion equation, the energy density at place R 
andd time t of a wave emitted from a point source in an infinite medium is [33] 

W ^ 0 = ( 4 i ^ e X p [ - / ? 2 / ( 4 D 0 ] ' ' 
(1.11) ) 

wheree d = 1, 2 or 3 is the dimensionality. The returning probability can be ex-
pressedd as 

limm / t/d(0,f) = lim / (1-12) ) 

Thee lower integration limit of Eq. (1.12) should be replaced by the transport mean 
freefree time T = £2/D. At t < x it does not make sense to speak about diffusion since at 
thiss time scale the wave propagation is ballistic. If the returning probability is used 
too calculate interference contributions, the upper limit of integration of Eq. (1.12) 
shouldd be replaced by the dephasing time xp — Lj/D , where Lp is the dephasing 
length.. Several dephasing mechanisms will be discussed later. Interference of 
wavess propagating along time-reversed paths can not occur on time and lengths 
scaless larger than xp and Lp. Integration of Eq. (1.12) gives 

/ ' ' 
f/d(o, 00 = < ;d;d = 2, (1-13) ) 

ï£jïD\tï£jïD\t ipj ; < * - 3 
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Iff  Lp — oo, the returning probability diverges in ID and 2D systems, which 
meanss that the wave is always localized independently of the degree of disorder. 
Localizationn of classical waves has been observed in ID and 2D systems [34-38]. 

Forr d = 3, the returning probability is finite. This probability is larger if £ is 
small,, i.e., when the disorder is large. In 3D systems localization is only possible 
iff  the disorder is high enough. 

Theree are several dephasing or phase-breaking mechanisms. For instance, the 
finitefinite size of the sample will cut off long paths, preventing them to interfere. If the 
samplee is smaller that the localization length %, the wave can propagate through 
thee system. Theoretical [39] and experimental [38] studies in quasi-ID systems 
orr waveguides, have shown the change in the wave transport as a function of the 
waveguidee length. 

Ann important phase-breaking mechanism in electronic systems is the electron-
electronn interaction, which complicates the study of the localization transition. The 
photon-photonn interaction is negligible, making optical systems more suitable for 
thiss study. 

AA characteristic of classical waves is absorption. Since the number of electrons 
iss conserved, absorption is absent in electronic systems. Absorption preserves 
thee phase coherence of the wave. Therefore, it has been argued that absorption 
onlyy introduces trivial effects and does not alter the essential behaviour of the 
transportt [40,41]. However, since absorption removes paths that are longer than 
thee absorption mean free path 4 (see section 2.1), preventing them to interfere, it 
iss believed that it strongly affects the localization of classical waves and ultimately 
destroyss it [42,43]. 

Itt is certainly very interesting the study of the competition between localiza-
tionn and absorption, but special care has to be taken in absorbing systems since 
experimentss can be misinterpreted. For instance, a transmission that decays ex-
ponentiallyy with the sample thickness can be due to strong localization in a non-
absorbingg medium, or to classical diffusion in an absorbing medium, or to a com-
binationn of both effects. 

Thee opposite effect to absorption is gain. Random lasers are disordered media 
withh optical gain, and they were first described by Letokhov in 1968 [44]. Af-
terr the work of Lawandy et al in 1994 [45], random lasers have attracted great 
experimentall  and theoretical interest [46-53]. 

Recently,, it has been claimed Anderson localization in random lasers from the 
observationn of narrow peaks in the fluorescence spectra [54-60]. This claim has 
beenn questioned due to the weakness of the scattering in the studied samples [61]. 
Alternativee explanations for these observations have been proposed [61,62]. 
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1.55 The histor y of localizatio n 

Localizationn was introduced in 1958 by Philip W. Anderson in the context of elec-
tronicc propagation in disordered metals [29]. Anderson considered the solutions 
off  the one-electron Schrödinger equation. For a perfect crystalline solid the elec-
tronss can move freely with a bandwidth B. However, Anderson contemplated the 
possibilityy of having potential wells with different heights V = Vb  AV in a lattice; 
thuss with AV as the disorder parameter. He showed that if AV /B is greater than 
aa certain quantity all the states in the band become localized, and the electronic 
transportt is inhibited. 

Ass it has been mentioned in sections 1.2 and 1.4, A.F. Ioffe and A.R. Regel 
establishedd in 1960 the criterion for the localization transition in infinite systems, 
i.e.,, kis ~ 1 [20]. 

Onee of greatest advancements came in 1977 from the hand of D.J. Thou-
lesss [63], who showed that the onset of localization in a open system is determined 
byy the sensitivity of the wave function to a change in the boundary conditions. 
Thiss sensitivity is expressed by the dimensionless conductance g. The dimension-
lesss conductance is defined as the ratio between the width of the energy levels and 
thee level spacing. For g < 1 the typical level spacing is larger than the level width, 
andd the coupling between eigenfunctions of adjacent systems is not possible. In 
thiss situation the transport is inhibited. 

Inn 1979, E. Abrahams et al. developed the scaling theory of localization [64]. 
Basedd on perturbative calculations, they constructed a one-parameter scaling the-
oryy for the conductivity (or equivalently the diffusion constant). According to this 
theory,, there is only a localization transition in 3D systems. In ID and 2D systems 
alll  the states are localized. 

Onee year later, D. Vollhardt and P. Wolfle went beyond the perturbation theory 
and,, using diagrammatic techniques, they calculated the renormalized diffusion 
constantt close to the transition [30]. 

Itt was at the beginning of the 80's when the connection between weak localiza-
tionn of electrons and the interference of quantum waves was made. B.L. Altshuler 
etet al. used the argument of the electron-returning probability discussed in sec-
tionn 1.3 to study the effect of an external electrical field on weak localization [65]. 
Thee interpretation of weak localization in k-space in a 2D system of electrons was 
donee by G. Bergmann [66], who referred to the time-reversed paths as the echo 
ofof a scattered conduction electron. Bergmann also studied the effect of several 
phase-breakingg mechanisms, such as magnetic field, spin-orbit coupling and mag-
neticc impurities. D.E. Khmel'nitskii used the simple picture of weak localization 
andd localization in real space as it is explained in section 1.3 [26]. 
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Inn the mid 80's, S. John [42] and RW. Anderson [67] suggested that since 
localizationn is mainly a wave phenomenon, it should be possible to localize also 
classicall  waves. 

Inn the search for Anderson localization of light many achievements in the un-
derstandingg of the propagation of waves in random media have taken place. The 
greatestt breakthrough was the observation of optical weak localization [68,69].2 

Thiss was the first experimental evidence of interference that survives ensemble av-
erage,, and the similarities of the electronic propagation in disordered metals and 
lightt propagation in random media were demonstrated. Other important develop-
mentss have been the prediction [71] and observation of long-range speckle corre-
lationss [72,73] and universal conductance fluctuations [74], and the understanding 
off  resonant scattering which leads to a reduced energy velocity [24,25]. 

Difficultiess in realizing a random medium where the scattering is efficient 
enoughh to induce localization has been the reason why only few works report 3D 
localizationn of electromagnetic waves. In 1989, J.M. Drake and A.Z. Genack [75] 
measuredd a very low diffusion constant in samples of Ti02 scatterers. These pio-
neeringg experiments can be interpreted as the result of a low transport velocity due 
too resonant scattering, and, unfortunately, not to a renormalized transport mean 
freee path [24]. 

Inn 1991, N. Garcia and A.Z. Genack reported microwave localization in a 
randomm mixture of aluminum and teflon spheres [43]. The relatively strong ab-
sorptionn in these samples is a complicating factor in the interpretation of the mea-
surements.. Localization of near infrared light in powders of GaAs was reported 
inn 1997 by D.S. Wiersma et al. [76]. The interpretation of these measurements 
inn terms of localization was questioned by the possibility of residual absorption 
introducedd during the sample preparation [77]. Z.Q. Zhang et al. observed in 
19988 localization of MHz electromagnetic radiation in a network of coaxial ca-
bless [78]. In 1999, F.J.P. Schuurmans et al. [79] interpreted the rounding of the 
enhanced-backscatteredd intensity versus the scattering angle, measured on porous 
GaPP at visible wavelengths, in terms of the onset of Anderson localization. In these e 
sampless no opticall  absorption was detected [80]. 

A.A.. Chabanov, M. Stoytchev and A.Z. Genack have shown recently that, even 
inn the presence of absorption, the fluctuations of the transmitted flux reflect the 
extentt of localization [38,81]. As pointed out by these authors, fluctuations are of 
greatt importance in the study of localization. In this thesis only ensemble-average 
quantitiess are studied, thus fluctuations will not be treated. 

22 Weak localization was independently measured by Y. Kuga and A. Ishimaru in 1984 [70]. How-
ever,, they did not explain their observations in terms of weak localization but as an anomalous 
retroreflectance. . 
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1.66 How to localiz e ligh t 
Too approach the localization transition k£s needs to be reduced. In contrast to 
electrons,, to localize light it does not suffice to reduce the wave energy. For A. > r 
thee scattering is very inefficient (Rayleigh scattering), and kis is large. Increasing 
kk above a certain limit will also lead to inefficient scattering (geometrical-optics 
scattering).. Therefore, light localization wil l be only possible in an energy window 
wheree os is maximal, i.e., where £s is minimal. This window will correspond to 
wavelengthss of the order of the scatterers size. 

Thee scattering cross section as is larger when the refractive index contrast m 
betweenn the scatterers and the surrounding medium is high. Therefore, for local-
izationn experiments materials with high refractive index are necessary. 

Thee relation ts = l/pas suggests that localization may be achieved more easily 
att the scattering resonances [82] (see Fig. 1.1). However, this relation is only 
validd in the limit of low density of scatterers, i.e., independent-scattering limit. In 
thee situation of a high density of scatterers, dependent scattering gives rise to an 
increasee of 4 [83]. 

AA simplified behaviour of £s on the ratio between the average scatterer radius 
rr  and the wavelength in the medium A. is plotted in Fig. 1.5. The minima of 4 are 
achievedd in the Mie scattering regime r ~ X. The dashed line in Fig. 1.5 represents 
thee value of £a at which £ becomes zero due to interference. The transport mean 
freee path is renormalized for values of £s in the vicinity of localization transition 
(dashedd lines in Figs. 1.4 and 1.5). For a low refractive index contrast localization 
iss not possible at any value of r/X. If the refractive index contrast is high enough, 
theree is a window (represented by the dotted line in Fig. 1.5) in which light is 
localized.. The localization transition takes place at the so-called mobility edges. 
Thee mobility edges are marked with solid circles in Fig. 1.5. 

AA material in which light can be localized should be composed of scatterers 
off  high refractive index material with a size of the order of the light wavelength in 
aa matrix of low refractive index, i.e., a powder. An alternative to powders would 
bee porous structures or samples formed by scatterers of low refractive index in a 
matrixx of high refractive index material. The energy density coherent potential 
approximationn (EDCPA) [84] predicts that it is easier to achieve light localization 
inn porous structures than in powders [85,86] (see appendix A). 

Thee refractive index of some materials are plotted in Fig. 1.6 versus their en-
ergyy band gap. The band gap is also displayed in terms of the wavelength ^gap. As 
absorptionn must be avoided in the search for localization, X̂ ap sets a lower limit 
forr the wavelength. Even at sub-band gap wavelengths special care has to be taken 
sincee residual absorption introduced during the sample preparation can mislead the 
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r/X r/X 

Figuree 1.5: Scattering mean free path £s plotted as a function of the ratio between the 
averagee radius of the scatterers r and the wavelength (after S. John [42]). The dashed line 
representss the Anderson localization transition k£s ~ 1. Above the dashed line the transport 
off  light is diffusive, below it light is localized. The two curved lines are £$ in media with 
differentt refractive index contrast, mi < rri2, between the scatterers and the surrounding 
medium.. A minimum in 4 is achieved when the scatterers have a size of the order of the 
wavelength.. The dotted part of the mj line stresses the window in which localization of 
lightt takes place. 

interpretationn of the optical experiments. 
Inn the past, a lot of effort has been put into achieving localization with TiÜ2 

powderss [24,75]. The high refractive index of Ti02, together with its absence 
off  absorption in the visible, made it an attractive material for localization exper-
iments.. Although strongly-scattering samples without significant absorption can 
bee easily made with TiÜ2 powders, the lowest measured value of k£s is ~ 7 [24], 
thuss still far from the localization transition. Some semiconductors have higher 
refractivee indexes than T1O2 (see Fig. 1.6), and are good candidates to prepare a 
materiall  where light can be localized. 

1.77 This thesi s 

Thiss thesis constitutes an experimental study of the propagation of light in disor-
deredd scattering media formed by high refractive index semiconductors. In an in-
tensivee search for Anderson localization of light in 3D systems, strongly-scattering 
sampless of Si and Ge powders and porous GaP have been studied using several ex-
perimentall  techniques. Special attention has been paid to differentiate localization 
effectss from optical absorption. This thesis is organized as follows: 
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Figuree 1.6: 
Refractivee index n, band gap 
energy,, and the wavelength as-
sociatedd to this energy Xgap of 
somee materials. Figure repro-
ducedd from Ref. [87] 

 Chapter 2: the theoretical framework of the propagation of light in random 
mediaa is presented in this chapter. Coherent and diffuse propagation are dis-
cussed.. Internal reflection at the sample interface determines the boundary 
conditionss of the diffusion equation. The internal reflection is treated exten-
sively.. Stationary diffuse-transmission and reflection measurements allow 
thee determination of the transport mean free path and the absorption length. 
Fromm dynamic measurements the diffusion constant and absorption time can 
bee obtained. Enhanced backscattering is discussed in detail. The effect of 
Andersonn localization on the wave transport and its implications for the op-
ticall  measurements are also explained. 

 Chapter 3: total-transmission measurements through fine powders of Si and 
Gee particles in the near infrared are presented and discussed. At different 
wavelengths,, the scattering properties and the effect of residual absorption 
aree analyzed. The wavelength dependence of the transport mean free path in 
thee Si samples is well described by the energy density coherent potential ap-
proximationn EDCPA [84]. A method to study the effect of optical absorption 
consistss in measuring the total transmission through the samples filled with a 
non-absorbingg liquid. The Si and Ge samples are strongly-scattering media. 
However,, the transmission measurements can be explained using diffusion 
theory,, and significant absorption at sub-band gap wavelengths has been ap-
parentlyy introduced during the sample preparation. 

 Chapter 4: this chapter contains the results of midinfrared experiments on 
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Gee powders done with a free electron laser (FELIX, Rijnhuizen, The Nether-
lands).. From the transmission of the coherent beam the scattering mean free 
pathh is obtained in the wavelength range 5 — 8 taa. These are the first di-
rectt measurements of £s in strongly-scattering samples. The transport mean 
freefree path and the absorption coefficient are obtained from total-transmission 
andd reflection measurements. The comparison of both mean free paths con-
stitutess a new approach to the study of the localization transition. These 
measurementss suggest a renormalization of £ due to the proximity of the 
localizationn transition. Also dynamic measurements were done with FE-
LIXX on the Ge samples. From these measurements the diffusion constant 
wass obtained at Xo = 4.5 and 8 /mi. It is found that the diffusion constant 
iss significantly reduced in samples thinner than ~ It. Although there is 
nott yet a theoretical explanation for this size dependence of the diffusion 
constant,, these measurements confirm previous optical results on TiC>2 sam-
pless [88] and acoustic measurements [89]. With the diffusion constant and 
thee transport mean free path, the energy velocity can be obtained. Due to 
resonantt scattering [24,25], the energy velocity in the Ge samples is 2 to 4 
timess lower than the phase velocity. Using the pulsed structure of the FELIX 
radiation,, photoacoustic spectra of the Ge samples were obtained. Photoa-
cousticc spectroscopy is a sensitive method to measure residual absorption in 
strongly-scatteringg samples. 

 Chapter 5: the formation of porous GaP by electrochemical etching is dis-
cussed.. Macroporous GaP is the strongest scattering material of visible light 
too date [79,80], and no measurable optical absorption is introduced during 
thee etching. The average size of the pores (scatterer radius) and inter-pore 
distancee (scatterer density) depend on the doping concentration and on the 
etchingg potential. Therefore £s and the scattering strength can be easily tuned 
inn a wide range. The scattering strength was investigated with enhanced-
backscatteringg measurements. The strongest scattering samples have the 
biggestt pores and are low-doped GaP etched at high potentials. The pore 
diameterr can be further increased by chemical etching. With regard to the 
measurementss presented in this thesis, porous GaP is the best candidate to 
localizee light and to study the localization transition. 

Mostt of the results presented in this thesis are contained in Refs. [90-97] 
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Propagatio nn of ligh t in 
disordere dd scatterin g media 

Thee theoretical framework of the propagation of light in random media is reviewed in this 
chapter.. Due to scattering, the amplitude of a wave that falls on a random system of scat-
tererss decreases exponentially with the distance that the wave travels in the medium. The 
propagationn of the incident wave, also known as the coherent beam, is discussed in sec-
tionn 2.1. As the intensity is removed from the coherent beam the diffuse intensity is built 
up.. The diffusion equation is a good approximation for the description of the transport of 
thee multiply-scattered light. This approximation will be discussed in section 2.2. Special 
attentionn must be paid to the boundary conditions, since light can be internally reflected 
att the sample interfaces. Stationary transmission and reflection, and dynamic transmis-
sionn are also discussed in section 2.2. The enhanced backscattering (EBS) is described in 
sectionn 2.3. The consequences that Anderson localization has for the wave transport are 
discussedd in section 2.4. 

2.11 Coheren t beam 

Thee coherent beam is defined as the average field amplitude. The propagation 
off  a wave that falls on an inhomogeneous, disordered system of scatterers can 
bee described by considering the system as homogeneous with an effective dielec-
tri cc constant [98], Due to scattering and absorption, the amplitude of the wave 
decreasess exponentially with the distance that it propagates in the system. The ex-
tinctionn mean free path 4x is related to the imaginary part of the dielectric constant 
Keby y 

4xx = ^ ~ . (2.1) 
2lCe e 

25 5 
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Thee coherent transmission through a sample of size L is defined as the fraction 
off  the transmitted intensity 

rcohh = ^ = e x p ( - L / 4x ) , (2-2) 

wheree 70 is the incident intensity. 
Thee extinction cross section aex of a scatterer is defined as the amount of inci-

dentt light removed by a scatterer due to scattering and absorption. The extinction 
crosss section can be written as oex = as + aa, where as and aa are the scattering 
andd absorption cross sections respectively. The relation between 4x and oex (in the 
independent-scatteringg approximation) is £ex = l/(paex), where p is the density of 
scatterers.. Similarly, the scattering mean free path 4 and the absorption mean free 
pathh 4 can be related to their cross sections by 4 = l/(pos) and 4 = l/(paa). 

Thee scattering mean free path is the average distance between two scattering 
events,, or the distance over which the amplitude of the wave decays by a factor 
1JJ e due to scattering. The absorption mean free path is the average distance over 
whichh the amplitude decays by the same factor due to absorption. 

Anotherr important quantity is the albedo a, defined as the ratio between the 
scatteringg and the extinction cross sections. An albedo equal to one means aa = 0, 
thuss no absorption. In the samples used for multiple-scattering experiments ab-
sorptionn must be low, which means that they are formed by scatterers with albedo 
closee to one. Scatterers with an albedo a = 0.99999 can still give rise to an optical 
absorptionn strong enough to destroy localization [42], or at least to complicate the 
analysiss of the measurements [43]. This represents a severe experimental difficulty 
inn the search for localization. 

Withh the definitions of 4x, 4» and 4 given above 

rCOhh = exp[-L(4 + 4 ) / 4 4 ]. (2-3> 

Inn a weakly-absorbing medium, i.e., 4 <̂  4> the decay of the coherent beam can 
bee approximated to 

ĉohh * exp( -L /4 ). (2.4) 

Equationn (2.4) is known as the Lambert-Beer formula. 
Thee coherent beam must not be identified with ballistic propagation. The co-

herentt beam is formed by the wave scattered in the forward direction, while in 
thee ballistic propagation no scattering is involved and the wave propagates with a 
speedd equal to the speed of light in vacuum. 

Ass the coherent beam is attenuated by scattering, the diffuse beam is built up. 
Inn the following section the propagation of the diffuse beam is described. 
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Thee name of coherent beam has led to call the diffuse beam as the incoher-
entt beam. This nomenclature is confusing because the coherence of the wave is 
nott destroyed by scattering. Multiple scattering randomizes the phase of the wave 
butt preserves its coherence. This can be easily observed in the speckle pattern of 
thee transmitted light through a random sample when it is illuminated by a coher-
entt source. Speckle is the result of the interference of many partial waves with 
differentt phases randomized by scattering. 

2.22 Diffusiv e propagatio n 

2.2.11 The radiative-transfe r equatio n and the diffusio n approximatio n 

Thee propagation of light in a multiple-scattering medium is far from trivial. The 
exactt solution requires to solve the Maxwell's equations, for which the position, 
shapee and size of all the scatterers needs to be known. This is obviously an im-
possiblee task. Ab-initio numerical calculations are limited to one and quasi-one1 

dimensionall  systems and to a small number of scatterers [99]. 
Byy obviating the phase of the wave, or in other words, by leaving behind the 

wavee nature, the specific intensity2 can be described by the radiative-transfer equa-
tionn (RTE), equivalent to the Boltzman equation for classical particles. Neglecting 
thee phase of the wave seems to be a severe simplification; however, the RTE has 
provenn its validity. Of course, the RTE can not deal with speckle, since this phe-
nomenonn is due to wave interference. Therefore the applicability of the RTE is 
limitedd to ensemble-averaged quantities or quantities averaged over the different 
configurationss of the disorder. The RTE has been mainly exploited by astrophysi-
cistss in the study of the propagation of radiation in stellar atmospheres and in 
interstellarr clouds [100]. Unfortunately, the RTE cannot be solved analytically in 
mostt cases. Although with the advent of computers powerful numerical methods 
havee been developed [101], it is always useful to have analytical solutions. 

Thee next approximation to the RTE is the diffusion approximation, for which 
analyticall  solutions are easily found. The diffusion approximation, besides ne-
glectingg interference, considers an almost isotropic distribution of the direction of 
propagationn of the diffuse intensity. This approximation is thus valid only when 
thee gradient of the energy density is low. 

AA clear derivation of the diffusion equation from the RTE can be found in 
1AA quasi-ID system has a transverse size comparable to one mean free path. 
2Thee specific intensity I$(T,t) at position r and time t is defined as the average power flux den-

sityy within an unit-frequency band centered at a frequency v, and within an unit-solid angle in the 
directionn given by the unit vector k. 
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Ref.. [22]. According to the diffusion approximation, the energy density Ud in a 
samplee illuminated by a plane wave is 

-^--DB-^-=-^--DB-^-= / 0 6 ( Z -Z p) - |f/d , (2.5) 

wheree DB is the Boltzman diffusion constant, IQ is the incident flux and x"1 is the 
absorptionn rate. In Eq. (2.5), the incoming energy flux at the boundary z = 0 is 
replacedd by a source of diffuse radiation of strength I0 located at z = zp [102]. The 
Boltzmann diffusion constant Z)B is given in a 3D system by £>B = V ^ B / 3 , with ve 

thee energy velocity or the rate at which energy is transported, and £B the Boltzman 
meann free path. The Boltzman mean free path, or transport mean free path in 
thee absence of interference, is the average distance necessary to randomize the 
directionn of propagation of the wave by scattering. One scattering event may not 
bee enough to randomize the direction of propagation, the scattering and Boltzman 
meann free paths are related by [22] 

44 = 1 T 1 - ^ , (2.6) 
1—a(cosft) ) 

wheree a is the albedo and (cos ft) is the average of the cosine of the scattering angle. 
Onlyy for isotropic scatterers both mean free paths are equal, i.e., (cosft) = 0, and 
inn general £% >£s. 

Opticall  absorption is included in the last term of Eq. (2.5), where the absorp-
tionn time is given by xa = L\/DB. The absorption length La is the average distance 
betweenn the starting and ending points of random-walk paths of length 4- It can 
bee easily proven that in a 3D system 

U-fê-MZ.U-fê-MZ. (2-7) 
wheree a = £~l is the absorption coefficient. 

Thee diffusion approximation has been conscientiously tested and it has proven 
itss validity for the description of the transport of light [91,103-106] as well as 
forr sound [107,108]. This approximation applies to weakly-absorbing systems, 
i.e.,, 4, £B < 4 [109], with a low gradient of the energy density [22,110]. In the 
extremee case of Anderson localization the transport is inhibited and the diffusion 
approximationn breaks down. 

2.2.22 Boundar y conditions : interna l reflectio n 

Too solve the diffusion equation it is necessary to know the boundary conditions 
(BCs).. Lagendijk et al. [ I l l ] proposed that, since there is a refractive index con-
trastt at the interface, the BCs must include internal reflection. Zhu et al [112] 



22.22. DIFFUSIVE PROPAGATION 29 9 

Figuree 2.1: 
Randomm medium with bound-
ariess at z = 0 and L. The av-
eragee reflectivities at the inter-
facess are Ri and Rj respec-
tively.. The diffuse fluxes out-
wardss the medium are J f at z = 
00 and J2 at z = L. The fluxes 
inwards,, Jj~ and 7 ,̂ are due to 
thee reflectivity at the interfaces. 
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identifiedd these BCs in the case of index-matched media with the BCs of the RTE 
solutionn for a semi-infinite layer of isotropic scatterers. 

Mostt of the experiments in 3D media, and all the ones presented in this the-
sis,, are done in samples with the geometry of a slab, i.e., samples with lateral 
dimensionss x and y, much larger that its transverse dimension z. The boundary 
conditionss of the diffusion equation are determined by considering that the diffuse 
fluxess going into the sample at z = 0 and z = L are due to a finite reflectivity at 
thee interfaces. This situation is depicted in Fig. 2.1, where the sample interfaces, 
withh an average reflectivity R\ and 7?2, are represented. The fluxes outwards are 
denotedd as J  ̂ at z = 0 and 7J at z = L, while the fluxes inwards are / f and j£ 
respectively.. The BCs are 

j -- = RYJ+ at z = 0, (2.8) ) 

j£=Rj£=R22JJ22 at z = L (2.9) ) 

Too evaluate the fluxes let's consider a medium composed by isotropic and 
non-absorbingg or weakly-absorbingg scatterers, i.e., £B «C £a- Using spherical coor-
dinates,, as represented in Fig. 2.2, the flux scattered directly from the volume dV 
ontoo the surface dS is given by 

vee cos 9 
d/++ = l/d(r, e,q>)dV ^ ^ - e x p ( - r / 4 ) dS (2.10) ) 

wheree the energy density in dV is denoted by C/d(r,6,q>)dV and ^s/ve is the Boltz-
mann mean free time. The fractional solid angle sustained by 6S from dV is <Kl  = 
(cosO/r^dS,, and the fraction of the energy density in dV that flows in the direc-
tionn of OS is dn/4ic. The loss due to scattering between dV and OS is taken into 
accountt in Eq. (2.10) by the factor exp(-r/ B̂). 

file:///-R/J
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Figuree 2.2: 
Differentiall  scattering volume 
dVV in a random medium. The 
planee z = 0 is the interface of 
thee medium. 

Replacingg dV by r2 sin 0dr d0 dcp, the total flux, which is given by integration 
off  Eq. (2.10) over the half space z > 0, is 

r2n n dsds v rK'  r r°° 
J + d S = — -MM d0 / d(p / dr£/d(r,8,q>)cosesinee-''/£B . (2.11) 

4n4n ZQ JO JO JO 

Thiss integral can be evaluated by expanding Ua(r,Q,q>) around the origin. The 
diffusionn approximation is only valid when the gradient of the energy density is 
loww [22,110], thus the expansion can be restricted to the first order 

2-- (2.12) ) 

Too simplify the notation the subscript 0 will be omitted. 
Thee terms containing x and y do not contribute to the total flux since the in-

tegrationn over dtp runs from 0 to 2n. Taking z in spherical coordinates z = rcosG, 
Eqs.. (2.11) and (2.12) give 

44 + 2 dz 
(2.13) ) 

Thee flux J is obtained by performing the integration (2.11) over the half space 
z<0 z<0 

J J 
UUddvvee DB dUd 

44 2 dz ' 
(2.14) ) 

Substitutingg Eqs. (2.13) and (2.14) into Eqs. (2.8) and (2.9), the following BCs are 
found d 

dUd dUd 
dz dz 

£ / d - Z e , - e =00 at z = 0, (2.15) ) 
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UUdd+Ze+Ze22̂ r-=0^r-=0  a tz = L , (2.16) 
dU_d dU_d 
dz dz 

wheree Ze{ and Ze2 are given by [112] 

* uu =  . (2.17) 

Equat ionss (2.15) and (2.16) are equivalent to extrapolate Ua to 0 at a d is tance ZeX2 

outs idee the sample surface. Th is is the reason why Zex 2
 a re called the extrapolation 

lengths.. Therefore, in the limit of weakly-absorbing samples, the solution of the 
diffusionn equation with the mixed BCs (2.15) and (2.16) is similar to the solution 
withh zero energy density at the extrapolation lengths 

{ { UUdd = 0 at { Z _ ^ " (2.18) 
ZZ = L + Ze2. 

Iff  /?i = 0 or /?2 = 0, the corresponding extrapolation length is 2 ^ / 3, thus very 
closee to the value of 0.7104£B obtained from the RTE for a semi-infinite slab of 
isotropicc scatterers, also known as the Milne equation [113]. 

Thee average reflectivity at the boundary is calculated from the Fresnel's reflec-
tionn coefficients. It is therefore assumed a flat interface that separates the random 
system,, which has an effective refractive index ne, from the outside world with a 
refractivee index n0. Obviously the surface of the sample is not flat since the scatter-
erss give to the interface a roughness, which in our case is of the order of the optical 
wavelength.. Nonetheless, in average, a boundary reflectivity can be defined from 
thee Fresnel's reflection coefficients [114]. 

Att the interface z = 0 the diffuse flux 7j" entering the sample can be written as 

7ff  = / dQJ+{Q)R{Q). (2.19) 

Sincee scattering randomizes the polarization of the wave [115], R(Q) is the average 
Fresnel'ss reflection coefficient 

m=m=wn**)wn**) tt (2.20) 
wheree R\\(Q) and  are the Fresnel's reflection coefficients for incident light 
polarizedd parallel and perpendicular to the plane of incidence. Using Eqs. (2.10) 
andd (2.12), Eq. (2.19) can be written as 

A-- = ^ * 1 + ^ « „ , (2.2!) 
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with h 

,7t /2 2 

Ri=Ri= / de/?(8)cos9sin9, (2.22) 
Jo Jo 

and d 

rn/2 rn/2 
Ru=Ru= de/?(e)cos29sine. (2.23) 

Jo Jo 
Sincee Eqs. (2.21) and (2.14) are equal at z = 0, it can be found that 

Comparingg Eqs. (2.24) and (2.15) the average reflectivity is 

-- 3R„ + 2R, 
* '' ~ 3Ra-2Ri + 2  ( 2 2 5) 

AA similar expression to Eq. (2.25) is obtained for 7?2, with the only substitution 
off  R(Q) in Ri and Rn by the appropriated Fresnel's reflection coefficient at this 
interface. . 

2.2.33 Angular-resolve d transmissio n 

Usuallyy £e, and Ze2 are calculated using Eq. (2.17), and assuming a value of the ef-
fectivee refractive index of the sample ne, based, for instance, on the volume fraction 
off  the scatterers. Unfortunately, effective-medium theories, like Maxwell-Garnet 
orr Bruggeman [116], from which it is possible to obtain ne knowing the volume 
fractionn of scatterers, are only valid in the weak-scattering limit. Extensions of 
thesee theories into the strong-scattering regime, like the energy density coherent 
potentiall  approximation EDCPA [84,117], are only applicable to systems formed 
byy scatterers with known scattering properties. 

Ann enticing alternative to the theoretical estimation of ne, is its experimen-
tall  determination. This determination can be done from the measurement of the 
angular-resolvedd transmission [94,97,114]. 

Itt has been demonstrated in section 2.2.2 that, in a weakly-absorbing medium, 
thee energy density extrapolates to zero at a distance Ze2 from the interface of the 
sample.. The energy density close to the interface opposite to the one on which the 
samplee is illuminated can be thus written as 

£/d(r,e,(p)) oc rcos8 + Ze2 (2.26) ) 
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Introducingg Eq. (2.26) into Eq. (2.10), and integrating over dr and dq> leads to 

y(e)) oc (rcos8 + Ze2)cos0 sin9d9 (2.27) ) 

Thee transmitted flux is given by Eq. (2.27) multiplied by the Fresnel's transmission 
coefficientt [1 — /?(9)]. Refraction at the sample interface needs also to be consid-
ered.. If the angle formed by the normal to the sample surface and the direction 
off  observation is denoted by 6e, the relation between Ge and 9 is given by SnelFs 
law.. Defining /*e = cos9e and n = cos 9, the escape function P(/ie) or the angular 
distributionn of the transmitted light is [114] 

P(K) P(K) 
fkfk 2 \n0J 

(2.28) ) 

Thee factor (3/ig/2nJ) arises from the normalization of the angular-transmitted flux. 
Thee reflection coefficient and Ze2 depend solely on the refractive index contrast at 
thee interface ne/n0. Since in an experiment the refractive index outside the sample 
iss known, the only free parameter to fit an experimentally determined P(pie) is nt. 

2.2.44 Total transmissio n and reflectio n 

Thee solution of the stationary diffusion equation 

OB B 
dd22UUd d 

== -/o5(z-Zp) + - l / d , 
dzdz11  -- Xa 

withh the boundary conditions (2.15) and (2.16), is [118] 

(2.29) ) 

UUdd(z)(z) = Q 
- 11 'o^ a 

DB B 

''  [sinh(é) + ï c o s h( é ) ]x 

x [ s i n h ( ^)) + £ c o s h ( ^ )] f o r z < Z p, 

[sinh(i)) + *L cosh(i)] x 

x [ s i n h ( ^)) + ^ c oS h ( ^ ) ] f o r z > Z p, 

(2.30) ) 

where e 

H'-tMhH^Mz)H'-tMhH^Mz)  <"» 
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Inn an experiment the measured quantity is the flux. The diffuse total transmis-
sionn 7d(zp), due to a source of diffuse radiation located at zp, through a sample of 
thicknesss L is defined as the transmitted flux normalized by the incident flux. This 
totall  transmission is given by 

-D-DBBfdUfdUdd\ \ - i i sinhh ^ + ^L U ^ ? (2.32) ) 

Similarlyy the total reflection is 

-DE-DE fdUd 

*<*>~«rl-3 f f z=0 0 e-'H^Xih" e-'H^Xih" L-Zr L-Zr 

Inn the limit of no absorption, i.e., La — <», Eq. (2.32) simplifies to 

Td{zp) Td{zp) 
LL + Ze, +Ze2 ' 

(2.33) ) 

(2.34) ) 

Thee diffuse total transmission scales with the inverse of the sample thickness. This 
iss equivalent to the familiar Ohm's law for the conductance in electronic systems. 

Iff  the coherent transmission is negligible and La — «>, Eq. (2.33) can be written 
as s 

#d(zp)) = 1 ~ Td(zp) (2.35) ) 

Sincee no absorption takes place, the diffuse total transmission plus the diffuse total 
reflectionn equals 1. 

Iff  La <C L, the diffuse total transmission decays exponentially with the sample 
thickness s 

Td(zp)Td(zp) =A(zp)exp(-L/La), 

with h 

A(zA(z ) =  2La(Zp + Ze,) 

Thee diffuse total reflection in the limit La < L is given by 

*d(Zp)) = i i n t f ^ ^  exp("̂ /La)

(2.36) ) 

(2.37) ) 

(2.38) ) 
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Energyy conservation requires that 

ïd(zp)) +*d(zp) + Tcoh + » = 1 , (2.39) 

wheree SR is the fraction of absorbed energy, and 7COh is the coherent transmission 
(seee section 2.1). 

Sincee the direction of propagation of the wave is randomized after an average 
distancee of one Boltzman mean free path £&, the source of diffusion radiation is 
usuallyy considered to be located at z = zp ~ £& [102]. For systems formed by 
(nearly)) isotropic scatterers the approximation zp ~ £B can be relaxed by weighting 
Eqs.. (2.32) and (2.33) with an exponential-source distribution [119] 

ftft = ^/ ' ,ï i(zp)e-*<bp = 

== ( 2 e ) - ' { ^ [ e x p ( £ - è ) - l ] [ l + ï ] + (2.40) 

+ 5 M « p ( - * - é ) - i ] [ i - £ ] } . . 

HiHi  = fo"Rd(zT)e-*dzT = 

- ( 2 ö ) - ' { ^ ^ [ e x p ( - i - A ) - l ] [ [ ++ (2.41) 

Equationss (2.40) and (2.41) represent the diffuse total transmission and reflection 
off  a disordered slab of isotropic scatterers that is illuminated by a plane wave. 

Thee Boltzman mean free path is defined in the absence of interference. As we 
willl  see in sections 2.3 and 2.4, enhanced backscattering and the extreme case of 
Andersonn localization renormalize £B to the transport mean free path £ by interfer-
ence.. If the size of the sample is larger than the coherence length (see section 2.4), 
thee results derived from the diffusion approach are still valid with the substitution 
off  4 by £ 

Inn Fig. 2.3 the diffuse total transmission (a) and reflection (b) of three media 
aree plotted versus the optical thickness L/£%. In the three examples Zct — Ze2 — 
(2/3)^B-- The solid lines correspond to a non-absorbing medium. For L/£B » 1 
thee diffuse total transmission decreases linearly with the inverse of the sample 
thickness,, and 7d +/?d = 1. A medium with an absorption length of La — 25 B̂ 



36 6 CHAPTERR 2: PROPAGATION OF LIGHT... 

T, T, 

K. . d d 

10"1! ! 

io - 2^ ^ 

1031 1 
-- „- 4 
100 1 

55

100 1 
1.0--

0.8--

0,6--

0.4--

0.2--

0.0--

ii  i ' i ' 

" NN ^ ~ ^ -

v. . 

\ \ 

(a)" " 

***  -*. 

\ (( 1 
X ^ ^ 

, . , . , . ,, i ! 

s^^ s^^ 6" 6" 

\ \ 

 i  i  — i ' 

(by (by 
ii  ' i 

Figuree 2.3: 
Diffusee total transmission 7d 
andd reflection 7?d as a function 
off  the optical thickness L/£B-
Thee solid lines correspond to a 
randomm system in the absence 
off  absorption. The dashed lines 
displayy 7j and Ra for a system 
withh La = 25^B- An absorp-
tionn length of La = 10 B̂ is con-
sideredd in the T  ̂and /?<] repre-
sentedd by dashed-dotted lines. 
Inn the three examples the ex-
trapolationn lengths are ze, = 
Ze22 = (2/3)£B. 
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Opticall  thickness, L/£B 

iss represented in Fig. 2.3 with dashed lines. The dashed-dotted lines display the 
diffusee total transmission and reflection of a system with La = 10£R- For L^>La 

thee diffuse total transmission decreases exponentially with the sample thickness, 
Eq.. (2.36), and the diffuse total reflection saturates to a value that depends on La, 
Eq.. (2.38). 

Inn a total-transmission measurement, the diffuse and coherent transmission are 
measured.. Therefore, the total transmission is defined as 

TT = TC0h + T& . (2.42) ) 

Thee coherent transmission is only significant in samples with a thickness of a few 
meann free paths. 

Thee total reflection is formed by the specular and diffuse reflection. In the 
experimentss presented in this thesis, the wave incidences normally to the sample 
interface.. The specular reflection is minimum and the total reflection can be ap-
proximatedd to the diffuse reflection 

R~RR~Rdd. . (2.43) ) 

Equationss (2.42) and (2.43) are the basis for the analysis of the total-transmission 
andd reflection measurements presented on chapters 3 and 4. 



2.2.. DIFFUSIVE PROPAGATION 37 7 

2.2.55 Dynami c transmissio n 

Thee time-dependent diffusion equation (2.5) with the BCs (2.15) and (2.16) does 
nott have a closed-form solution [107]. An analytical expression for the time-
dependentt energy density is obtained if the BCs (2.18) are used. As discussed 
inn section 2.2.2, both BCs are equivalent if £A^$> £B- The time-dependent energy 
densityy in a sample illuminated by a plane wave is 

4inK^) sinK^)] } } 
Thee time-dependent diffuse transmission is [120,121] 

m=m= - f ^ ^ E " = , { « e x p ( - ^ F ) x 

*K-^M«^)]} --
wheree zp has been replaced by £^. 

Multiplee scattering increases the transit time of the light through the sam-
ple.. Light propagating through short optical paths leaves the sample at earlier 
timess than light that propagates along long paths. The distribution of path lengths 
(Eq.. (2.44)) results in a broadening of the transmitted pulse. In Fig. 2.4 it is dis-
playedd the normalized transmission through a non-absorbing sample with an op-
ticall  thickness L/£B = 50, a diffusion constant DR = 50 m/s2, and extrapolation 

Figuree 2.4: 
Normalizedd transmission of a 
pulsee 8(f) through a non-
absorbingg sample with an op-
ticall  thickness L/£% = 50, dif-
fusionn constant DB = 50 m/s2, 
andd extrapolation lengths Zex = 
Ze22 = (2/3)4-
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lengthss Ze{ = Ze2 = (2 /3)^B  The incoming pulse in the example of Fig. 2.4 is a 
deltaa function at t = 0. 

Thee long-time behaviour of the pulse is given by an exponential decay [121] 

7d(f)ocexp(-j;)) , (2.46) 

wheree the decay time T is 

11 7t2DB 1 

TT (L + Ze, +Ze2)
 xa 

2.33 Enhance d backscatterin g 

Enhancedd backscattering (EBS) refers to an increase of the reflected intensity from 
aa disordered medium relative to the diffuse reflection. This increase is due to 
interferencee of waves propagating along time-reversed paths. The observation 
off  EBS [68,69] constituted a breakthrough in the study of wave propagation in 
disorderedd media. EBS demonstrates the survival of interference effects in the 
ensemble-averagedd intensity and the limitations of the radiative-transfer equation. 
Thee principle of EBS has been introduced in section 1.3, these ideas are developed 
here. . 

Considerr a plane wave emitted by a source located at A (see Fig. 2.5). This 
wavee falls on a semi-infinite random medium with a wave vector k\. The wave 
propagatess along optical paths as the one represented with a solid line in Fig. 2.5. 
Thee wave is scattered out of the medium. In the direction of point B the wave 
vectorr is kB. For each path there is a time reversed (dashed line in Fig. 2.5). The 
interferencee pattern produced at B by the wave propagating along the two paths is 
determinedd by the difference in the path length. The relative phase of the wave at 
Bi ss given by [122] 

EEl l 

- §§ = exp[i(kA + kB)  (ri - r„)] , (2.48) 

wheree £j and £JJ are the amplitudes of the wave after propagating along the path 
II  and its time reversed II respectively, rj is the location of the first scatterer of the 
opticall  path and r„  is the position of the last scatterer. Since at the exact backscat-
teringg direction both paths are equal, the phases of the wave are the same. At 
directionss other than the backscattering the phase kA  (ri — r„ ) is due to the extra 
pathh length at incidence, while the phase kB  (rj — r„) owns to the extra path length 
att exit. 
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Thee intensity at B is calculated by squaring the sum of the complex amplit-
udee of the wave El propagating along the path and the amplitude of the wave E11 

propagatingg along the time-reversed path 

14+44 |2=| 412 +1412 +44r +4*4'  (2-49) 

Underr the assumption that the system is invariant under time reversal, i.e, in both 
pathss the wave sees the same scatterers, equations (2.48) and (2.49) give 

l 4 + £ B l 2 = l 4 l 2 l 1 + e x P H ( k A + k B ) - ( r i - r „ ) ] | 2 = = 
(2.50) ) 

== 2 | 4 |2 { l + c o s [ ( k A + kB)-( r , - r „ ) ] }  . 

Thee term cos [(kA + kB)  (ri - r„)] is due to the interference terms 4 4 *  + 4 4 -
Sincee the first and the last scatterer of the optical path are approximately at the 
samee distance from the sample interface, i.e., at one mean free path, the inter-
ferencee term can be estimated as cos[| kA + kB || r\ — r„  | cos0], where 9 is the 
scatteringg angle formed by kA and — k^. The interference term oscillates between 
+11 and -1 as 0 is varied. The larger the distance between the first and the last scat-
tererr is, the faster is this oscillation as 0 changes. In Fig. 2.6 (a) the interference 
patternn is plotted for three optical paths with different | ri — r„  |. Note that this 
interferencee pattern is equal to the one produced by two coherent sources located 
att ri andr„. 

Att the exact backscattering direction, kA = — kB, there is no difference in the 
pathh length of the reversed paths independently of their length or, in other words, 
thee interference term is maximum for all optical paths (see Fig. 2.6 (a)). If all the 
pathss are added, there is consequently an enhanced intensity at the backscattering 

Figuree 2.5: 
Disorderedd scattering medium 
representedd by the shadowed 
region.. A source located at 
pointt A generates a plane wave 
withh wave vector kA which in-
cidencess in the medium. The 
reflectionn is observed at point 
B.. The scattering angle is 9. A 
possiblee optical path is repre-
sentedd with a solid line, while 
itss time reversed is displayed 
withh a dashed line. 
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Figuree 2.6: (a) Three interference patterns of waves propagating along time-reversed paths 
off  a random system. The uppermost corresponds to a path in which the distance between 
thee first and last scatterer is small. The lowest is of a path in which this distance is large, (b) 
enhanced-backscatteredd intensity resulting from the addition of all possible interference 
patterns.. The dashed line represents the diffuse background. Ideally the enhancement 
factorr equals two times the diffuse reflection at 0 = 0. 

direction.. As 8 is increased the enhanced intensity decreases until it merges with 
thee diffuse reflection background. As represented in Fig. 2.6 (b), a cone-shaped 
intensity,, called enhanced-backscattering cone is obtained when the intensity is 
plottedd as a function of the scattering angle. The dashed line in Fig. 2.6 (b) repre-
sentss the diffuse background. 

Enhancedd backscattering influences the wave transport. The enhanced inten-
sityy at the backscattering direction can be interpreted as a higher probability for the 
wavee to return to the source, which can be translated into a lower probability that 
thee wave has to diffuse away. Enhanced backscattering leads to a renormalization 
off  the Boltzman diffusion constant due to interference of the wave's amplitudes 
propagatingg along time-reversed paths. The renormalized diffusion constant is 
DD = ve£/3y where the transport mean free path t is denned as the average length 
overr which the direction of propagation of the wave is randomized by scattering in 
thethe presence of interference. 

Thee shape of the EBS cone can be calculated using the diffusion approxima-
tion.. The backscattered intensity is determined by the distribution of paths between 
i"ii  and r„ , weighted by the interference term, 

/(kAA + kB) 
== ydr||P(r,,rJ I){ l+cos[(kA + kB)-(r ,-rI I ) ] }  . (2.51) 

Wheree P(ri,r n) represents the probability that a wave entering the medium at ri 
diffusess to r„ , where it exits. Since the first and last scatterer are located approx-
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imatelyy at the same distance from the boundary, r\\ « 1*1 — r„ , where || stands for 
parallell  with the surface of the sample. For a semi-infinite and non-absorbing sam-
ple,, and in the absence of any phase-breaking mechanism [102] 

/(kAA + kB) = 3(^+ze i) f l - e x p [ - 2 | kA + kB | ( l +Ze , )n (2,2, 

IoIo  4*t I 2 |kA + k„ | (*  + * , ) ƒ ' ^ ' ' 

Thee factor 2 | kA + kB | (£ + Ze,) varies from 0 at the backscattering direction to 
valuess > 1 at large scattering angles. Therefore, Eq. (2.52) predicts a sharp shape 
att the backscattering direction with an enhancement factor of 2 with respect to the 
diffusee background. 

Thee full width at half maximum W of the EBS cone is related to the transport 
meann free path by [102,123] 

^ ^ ( 1 " S | ) -- ( 2 5 3) 

Iff  £ is short there is a small probability for the wave to diffuse over a long distance 
beforee it is scattered out of the sample. In this situation the cone is wide. The 
effectt of internal reflection in the cone width is easy to understand: due to internal 
reflectionn light is re-injected into the sample, leading to an average increase of ry, 
andd a narrowing of the EBS cone [124]. 

Followingg diffusion arguments, the EBS intensity at the scattering angle 6 is 
duee to paths with a length s [122] 

s<§-s<§-((-- (2.54) 

Forr large 9, or at the wings of the cone, only short paths contribute to the EBS. At 
thee backscattering direction, i.e., 8 = 0, infinitely-long paths add to the cone. 

Duee to optical absorption and the finite thickness of the sample, long paths 
doo not contribute to the EBS [125,126]. In a sample of thickness L, if the wave 
reachess the side opposite to the one where it incidences, it will escape. Using 
random-walkk arguments, the number of steps needed to travel a distance L is 
3(L/£)3(L/£)22.. The path length is given by the number of random steps multiplied by £ 
(stepp length) s = 3L2/£. Using Eq. (2.54), for 9 < ko/(2y/3L) the number of paths 
contributingg to the EBS is limited by L, and the shape of the EBS intensity be-
comess flat. The same reasoning holds if there is optical absorption, in which case 
pathss longer than 4 are absent. The net distance traveled by the random walker 
alongg the path of length 4 is the absorption length La (Eq. 2.7). In this case, the 
flatteningflattening of the EBS intensity occurs for 8 < A<,/(2\/3£a)-
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Thee determination of the EBS shape for finite and absorbing samples is per-
formedd by including both effects in P(ri,rn). This calculation can be found in 
Refs.. [123,127]. 

Itt should be stressed that the enhanced backscattering is the result of the inter-
ferencee of waves propagating along time-reversed paths. There is also interference 
off  waves that propagate along independent paths. As it is explained in section 1.3, 
thiss interference leads to optical speckle. To observe the EBS intensity it is nec-
essaryy to average over speckle, which is achieved by averaging the measurements 
overr different configurations of the scatterers. This averaging is readily done in 
suspensionss of scatterers by Brownian motion. In solid samples the averaging is 
usuallyy realized by performing several measurements at different locations of the 
samplee [128]. 

2.44 Anderso n localizatio n 

Enhancedd backscattering leads to a renormalization of the Boltzman diffusion con-
stantt or, equivalently, of the Boltzman mean free path. Although EBS occurs in 
anyy disordered system, the correction to the diffusion constant can be ignored in 
mostt of them due to the fairly-weak scattering. Only when the scattering mean free 
pathh approaches the critical value where the localization transition takes place, in-
terferencee of waves propagating along closed paths plays a crucial role in the wave 
transport.. The coherent behavior of the sample on length scales shorter than a 
characteristicc length denoted by the coherence length C, need to be considered in 
thee determination of the transport mean free path I. As mentioned in the preceding 
section,, the transport mean free path is defined as the average distance required to 
randomizee the direction of propagation in the presence of interference. The crit-
icall  mean free path £c is defined as the value of the scattering mean free path at 
whichh the Anderson localization transition takes place. According to the Ioffe-
Regell  criterion for localization [20], for isotropic scattering the transition occurs 
whenn £c ~ k~x = X0/(2jcne). If 4 is equal to £c the transport is inhibited and £ van-
ishes.. The renormalization of £B due to interference can be expressed as [28,64] 

**  = * B - * C = 4 / C (2-55) 

Thee coherence length is thus defined as 
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Figuree 2.7: 
Coherencee length £ (solid line) 
andd localization length !; (dot-
tedd line) as a function of 4 /4-
Thee localization transition £s — 
44 is marked with the dashed 
line. . 

Iff  the system is formed by isotropic scatterers, i.e., £& = 4, the coherence length 
is s 

c c 
II 2 2 

- 4 4 
(2.57) ) 

Thee coherence length in such a system is plotted in Fig. 2.7 as a function of the 
proximityy to the localization transition. 

Inn a weak scattering sample, i.e., 4 2> 4. Eq. (2.57) is £ ~ £s. In this limit 
interferencee is irrelevant, and £ = £Q. Close to the transition £ diverges, which 
meanss that in a finite sample it is the sample size L which sets the scale on which 
interferencee needs to be considered in the determination of £. The transport mean 
freee path in a finite sample at the transition is 

£(L)~4/L. . (2.58) ) 

Thiss scale dependence of £ can be understood with the help of Fig. 2.8, where a 
samplee of linear size L at the localization transition is represented. If the source 
off  radiation is at the center of the sample, waves propagating along closed paths 
containedd within the sample volume will interfere, leading to a renormalized mean 
freee path. However, waves propagating along longer paths will leak out of the sam-
ple.. As the size of the sample is increased also the number of paths that interfere 
increases,, giving rise to a larger renormalization. Only in an infinite sample the 
transportt mean free path will vanish completely. Localization is thus the result of 
addingg the interference contribution of all possible paths. 

Opticall  absorption removes waves propagating along distances longer than 
La,, preventing them to interfere. If L » La, the transport mean free path at the 
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transitionn is 

< ? ( L » La) ~ ^ / L a. . 

AA natural interpolation of Eqs. (2.55), (2.58) and (2.59) is [28,75] 

pi pi 
ii  I B , I B 

(2.59) ) 

(2.60) ) 

Itt is important to note that in Eq. (2.60) the finite absorption and sample thickness 
aree included with the same weight as cut-off lengths for £. This equal weight is 
onlyy valid for samples with the geometry of a cube. Most of the experiments in 
randomm media of scatterers are done in layers of scatterers with x and y dimensions 
muchh larger than the thickness. For such samples the contribution of absorption in 
Eq.. (2.60) is expected to be more important than the finite thickness. Light paths 
longerr than La are removed due to absorption while paths much longer than L are 
stilll  possible along the x — y planes. 

Iff  the size of the sample is larger than the coherence length the wave will re-
sumee its diffuse propagation with a renormalized transport mean free path. Above 
thee transition it is thus still valid to use the results derived from the diffusion ap-
proximationn (section 2.2) with the substitution of £  ̂by £. 

AA more interesting situation occurs in non-absorbing samples if the coherence 
lengthh is larger than the size of the sample, i.e., in the vicinity of the localization 
transition.. The diffuse total transmission is calculated with the substitution of £B 
byy i{L)  in Eq. (2.34). In the limit £ 
is s 

7d d 
(2 (2 
11. . 
LL22' ' 

ooo and La —> oo the diffuse total transmission 

(2.61) ) 

Figuree 2.8: 
Samplee of size L at the localiza-
tionn transition. Waves propa-
gatingg along paths contained in 
thee volume defined by the sam-
plee will interfere. Longer paths 
willl  leave the sample. 
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Thee diffuse total transmission scales with L~2 in contrast with its L" 1 dependence 
farr from the transition. This scale dependence has been measured for microwave 
radiationn [43] in a system of teflon and aluminum spheres, and for near-infrared 
radiationn in samples of GaAs particles [76]. 

Inn the localized regime, i.e., 4 < £c, the wave cannot propagate. The wave is 
localizedd in a length scale given by the localization length £. For isotropic scatter-
edd the localization length is [67] 

Thee localization length is plotted versus 4 / 4 in Fig. 2.7 (dotted line). Localization 
meanss that the amplitude of the wave decreases exponentially with the distance to 
thee source. The transmitted intensity through a sample in the localization regime 
iss given by 

TT oc exp(-L/£). (2.63) 

Itt is important to note that the scale dependence of the transmission in the 
casee of localization in a non-absorbing medium Eq. (2.63) is the same as in an ab-
sorbingg system in the classical diffusion regime Eq. (2.36). This equal dependence 
complicatess greatly the interpretation of the total-transmission measurements [77], 

Thee renormalization of the £Q can be expressed as a renormalization of the 
Boltzmann diffusion constant 

^ ^ ( ll  + T + ê)- (264) 

Thee time required by a wave to diffuse from one side of a sample to the opposite 
onee is V(L) = L2/D(L). Far from the transition this time is proportional to L2. 
Inn the vicinity of the transition, i.e., if £ » L, and in a non-absorbing sample the 
diffusionn constant is D(L) = DB£B/L, and the transit time is T(L) <*  L3. Near the 
transitionn the wave experiences a slowing down, which will show up as a long-time 
taill  in the transmitted pulse. 

Anotherr way to study the localization transition is by measuring the coherent 
beambeam transmitted through the sample from which 4 can be obtained (see sec-
tionn 2.1). We have seen that for dielectric scatterers and far from the transition 
£&=£>£&=£>  4, Eq. (2.6). Close to the transition £ should become smaller than 4 (see 
Fig.. 1.4). The knowledge of both mean free paths provides an important tool in 
thee study of localization. 

Andersonn localization affects also the enhanced backscattering. As we have 
seenn in section 2.3, all optical paths contribute to the EBS intensity only at the 
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backscatteringg direction 0 = 0. The wings of the EBS cone are due to low-order 
scatteringg [123]. In the localization regime the wave is localized on a length scale 
givenn by £. In a EBS experiment the maximum distance between the first and the 
lastt scatterer in the medium will be of the order of %. This limitation on the path-
lengthh distribution gives rise to a similar effect on the EBS intensity than optical 
absorptionn and the finite size of the sample (see section 2.3), i.e., a flattening of 
thee EBS intensity at 9 ~ 0. A rigorous treatment of the shape of the EBS in the 
localizationn regime can be found in Ref. [129]. The flattening of the EBS due to 
thee onset of Anderson localization has been measured in porous GaP samples at 
opticall  wavelengths [79]. 



3 3 

Nearr  infrare d transmissio n 
throug hh powdere d sample s 

Measurementss of the total transmission in the near infrared through layers of randomly-
packedd Si and Ge micron-sized particles are presented in this chapter. In the wavelength 
rangee 1.4 - 2.5 fan, the scattering properties and the effect of residual absorption are an-
alyzed.. The sample-preparation method is explained in section 3.2. The measurements 
weree done with a Fourier transform infrared spectrometer. The experimental set-up is 
describedd in section 3.3. Very strong scattering (k£s ~ 3 at A© = 2.5 /an) and significant 
absorptionn at shorter wavelengths than 2 ̂ m are measured in the Si samples [90,94]. The 
energyy density coherent potential approximation (EDCPA) is used to calculate the scat-
teringg mean free path and the localization parameter in the Si samples. We find good 
agreementt between the calculations and the total-transmission experiments [85,90]. In 
thee Ge samples the total transmission decays exponentially with the sample thickness at 
alll  wavelengths in the studied range (section 3.5). This dependence of the total transmis-
sionn can be due to strong localization or to optical absorption. By measuring the total 
transmissionn through the Ge samples filled with a non-absorbing liquid, a method which 
makess possible to discard or not optical absorption is introduced [91]. We find that in the 
Gee samples absorption has been introduced, presumably during the powder preparation. 

3.11 Introductio n 

Inn spite of the great effort to localize light in systems formed by dielectric me-
diaa [24,75,88,120], there is no evidence of localization in such systems. Tita-
niumm dioxide TiC>2 is the dielectric with the highest refractive index in the visible 
nn = 2.7 [130], The lowest value of the localization parameter measured in TiC>2 
sampless is k£s ~ 7 [24], These samples were close-packed powders of particles 
withh an average radius of 110  35 nm. This average radius corresponds to the 
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maximumm scattering cross section of Mie scatterers in the visible (section 1.1). 
Moreover,, since the surrounding medium of the scatterers in a powder is air, the 
refractivee index contrast in the Ti02 powders is maximum. 

Althoughh probably a lower value of k£s can be reached in TiÜ2 samples by 
reducingg the polydispersity; most likely a refractive index contrast of 2.7 does not 
sufficee to localize light. The scattering mean free path in TiC>2 samples will thus 
dependd on the particle radius and wavelength as indicated by the upper line of 
Fig.. 1.5, i.e., the localization transition is not reached in TiC>2 samples for any 
valuee of the scatterers radius and at any wavelength. 

Somee semiconductors, as it is shown in Fig. 1.6, have higher refractive in-
dexess than TiCV They are good candidates for preparing materials where light 
iss localized. The absorption coefficient of intrinsic semiconductors is very low 
(aa > 0.1cm-1) in a spectral window limited at short wavelengths by the semi-
conductorr band gap Xgap, and at long wavelengths by free-carrier absorption and 
phononn bands. Since it is believed that optical absorption destroys localization [42, 
43],, the search for localization is limited to this wavelength window. 

Siliconn is a thoroughly studied semiconductor. Its high refractive index n = 
3.55 [132], its non-toxic properties, and the ease with which it can be obtained, 
persuadedd us to start the localization experiments with Si powders. The band gap 
off  Si is at A.gap =1.1 //m, which limits the experiments to the infrared. 

Germaniumm has an even larger refractive index than Si, n = 4 [133]. Therefore, 
wee also decided to study the propagation of light in Ge powders. The band gap of 
Gee is at A,gap = 1.85 ^m. 

AA few months after the work presented in this thesis was initiated, localiza-
tionn of near-infrared radiation XQ — 1.067 jum was reported in GaAs powders [76]. 
GaAsGaAs particles were made by milling intrinsic semiconductor. Total-transmission 
andd enhanced-backscattering measurements were performed in three kind of GaAs 
sampless with different average particle radius r ~ 5,0.5 and 0.15 jum. The size of 
thee particles was regulated by the time that the material was milled. 

Thee measurements in the GaAs samples with r ~ 5 fim particles could be 
explainedd in terms of classical diffusion. The big particle size compared to the 
wavelengthh leads to a small scattering cross section and an inefficient scattering 
(sectionn 1.1). In the samples with particles of average radius r ~ 0.5 /̂ m, the to-
tall  transmission decreased with the inverse of the square of the sample thickness. 
Accordingg to Eq. (2.61), these samples are close to the localization transition. The 
EBSS measurements on these samples could not be explained with classical diffu-
sionn theory. The exponential decay of the total transmission with the size of the 
sampless with the smallest particles, and the rounding of the EBS cone of these 
sampless were attributed to strong localization. 
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Figuree 3.1: 
SEMM photographs of 
Sii  (a) and Ge (b) pow-
ders s 

1.66 urn 5 (am 

Thee interpretation of these measurements in terms of Anderson localization 
wass questioned [77]. Since the milling time is longer for the samples with the 
smallestt particles, Scheffold et al. [77] reasoned that in these samples stronger 
absorptionn introduced during the preparation might be expected. These authors 
claimedd that the transmission and the EBS measurements could be then explained 
byy classical diffusion with optical absorption. 

Thiss disagreement in the interpretation of the measurements in GaAs pow-
derss made clear that systematic studies of the optical scattering and absorption in 
semiconductorr powders were necessary. 

3.22 Sample preparatio n 

Thee starting materials for the fabrication of the samples were commercially avail-
ablee Si and Ge powders.1 The Si powder was formed by polycrystalline particles 
withh sizes ranging from a few hundred nanometers to about 40 ̂ m and with a pu-
rityy of 99.999%. The Ge powder had a purity larger than 99.999% and the particle 
sizee was smaller than 150/im. 

Too reduce the polydispersity of the Si powder, the particles were suspended in 
spectroscopic-gradee chloroform and they were let to sediment for 300 s. Only the 
particless that did not sediment were used in the experiments. The Ge powder was 
firstt milled at low speed.2 A zirconia beaker and balls were used for the milling. 
Afterr 240 s, 5 ml of spectroscopic-grade methanol were added and the suspension 
wass milled during 60 s. The resulting particles were sedimented during 150 s. 

Thee particle size and polydispersity were evaluated from SEM photographs 
likee the ones shown in Figs. 3.1 (a) and (b). Figure 3.1 (a) corresponds to Si 
particles,, while in Fig. 3.1 (b) Ge particles are shown. 

'Si:: Cerac S-1049; Ge: Aldrich 32739-5 
2Thee milling was done with a planetary micro mill, Pulverisette 7, Fritsch GmbH. 
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Ass can be seen in the figure, the Si particles tend to aggregate into clusters. 
Thiss makes the definition of their radius difficult. The average radius of the parti-
cless was evaluated with two different methods: a) considering all the particles as 
entities,, independently of whether or not they are part of a cluster, and b) consid-
eringg the clusters as single particles. The radius of the particles (or clusters) was 
definedd as half the Feret's diameter, which is the distance between two tangents to 
thee particle surface, parallel to some fixed direction, and on opposite sides of the 
particlee [134]. Figure 3.2 shows the normalized histograms of the particle radius 
obtainedd with both methods. In general, particles prepared by milling or grind-
ingg present a log-normal distribution of sizes y = Cexp[—\n2(r/r c)/2W2]  [134]. 
Thee fit of this function to the histogram obtained with method a) gives C = 0.90, 
rr cc = 0.19 pm, W = 0.61, and it is shown by the solid line in Fig. 3.2; while method 
b)) gives C = 0.86, rc = 0.44 pm, W = 0.55, and it is represented by the dashed 
linee in the same figure. These fits allow to calculate the average radius of the parti-
cless and its standard deviation: a) r = 0.33  0.22 ^m, and b) r = 0.69  0.41 pm. 
Thee polydispersity, defined as the ratio between the standard deviation and r in 
percentage,, is of 67% and 59% respectively. In other words, the Si samples are 
constitutedd of highly polydisperse scatterers. 

Forr the Ge particles no aggregation was observed, making the determination 
off  the particle radius simpler than in the case of the Si powders. From the fit of the 
histogramm of the particle radius in the Ge powder with a log-normal distribution 
functionn the average radius was found to be r = 2.1  0.9 /um and the polydispersity 
43%. . 

Too form layers of Si or Ge powders, a few drops of the suspensions were put on 

Figuree 3.2: 
Normalizedd histograms of the 
radiuss of the silicon particles 
consideringg all the particles 
ass entities, independently of 
whetherr or not they are part of a 
clusterr (solid bars), and consid-
eringg the clusters as single par-
ticless (dashed bars). The solid 
andd dashed lines are log-normal 
fits,fits, from which the average ra-
diuss are calculated. 
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glasss substrates and the chloroform or methanol was let to evaporate. The resulting 
sampless are stiff slabs of close-packed Si or Ge particles in an air matrix. 

Thee thickness L of the layers were measured by making scratches at the edges 
off  the samples. With a calibrated microscope, with a resolution of 1 /im, the images 
off  the surface of the sample and the substrate were focused. The thickness is given 
byy the difference between the focus points. For each sample the thickness was 
measuredd at different places within its central region to be sure that the layer was 
homogeneous.. The thickness of the layer is denned as the average value of these 
measurements. . 

Thee volume fraction occupied by the particles, $ ~ 40%, was determined by 
weightingg the samples. 

3.33 Experimenta l set-u p 

Thee set-up used for the total-transmission measurements is depicted in Fig. 3.3. 
Thee total transmission was measured with a Fourier transform infrared spectrome-
terr (FTIR).3 The FTIR consists of a Michelson interferometer in which one mirror 
iss fixed and the other is scanned over a distance of 8 cm at a velocity of 0.16 cm/s. 
Thee spectral resolution of the measurements was 8 cm- 1. The signal produced 
onn three detectors by the beam of a He:Ne laser (not plotted in Fig. 3.3) is used 
too calculate the displacement of the moving mirror and to perform the dynamic 
alignment.. Small misalignments of the interferometer are automatically corrected 
byy means of piezoelectric actuators on the fixed mirror. 

Thee high stability of the FTIR allowed to perform several scans, which were 
averagedd to increase the signal-to-noise ratio. Typically, between 250 and 1000 
scanss were averaged depending on the total transmission of the sample. 

AA tungsten-halogen lamp has been used as light source. Short wavelengths 
weree optically filtered. A lens with a focal distance of 15 cm and an iris with a 
diameterr of 2 mm, placed in front of the sample, insured that the total transmission 
wass measured only in the region where the thickness was characterized. 

Thee light transmitted diffusively was collected with a BaSC>4 coated integrat-
ingg sphere,4 and detected with a PbSe photoconductive cell The total transmission 
iss given by the Fourier transform of the interferogram. Before and after measur-
ingg each sample, the transmission through a clean glass substrate was recorded. 
Thiss measurement was used as reference to obtain the absolute value of the total 
transmissionn through the samples and to check the stability of the set-up. 

3BioRadd FTS-60A. 
4Labspheree IS040SF 
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Figuree 3.3: 
Experimentall  set-up used 
forr the total-transmission 
measurements.. FTIR: Fourier 
transformm infrared spectrom-
eter,, BS: beam splitter, SM: 
scanningg mirror, F: optical 
filter,filter, L: lens, I: iris, IS: 
integratingg sphere. 

3.44 Total transmissio n throug h Si sample s 

Figuree 3.4 shows a total-transmission spectrum of a sample of Si powder with 
aa thickness of L = 57.8  2 pm (solid line), and the transmission spectrum of a 
Sii  wafer (dashed line). For an easier comparison, both measurements have been 
normalizedd by their maximum transmissions. The sharp band gap (^gap = 1.1 pm) 
cann be clearly observed in the spectrum of the Si wafer. The total transmission 
off  the powdered sample is very low at wavelengths close to the band gap due to 
strongg scattering and/or optical absorption. To quantify these two contributions, a 
seriess of samples with different thickness was measured. The total-transmission 
measurementss of Si layers are plotted in Fig. 3.5 as a function of their thickness. 
Thee squares correspond to X0 = 2.5 pm and the circles to X<, = 1.4/im. 

Iff  the effective refractive index ne of the sample is known, the extrapolation 
lengths,, Ze, and ze2, can be calculated using Eq. (2.17). The effective refractive in-
dexx can be experimentally obtained from the measurement of the angular-resolved 
transmissionn (see section 2.2.3). This measurement is not easy to perform with 
aa FTIR spectrometer due to the low intensity of the light source. As the volume 
fractionn occupied by the particles is known to be ~ 40%, ne can be estimated. Tak-
ingg ne as the Maxwell-Garnet effective refractive index [116], we find ne ~ 1.5 in 
thee wavelength range 1.4 — 2.5 pm. With this value of ne the extrapolation lengths 
off  the Si-air and Si-substrate interfaces are ze, = 2.42̂  and ze2 — 0.78̂  respec-
tively.. Note that reflections on the substrate-air interface will modify the value 
off  Ze2- If infinite reflections are considered ze2 = 2A£ [135]. However, the value 
off  £ obtained from the fits of Eq. (2.42) to the total-transmission measurements is 
independentt of ze2

 as l°ng as L » ze2, which is the case in the investigated samples. 

Ass it is shown by the solid lines of Fig. 3.5, the measurements of the total 
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Figuree 3.4: 
Transmissionn spectra normal-
izedd to their maximum trans-
missions.. Solid line: total-
transmissionn spectrum of a 
layerr of silicon powder with a 
thicknesss of 57.8 /im. Dashed 
line:: transmission spectrum of 
aa silicon wafer. 
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transmissionn can be fitted excellently by using classical diffusion theory. The fit 
off  Eq. (2.42) to the X0 = 2.5 //m measurements yields £ = 0.83 8 /mi. At 
thiss wavelength La S> L, thus absorption can be neglected. From the fit to the 
XX00 = 1.4 pm measurements £ = 0.56  0.06 /im and La = 8.8  1 pm are obtained. 

Thee wavelength dependence of La is plotted in Fig. 3.6. The increase of ab-
sorptionn for Xo < 2.0//m is due to strain in the Si lattice structure. The presence of 
strainn in the Si particles was confirmed from the width of X-ray diffraction peaks. 
Strainn gives rise to a deformation of the potential, which smears the valence and 
conductionn bands of the semiconductor. This deformation results in an edge of 
thee band gap that extends into longer wavelengths than Xgap. This absorption edge 
iss known as the Urbach edge [136], and gives rise to an absorption length that 

Figuree 3.5: 
Totall  transmission through Si 
powderr versus the thickness of 
thee sample L. The squares 
andd the circles are the mea-
surementss at Ao = 2.5 pm and 
ôo = 1.4 /̂ m respectively. The 

solidd lines are fits using dif-
fusionn theory with ze, = 2A2£ 
andd Ze2 = 0.78£. At Ao = 2.5 /an 
thee transport mean free path is 
££ = 0.83 fjm, and optical ab-
sorptionn is negligible. At Xo = 
1.44 /ym the absorption length is 
Laa = 8.8 /ym and £ = 0.56 /im. 
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increasess exponentially with the wavelength 

XQ XQ 
expii  — 

Ay y 
(3.1) ) 

Thee fit of the measurements to Eq. (3.1) is represented by the line in Fig. 3.6, 
wheree Xu - 0.15  0.01 vm. 

Thee transport mean free path £ is plotted in Fig. 3.7 as a function of XQ. CM. 
Soukouliss from Iowa State University and K. Busch from the University of Karl-
sruhee have used the energy density coherent potential approximation EDCPA (see 
appendixx A) to calculate the scattering mean free path in a random medium com-
posedd of Si spheres ((]> — 40%) with a size distribution given by a log-normal func-
tionn (C = 0.86, rc = 0.44//m, W = 0.55). The solid line in Fig. 3.7 is a convolution 
off  the calculated £s for the specific sizes of the spheres with the probability density 
functionn given above. 

Ass can be seen in Fig. 3.7, there is a good qualitative agreement between the 
measuredd £ and the calculated £s. The quantitative difference can be attributed to 
severall  factors: first, with the EDCPA £s is obtained, whereas the total-transmission 
measurementss give £. Second, for the EDCPA calculation the scatterers are con-
sideredd perfect spheres, which clearly is not the case in the Si samples. Finally, as 
pointedd out before, there is not an unambiguous way of measuring the particle ra-
diuss due to the aggregation of Si particles. The best agreement between theory and 
experimentss is found when the particle clusters are considered as single scatterers. 

Forr comparison, in Fig. 3.7 we have also plotted the calculated £s in a system 
composedcomposed by monodisperse Si spheres of radius 0.44 fim and a volume fraction of 

1.55 1.8 2.1 
Wavelength,, Xo (//m) 

Figuree 3.6: 
Absorptionn length in silicon 
powderss versus the wavelength. 
Thee solid line is a fit to 
Eq.. (3.1), with Xv = 0.15 ^m 
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1.55 2.0 2.5 
Wavelength,, X (//m) 

Figuree 3.7: 
Transportt mean free path mea-
suredd in Si powders versus the 
wavelength.. The solid line is 
aa convolution of the scatter-
ingg mean free path, calculated 
withh the EDCPA, for a distribu-
tionn of sizes of the Si spheres 
givenn by the dashed line of 
Fig.. 3.2 and with a Si vol-
umee fraction fy = 40%. The 
dashedd line is ls calculated for 
aa monodisperse system of Si 
spheress (radius=0.44 //m) and 
thee same volume fraction [90]. 

40%% (dashed line). As can be seen in Fig. 3.7, the scattering mean free path in 
aa polydisperse system is in general larger than in a monodisperse one. It is more 
favorablee to have a medium formed by scatterers with the largest possible as. A 
polydispersee sample will contain particles which efficiently scatter light, together 
withh inefficient scatterers. Therefore, the high polydispersity in the particle size 
constitutess the main limitation to the scattering strength in the Si samples. 

Withh the transport mean free path obtained from the measurements of the total 
transmission,, and assuming that the Si particles are isotropic scatterers £ = £&,5 we 
cann estimate the localization parameter, k£s = 2Tme£s/Xo. The values of kl% are 
plottedd in Fig. 3.8 as a function of A*,. The weak dependence of £ with X ,̂ due 
too the high polydispersity in the samples, gives rise to a nearly constant scattering 
strength.. The solid line in Fig. 3.8 represents the localization parameter using the 
valuess of £% that are obtained from the EDCPA calculation. 

Itt must be stressed that, although the presented results can be explained using 
classicall  diffusion theory, the Si samples are very close to the critical value of 
k£k£ss ~ 1. In fact, the localization parameter k£s ~ 3 at A<, = 2.5 //m is more than a 
factorr of two smaller than the lowest value of k£s reported in TiC>2 powders [24]. 

3.55 Total transmissio n throug h Ge sample s 

Thee total-transmission spectrum of a sample of Ge powder with a thickness of 
LL = 12.4  1.2 jum is plotted in Fig. 3.5 (solid line). The band gap of intrinsic Ge 

55 Note that by setting £ equal to £s interference effects are obviated. 
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^ ^ 

Figuree 3.8: 
Localizationn parameter k£s 

inn silicon powders versus the 
wavelength.. The solid line 
iss the localization parameter 
calculatedd with the EDCPA in 
aa polydisperse system of Si 
spheres. . 

1.55 2.0 2.5 
Wavelength,, Xo (/jm) 

iss indicated in the same figure with an arrow. 
Likee with Si, the total transmission through Ge powder was measured in layers 

withh different thickness. Figure 3.10 shows the total transmission versus the sam-
plee thickness at Xo =.1.7 pm (circles) and at X0 = 2.5 pm (squares). In the entire 
spectrall  range of the measurements the total transmission decreases exponentially 
withh the sample thickness. The characteristic length of this exponential decay, 
namedd La, is plotted in the inset of Fig. 3.10 as a function of the wavelength. At 
XoXo = 1.7 ^m it is not surprising this dependence since 1.7 ^m < A,gap, and strong 
absorptionn takes place. 

Figuree 3.9: 
Thee solid line is the total-
transmissionn spectrum of a 
layerr of Ge powder with a 
thicknesss of L = 12.4 ^m. 
Thee open circles are the total-
transmissionn spectrum of the 
samee sample with the air voids 
filledfilled with CCI4. The arrow in-
dicatess the band gap of intrinsic 
Ge. . 
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Figuree 3.10: 
Totall  transmission through 
sampless of Ge powder as 
aa function of the sample 
thickness.. The circles corre-
spondd to the measurements at 
Xoo = 1.7 yum and the squares 
too Xo — 2.5 /um. As can 
bee appreciated by the solid 
lines,, the total transmission 
decayss exponentially. Inset: 
wavelengthh dependence of the 
characteristicc decay length of 
thee total transmission L&. The 
solidd line is a guide to the eye. 

Thee interpretation of the total-transmission measurements at X0 > Xgap is more 
complicated.. The absorption coefficient of intrinsic Ge at sub-band gap wave-
lengthss is very low [133]. The exponential decay of the total transmission as a 
functionn of the sample thickness at these wavelengths could be attributed to strong 
localizationn in a non-absorbing medium. It is also possible that during the sample 
preparationn impurities have been added to the Ge powder or defects are created at 
thee surface of the particles, giving rise to an increase of the absorption coefficient. 

Too determine which of these two situations (localization or absorption) ap-
plies,, the total transmission of the samples filled with carbon tetrachloride CCI4 
wass measured. In the wavelength range under investigation, CCI4 has a refractive 
indexx of n = 1.4 and it does not absorb [137]. By filling  the samples the refrac-
tivee index contrast between the scatterers and the surrounding medium is changed 
fromm 4.1 to 2.9. Therefore, the scattering cross section is reduced or equivalently 
thee scattering and transport mean free paths are increased. 

Thee total-transmission measurement of the sample with a thickness of L = 
12.44 pm filled with CCI4 is plotted in Fig. 3.5 (open circles). The higher transmis-
sionn of the filled sample clearly confirms the increase of L After letting evaporate 
thee CCI4 the original spectrum was recovered. This means that the structure of the 
sampless did not change and that CCI4 only filled the voids between Ge particles. 

Thee complete infiltration of the samples was carefully checked by measuring 
thee change of the specular reflection of a beam from a He:Ne laser on the bottom 
off  the samples upon the addition of CCI4. 

AA refractive index contrast of 2.9 should be too low to induce localization, 
moreoverr in a system that is highly polydisperse. As the optical absorption of 
CCI44 is negligible, if the exponentially-decaying total transmission at X<, > A.gap 

1.55 2.0 2.5 

Samplee thickness, L {/urn) 
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iss due to localization in a non-absorbing medium, the reduction of the refractive 
indexx contrast should give rise to a total transmission described by the diffusion 
approximationn without absorption. On the other hand, if Ge absorbs significantly 
att these wavelengths, the filled samples should have a finite absorption length, L'a. 
Forr clarity, the parameters of the filled samples will be denoted with a prime. 

Figuree 3.11 shows the total-transmission measurements at ^0 = 2.5 fjm of the 
Gee samples filled with CCI4 as a function of the sample thickness. In the same 
figurefigure a fit  to the measurements using classical diffusion theory is plotted with 
aa solid line. For the fit  the extrapolation lengths are fixed to z'ej = zL = (2/3)1' 
andd the transport mean free path and absorption length are £' = 1.53 1 ^m and 
L'L'aa = 26  4 pm. For comparison, the total transmission through a non-absorbing 
mediumm with t' = 1.53 //m is also plotted in Fig. 3.11 (dashed line). 

Ass it has been mentioned in the preceding section, the value of z'e2 does not 
affectt the analysis of the total-transmission measurements. On the other hand, 
xéii  = 4 ,1  ̂ needs to be carefully estimated to obtain a reliable value of £'. Carbon 
tetrachloridee forms a layer on top of the sample and TL depends on the reflections 
onn the Ge-CCU and the CCL -̂air interfaces. To estimate TL the number of reflec-
tionss on these interfaces before the light leaks through the sample edges needs to 
bee known. The number of reflections will depend on the exact thickness of the 
CCI44 top layer [135], which is unknown. Therefore, in this experiment it is not at-
temptedd to obtain an accurate value of the transport mean free path, and by setting 
z'z'e]e] to its value in the case of refractive index matched interfaces, i.e., (2/3)€', the 
transportt mean free path is overestimated. 

Itt is important to note that as L'a is obtained from the decay of the transmission 
throughh the thickest samples, it is independent of the extrapolation lengths. As L'& 

Figuree 3.11: 
Total-transmissionn measure-
mentss of Ge samples filled with 
CCI44 as a function of the sam-
plee thickness. The solid line is 
aa fit using classical diffusion 
theoryy with z'ei = z'e2 = (2/3)*, 
fromm which the absorption 
lengthh 14 = 26  4 ^m is 
found.. The dashed line is the 
expectedd total transmission in 
aa non-absorbing system with 
equall  scattering strength. 255 50 

Samplee thickness, L (//m) 
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forr the filled Ge is of the order of L, we may conclude that the exponential decay of 
thee total transmission in the non-filled Ge samples is not due to strong localization 
inn a non-absorbing medium, but the role of absorption must be considered. 

3.66 Discussio n 

Ass we have seen in section 3.4, in spite of the fact that the total-transmission 
measurementss on Si powders can be fully described using diffusion theory, the 
localizationn parameter k£s ~ 3 at XQ = 2.5 fim is more than a factor of two smaller 
thann the lowest value of k£s found in TiC>2 powders [24]. These results confirm 
thatt semiconductor materials are good candidates to prepare a medium where light 
iss localized. 

AA problem in the search for localization in Si and Ge powders arises from the 
significantt optical absorption that they exhibit. Improvements in the reduction of 
thee absorption can be achieved by annealing the particles to minimize the contri-
butionn of surface defects. 

AA remaining open question is why strong localization of near-infrared light is 
apparentt in GaAs powders [76], while it is absent in similar samples of Si powders. 
Accordingg to the EDCPA [85,86], for a given refractive index contrast, the local-
izationn parameter is much lower in the inverse structure than in the direct structure 
(seee appendix A). The inverse structure is formed by air scatterers in a high dielec-
tricc material. A possible explanation for a lower value of k£s in the GaAs samples 
couldd be a different connectivity of the particles. If the contact between neighbor-
ingg particles is better in the GaAs than in the Si samples, due to a different particle 
shape,, the GaAs samples may be represented by an inverse structure. For the Si 
sampless a description in terms of a direct structure could be more appropriate. 

Itt is also possible that the results of Ref. [76] have been misinterpreted in 
termss of localization without optical absorption [77]. More experimental work 
mustt be done in the GaAs samples. A feasible experiment, as it is clearly shown 
inn section 3.5, consists in fillin g the air voids in the GaAs samples with a non-
absorbingg liquid and measure the total transmission or the enhanced-backscattered 
intensityy [79]. This experiment could confirm that the deviation from diffusion 
theoryy in the measurements of Ref. [76] are due to localization or if absorption is 
presentt in the GaAs samples. 
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Midinfrare dd transpor t of ligh t 
inn Ge powder s clos e to the 
localizatio nn transitio n 

Midinfraredd measurements in slabs of Ge powders, using a free electron laser, are pre-
sentedd in this chapter. To fully characterize the samples, several complementary tech-
niquess have been employed: coherent transmission (section 4.3.1), total transmission and 
reflectionn (section 4.3.2), and time-resolved speckle interferometry (section 4.4). In this 
wayy we obtained the scattering 4 and transport £ mean free paths, the absorption coeffi-
cientt a, the diffusion constant D, and the energy velocity ve. The Ge samples are close to 
thee localization transition (kis ~ 3). As discussed in section 4.3.3, our measurements of 
44 and I suggest that I is renormalized due to interference at the proximity of the localiza-
tionn transition [92]. The diffusion constant is significantly reduced in samples thinner than 
~~ 11 [93]. This results are discussed in section 4.4. We have also performed photoacoustic 
spectroscopyy in the Ge powders (section 4.5), a technique that allows to study the optical 
absorption. . 

4.11 Introductio n 

Onee of the greatest difficulties in the study of Anderson localization of light is 
too distinguish between optical absorption and strong localization. In many of the 
experimentss the results in both cases look similar (see chapter 2). 

Inn the preceding chapter we have seen that the near-infrared total transmission 
TT through Ge powders decays exponentially with the sample thickness L. This 
decayy at wavelengths larger than the band gap of Ge (A âp = 1.85 jum) can be due to 
strongg localization or to optical absorption. Reducing the refractive index contrast, 

61 1 
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byy fillin g the air voids of the Ge-powder samples with CCI4, allowed to conclude 
thatt there is optical absorption in the unfilled samples. 

Ann additional way to check if a total transmission that decays exponentially 
iss due to strong localization in the absence of absorption consists in measuring 
thee transmission at larger wavelengths. As explained in section 1.6, Anderson 
localizationn of light is only possible in a window where the scattering strength is 
maximall  (see Fig. 1.5 on page 22). Suppose that we have a system in which light of 
wavelengthh k is localized. Since the scattering strength depends on the wavelength, 
thee transition is crossed at a critical wavelength. The total transmission close to the 
localizationn transition should vary with L~2 (Eq. (2.61)). If the scattering strength 
iss further reduced by varying the wavelength, the diffusive dependence of the total 
transmissionn should be recovered (Eq. (2.34)). 

Duee to the magnitude of the band gap of Ge, the measurements need to be 
carriedd out in the infrared. For the experiments presented in this chapter, a mid-
infraredd free electron laser (FEL)1 was used as tunable source of intense infrared 
radiation.. The full capabilities of this FEL are described in Ref. [138]. The FEL is 
continuouslyy tunable over the wavelength range 4.5 — 200 ̂ m, and generates an in-
tensee train of picosecond pulses (micropulses). Each of the pulses has an energy of 
~~ 1/J, and a fractional spectral bandwidth of about 1%. Each train of micropulses 
(calledd macropulse) contains about 100 micropulses, with an interpulse spacing 
off  40 ns. In the experiments showed below the signal from 25 macropulses was 
averagedd for each measurement. The wavelength Xo range of the experiments was 
4.55 - 8 ̂ m. 

Thee measurements of the total transmission and reflection are also useful to 
determinee if absorption is significant. As it has been explained in section 2.2.4, 
energyy conservation requires that the total transmission plus the total reflection 
pluss the absorption adds up to one. In the absence of absorption the total trans-
missionn plus the reflection are one. In the samples of Ge powder absorption is 
significantt (section 4.3.2). This absorption is presumably introduced during the 
preparationn of the samples. 

Evenn in the presence of absorption it is interesting to search for localization 
effects.. The measurement of the transmission of the coherent beam allows the 
determinationn of the scattering mean free path £s (section 4.3.1). From the total-
transmissionn and reflection measurements the transport mean free path £ is ob-
tainedd (section 4.3.2). Our measurements suggest that £ < £s, which evidences the 
renormalizationn of £ at the proximity of the localization transition. However, the 
largee error in the determination of £ makes impossible to unambiguously prove 
localizationn effects in the Ge samples (section 4.3.3). 

11 FELIX, free electron laser for infrared experiments, Rijnhuizen, The Netherlands. 
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Lastt but not least, dynamic measurements are important. In the localized 
regimee and in the absence of absorption, it is expected to find a long-time tail in a 
transmittedd pulse (see section 2.4). Dynamic measurements were done by means 
off  time-resolved speckle interferometry (section 4.4). The long-time behaviour of 
thee transmitted pulse through the Ge samples is limited by optical absorption. As 
expected,, the diffusion constant is lower at wavelengths at which the scattering is 
stronger.. The energy velocity is strongly renormalized by resonant scattering. 

4.22 Sample preparatio n 

Thee Ge samples discussed in the preceding chapter were mounted on microscope 
glasss substrates. This glass absorbs midinfrared radiation, hindering the possibility 
off  performing transmission measurements- New samples were made on infrared-
transparentt CaF2 disk-shaped substrates with a diameter of 12.7 mm and a thick-
nesss of 1 mm. The samples were prepared following the same procedure as the 
GaAss samples of Ref. [76]: the starting material was high-purity (99.9999%) Ge.2 

Twoo grams of Ge were ground with a mortar until all pieces were smaller than 1 
mm.. To further reduce the size of the particles and their polydispersity they were 
milledd and sedimented as described in section 3.2. 

Electron-microscopee (SEM) images of the samples were taken to measure the 
sizee of the Ge particles and to check if the samples were homogeneous. Figure 4.1 
(a)) shows a side view of a Ge sample, along one of the scratches made to measure 
thee sample thickness. The thickness was measured as explained in section 3.2. In 
Fig.. 4.2 a schematic representation of a sample is presented. The dashed arrow in 
thiss figure shows the direction of observation in Fig. 4.1 (a). The sample is formed 
byy a top layer of small particles and a bulk of much bigger Ge particles. For 
comparison,, in Figs. 4.1 (b) and (c) photographs of the upper and lower surfaces 
off  a sample are presented. 

Energy-dispersionn X-ray spectroscopy (EDX) measurements3 on the top layer 
showedd mat it is mainly formed by Ge together with a small amount of impurities 
introducedd during the milling. From SEM photographs of several samples, the 
thicknesss of the top layer, which we shall refer to as 5, was estimated to be 5  1 ^m 
andd constant for all the samples. Also from these photographs, it was checked that 
thee size of the Ge particles in the bulk of the sample is the same at different depths, 
andd that the size of the particles is the same in all the samples. 

22 Aldrich 26323-0. 
3Thee EDX measurements were performed by R.L.W. Popma at the University of Groningen, The 

Netherlands. . 
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Figuree 4.1: 
SEMM photographs of a sample 
off  Ge powder. Photograph (a) 
showss a side view of the sam-
ple.. The direction of observa-
tionn is marked in Fig. 4.2 with 
aa dashed arrow. Photograph (b) 
iss the upper surface of the sam-
ple,, while (c) shows the lower 
surface.. Note that the magni-
ficationn in photographs (b) and 
(c)) is the same. 

1.255 um 

1.255 um 

Definingg the particle radius as half the Feret's diameter (see section 3.2), his-
togramss of the particle radius in the top layer and in the sample bulk were obtained. 
Byy fitting these histograms to log-normal distribution functions, the average par-
ticlee radius in the top layer is found to be 0.19 3 pm and in the sample bulk 
0.988  0.68 pm. 

Accordingg to Mie-scattering calculations, in the wavelength range of the ex-
perimentss (4.5 — 8 pm) the scattering cross section cs of a Ge sphere of radius 
0.199 pm in air is at least two orders of magnitude smaller than os of a Ge sphere 
off  radius 0.98 pm. Therefore, due to the small size of the particles of the top layer 
andd to its thickness, the scattering in this layer is negligible. The samples may 



4.3.. STATIC MEASUREMENTS 65 5 

Figuree 4.2: 
Schematicc representation of a 
samplee of Ge powder. The thin 
topp layer is formed by small 
Gee particles and impurities in-
troducedd during the preparation 
off  the sample. The bulk of 
thee sample is formed by big-
gerr Ge particles. The dashed 
arroww shows the direction of 
observationn in 4.1 (a). Also 
thee scratches made on the sam-
plee to measure its thickness are 
represented. . 

bee described as consisting of a homogeneous top layer of thickness 8 = 5 pm in 
whichh only absorption takes place and a bulk of Ge particles, with a thickness 
LL — 8, where scattering and absorption occur. The absorption in the top layer is 
characterizedd by the absorption coefficient OCTL- Due to the irregular shape of the 
Gee particles and their random orientation, the scattering in the bulk of the sam-
plee will be assumed (nearly) isotropic. The absorption coefficient in the bulk is 
givenn by a. This two-layers model is needed to explain the total-transmission and 
reflectionn measurements that are presented in the next section. 

4.33 Stati c measurement s 

Staticc measurements, i.e., coherent transmission and total transmission and reflec-
tion,, are described in this section. The scattering and transport mean free paths 
andd the absorption coefficients of the top layer and the sample bulk are obtained 
fromm these measurements (see chapter 2 for explanation). 

4.3.11 Coheren t beam transmissio n 

Too measure the coherent transmission the output of the FEL was sent through a 
beamsplitterr and the reflected beam was directed to a broadband pyroelectric de-
tector.. The signal from this detector was used as power reference. An iris with a 
diameterr of 0.1 cm was in front of the sample to insure that the FEL beam illu-
minatedd only its most homogeneous portion. Another iris with a diameter of 0.7 
cmm was placed at a distance of 120 cm from the sample and in the direction of the 
incomingg beam. After this iris a BaF2 lens focused the transmitted FEL beam onto 
aa mercury-cadmium-telluride (MCT) detector. Due to the long distance between 

55 mm 

88 « 5 urn:: 

L-8 L-8 

11 mm 

Samplee bulk 
I,I, La 

\ \ 
Scratches" " 

CaF22 substrate 

12.77 mm 
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Figuree 4.3: 
Scatteringg mean free path in 
Gee powder as a function of the 
wavelength.. Inset: measure-
mentss of the transmission of the 
coherentt beam (XQ = 8 /an) as 
functionn of the sample thick-
ness,, L. The line is an expo-
nentiall  fit  to the measurements 
fromm which 4 is obtained. At 
thiss particular X0, 4 = 3.8
0.22 pm. 

thee sample and the detector, the detected diffuse light was negligible. The trans-
missionn of the coherent beam was measured at four wavelengths, X0 = 5, 6.5, 6.9 
andd 8 pm. 

Thee transmission measurements of the coherent beam at X0 — 8 pm are plotted 
inn the inset of Fig. 4.3 as a function of the sample thickness. Clearly, the trans-
missionn decreases exponentially with the sample thickness. As we have seen in 
sectionn 2.1, if the absorption is weak, i.e., 4 <C £a, the characteristic length of the 
exponentiall  decay is £s. In the next section is shown that the Ge samples are in the 
weak-absorptionn limit. 

Figuree 4.3 displays 4 as a function of X0. The nearly constant value of 4 at 5, 
6.55 and 6.9 pm may be understood in terms of the high polydispersity in the size of 
thee Ge particles. The effect of the polydispersity on the scattering properties of the 
mediumm has been discussed in section 3.4. Only at X0 = 8 pm, 4 is significantly 
larger.. It is expected that, as the wavelength becomes substantially larger than the 
scattererr radius, £s increases due to the reduction of the scattering cross section 
(seee section 1.1 on page 9). 

Thee localization parameter k£s is plotted as a function of XQ in Fig. 4.4. The 
wavee vector k is given by ¥-nc, where ne is the effective refractive index of the 
samplee bulk. Although it is possible to obtain ne from the angular-resolved trans-
missionn (section 2.2.3), these measurements were not performed due to the limita-
tionn in the allotted beam time. As was done in the preceding chapter, we take for 
«ee the value given by the Maxwell-Garnet approximation [116]. With a Ge volume 
fractionn of 40% [76,90], it is found ne ~ 1.6 in the measured X0 range. 

Ass can be concluded from Fig. 4.4, the Ge powder samples are very close 

^ ^ 

77 8 
Wavelength,, X (//m) 
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3È È 

Figuree 4.4: 
Localizationn parameter, k£s, in 
Gee powder as a function of the 
wavelength. . 

55 6 7 8 
Wavelength,, Xo (jim) 

too the localization transition (kts close to 1) where localization effects, like the 
renormalizationn of the transport mean free path, are expected to occur. 

4.3.22 Total transmissio n and reflectio n 

Too obtain the transport mean free path (,, total-transmission and total-reflection 
measurementss were performed. The total transmission was measured as follows: 
thee output of the FEL was brought to a weak focus of about 0.1 cm at the sample 
byy using two BaF2 lenses. The sample was mounted at the input of a infragold-
coatedd integrating sphere (IS).4 At the output of the IS was a MCT detector. A 
powerr reference was simultaneously measured in the same way as described for 
thee coherent-beam experiments. The measurements were normalized by the trans-
missionn spectrum of a clean CaF2 substrate. 

Forr the measurement of the total reflection the FEL beam was sent into the IS 
throughh a small input port with a diameter of 0.3 cm. The sample was at the oppo-
sitee side of the IS. Therefore, only the light reflected by the sample was collected 
byy the IS. The reference for the reflection measurements was a thick infragold 
samplee with a diffuse reflection ~ 96% in the XQ range 2 — 20 pin. 

Too measure the total transmission and reflection wavelength scans were made 
inn the range 4 . 5 -8 /an with steps of 0.1 /aa. The lower limit is set by the tuning 
rangee of the FEL [138], while the higher is due to CaF2 absorption [139]. 

Figuress 4.5 (a) and (b) display the spectra of the normalized total transmission 
andd reflection of a Ge sample with a thickness L = 73.2 pm. The spectra show 

lLabspheree IS040IG. 
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twoo narrow absorption bands at 6.0 and 6.9 /im, which are, most likely, due to 
vibrationall  modes of hydrocarbon impurities introduced during the preparation of 
thee sample. In section 4.5 is explained how photoacoustic spectroscopy can be 
usedd to investigate the optical absorption of the samples. 

Inn the following it is shown how to deduce £ from the total-transmission and 
reflectionn measurements. In Fig. 4.6 typical measurements of the total transmis-
sionn (a) and total reflection (b) are plotted as a function of the sample thickness. 
Thesee measurements correspond to X̂  = 8 //m. To obtain the transport mean free 
path,, we first need to know the extrapolation factors xe, = ZeJ£ and xe2 = Ze2/£-
Givenn the effective refractive index of the Ge powder (ne ~ 1.6), and the refractive 
indexx of CaF2, xe2 can be calculated. Considering the multiple reflections at the 
interfacee CaF2-air [135] Te2 c- 2.7. To obtain xe,, the total-transmission measure-
mentss of the thickest samples are fitted to 

TTdd = A(Tei)e-an-*e-(L-W+ (4.1) ) 

Thiss equation is equivalent to Eq. (2.36) with the source attenuated by the factor 
£~0TL8.. This attenuation is due to absorption in the top layer of the sample. For 
isotropicc scatterers and in the absence of interference, i.e., £ = £s, one finds, using 
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Figuree 4.5: 
Normalizedd spectra of the total 
transmissionn (a) and reflection 
(b)) of a Ge powder sample of 
thicknesss 73.2 jum. 

Wavelength,, X (//m) 
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Figuree 4.6: 
Total-transmissionn (a) and re-
flectionflection (b) measurements in 
sampless of Ge powder at A<> = 
88 ton as a function of the sam-
pless thickness. The solid line in 
(a)) is a fit using classical dif-
fusionn theory. The dotted line 
(hiddenn by the solid line ex-
ceptt at small L) is an exponen-
tiall  fit to the total transmission 
off  the thickest samples. In (b) 
thee solid line represents a fit 
off  the total-reflection measure-
mentss using diffusion theory. 

00 20 40 60 80 
Samplee thickness, L (//m) 

Eqs.. (2.36), (2.37) and (4.1) 

^^ -2La4 + A'La(La + Te24)g(XTL5 

Te'' 7LJU ~ A'4(La+xe24)e«^5 (4.2) ) 

wheree A is given by Eq. (4.1) at L = 8. Note that to obtain Eq. (4.2), the location of 
thee source of diffuse radiation zp is assumed to be at a distance £s from the sample 
interface.. The dotted line in Fig. 4.6 (a) represents a fit  of Eq. (4.1) to the Xo = 8 /an 
measurements.. From the fit A' = 0.35  0.05 and La = 15.5  0.5 /mi. To obtain 
xe,, from Eq. (4.2) we need to know OTL. The total-reflection measurements are 
moree sensitive too the absorption in the top layer because the reflected light crosses 
thiss layer twice. Therefore, the low reflection exhibited by the samples (only 20% 
att Xo = 8 /mi) is mainly due to strong absorption in the top layer. To estimate the 
absorptionn OTL, the total reflection measurements are fitted with 

RR = e~aTL*R< 
Jo Jo 

(4.3) ) 

wheree pt = cos8e and 6e is the angle with respect to the normal of the sample sur-
facee at which the diffuse reflected light exits the sample bulk. The diffuse reflected 
lightt is angularly distributed according to P(fe) «f*e ( \ + TST ) [120], where it is 
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Figuree 4.7: 
Circles:: absorption coefficient 
inn the top layer of the samples 
off  Ge powder as a function of 
thee wavelength. Squares: ab-
sorptionn coefficient in the bulk 
off  the samples. 

assumedd that the bulk of the sample and the top layer have the same index of re-
fraction.. This assumption is plausible since we know from the EDX measurements 
thatt the top layer is mainly formed by Ge and from the SEM photographs that the 
packingg of the particles is similar in both regions. The factor e~ajL5 in Eq. (4.3) 
representss the attenuation of the coherent beam due to absorption in the top layer, 
RdRd is the diffuse total reflection of the sample bulk and the integral represents the 
attenuationn of the diffuse reflected light due to absorption in the top layer. 

Inn Eq. (4.3) the scattering is considered isotropic, and reflections at the inter-
facee top layer-air are neglected. By neglecting these reflections a higher value of 
GCTLL  is obtained from the fit than the real one. The overestimation of OCTL is ^ 15%. 
Thiss overestimation is irrelevant for the value of the transport mean free path that 
wil ll  be obtained from the fit to the total transmission. The fit of Eq. (4.3) to the 
reflectionn measurements at XQ = 8 j/m is shown as a solid line in Fig. 4.6 (b). From 
thiss fit an, = 0.091 8 jum"1. 

Thee scattering mean free path was directly measured at XQ = 5, 6.5, 6.9 and 
88 jum. To obtain OLTL at intermediate wavelengths, the values of 4 were linearly 
interpolated.. The circles in Fig. 4.7 represent CCTL as a function of A*,. Figure 4.8 
displayss the wavelength dependence of xe,, as obtained from Eq. (4.2). The lower 
valuee of Te, at the absorption bands (6.0 and 6.9 j/m) should not be attributed to a 
decreasee of the boundary reflectivity but to an increase of the absorption at the top 
layer.. This dependence of xei with OLTL is discussed in appendix B. 

Withh the values of xe,, xe2, OLJL and La we can obtain the transport mean free 
pathh from the total-transmission measurements using the following equation 

TT = e~a^(Td + e-(L-We>) (4.4) ) 
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Figuree 4.8: 
Extrapolationn factor te, of the 
Gee powder samples as a func-
tionn of the wavelength. The 
solidd line is a guide to the eye. 
Thee characteristic error is indi-
catedd only at Xo = 4.5 /an. 

Thee solid line in Fig. 4.6 (a) is a fit of the total-transmission measurements to 
Eq.. (4.4). The first term inside the bracket of Eq. (4.4) is the diffuse total trans-
missionn (Eq. 2.40 on page 35), while the second term is the transmission of the 
coherentt beam. The factor e~ajL& represents the attenuation of the incoming beam 
duee to absorption in the top layer. The transmission of the coherent beam rapidly 
decreasesdecreases with L, and is negligible for thick samples. At Ao = 8 /an, with 8 = 5 /an, 
xe,, = 1.6, x^ = 2.7, OIL = 0.091  0.008 /a i r' and La = 15.5  1 /an, we find 
fromm the fit £ = 3.5  0.5 /an. At this Xo the incident beam is attenuated by more 
thann 30% due to absorption in the top layer. The scattering properties of the Ge 
sampless at XQ — 8 /an are listed in Table 4.1 on page 77. 

Figuree 4.9: 
Transportt mean free path I in 
thee bulk of the Ge samples as 
aa function of the wavelength. ^ ^ 

55 6 7 
Wavelength,, Xo (//m) 
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Thee wavelength dependence of £ is plotted in Fig. 4.9. Consistently with the 
measurementss of £s, the transport mean free path increases at higher XQ due to the 
reductionn of as. 

Thee squares in Fig. 4.7 are the absorption coefficient, a = £/(3Z^), in the bulk 
off  the sample. Although the sample bulk is in the weakly-absorbing limit, i.e., 
a~a~ll = £A > £, absorption has been presumably introduced during preparation of 
thee samples. Most likely surface defects in the Ge particles have been created 
duringg the milling and impurities have been introduced. The absorption is stronger 
inn the top layer where the size of the particles is smaller. In this layer we have also 
detectedd impurities with EDX measurements. 

4.3.33 Discussio n 

Thee ratio of the transport and scattering mean free paths is displayed in Fig. 4.10 
(circles).. The values of £/£s are smaller than 1, which can be only understood by 
consideringg the renormalization of I due to the proximity of the localization transi-
tion.. For comparison, we also plot in Fig. 4.10 (squares) the expected renormaliza-
tionn of £ according to the scaling theory (Eq. (2.60)), assuming that the transition 
takess place at the critical scattering mean free path £c = Xo/27c/ie and ne = 1.6; and 
consideringg only the absorption as cut-off of the coherent length £. The large error 
inn the determination of £t related to the complicated structure of the samples and 
too the estimation of the extrapolation factor xe,, makes it impossible to unambigu-
ouslyy prove localization effects. Besides, in the analysis to find xe], £ is fixed to 
44 in Eqs. (4.2) and (4.3), obviating any localization effect and assuming isotropic 
scattering.. Nonetheless, it is demonstrated that both mean free paths can be ex-
perimentallyy obtained in strongly-scattering samples, and that the comparison of 
44 and £ represents a very useful tool to study the localization transition. 

Inn the preceding chapter, the energy density coherent potential approximation 
wass used to calculate the scattering properties of a system of polydisperse sili-
conn spheres. The scattering mean free path is in general larger in a polydisperse 
mediumm than in a monodisperse. Therefore, a way to further approach the local-
izationn transition in Ge samples is to reduce its polydispersity. 

Ann improvement in the reduction of the absorption could be achieved by an-
nealingg the Ge particles after the milling. To eliminate the hydrocarbon absorption 
bandss at 6 and 6.9 /*m methanol could be replaced during the sample preparation 
byy a liquid that does not exhibit absorption in the wavelength range under study. 
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Figuree 4.10: 
Circles:: transport mean free 
pathh in the Ge powder samples 
dividedd by the scattering mean 
freefree path, as a function of the 
wavelength.. Squares: expected 
renormalizationn of £ due to in-
terferencee assuming that the lo-
calizationn transition is at £c = 
Xo/2nnXo/2nnee and ne = 1 -6. 
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4.44 Time-resolve d speckl e interferometr y 

Time-resolvedd speckle interferometry was employed to study the dynamical prop-
ertiess of the transport of light in the Ge samples. This technique takes advantage 
off  the picosecond pulse structure of the FEL, to map out the envelope of the trans-
mittedd pulse. As explained in section 2.2.5, multiple scattering gives rise to the 
broadeningg of a pulse transmitted through a random sample. 

AA schematic of the set-up used to perform this experiment is shown in Fig. 4.11. 
Thee sample was mounted in one of the arms of a Mach-Zehnder interferometer. 
Thee majority of the infrared power was focused weakly to a 1 mm spot at the 
sample.. A small cone of the diffuse transmission far in angle (~ 20°) from the 
coherently-transmittedd beam propagated about 1 m, and was collected by a lens 
withh a focal length of 10 mm onto a MCT detector. A variable iris was placed 
beforee this lens such that the detector collected light from a single speckle spot. 
AA 10% reflecting beamsplitter, located before the sample, created the copy of the 
inputt pulse that was sent along the other arm of the interferometer. This refer-
encee pulse was directed down a variable optical delay line before it was combined 
co-linearly,, on a second beamsplitter just before the iris, with the diffusively trans-
mittedd pulse. As the optical delay was scanned, the detector recorded the inter-
ferogramm between the scattered pulse and the reference pulse. As in the other 
measurements,, a reference detector was used to correct for fluctuations in the in-
tensityy of the FEL. Time-resolved measurements were made at two wavelengths, 
4.55 and 8 /mi. 

Thee inset of Fig. 4.12, displays a small portion of a typical interferogram, 
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Figuree 4.11: Schematic representation of the set-up used for the time-resolved measure-
ments.. The FEL light was sent into a Mach-Zender interferometer with the sample in one 
off  its arms. The undistorted or reference pulse traveled along the other arm in which a 
delayy line allowed the change of the optical path length. Both pulses were recombined 
att the exit of the interferometer. To avoid detecting the coherently-transmitted beam, the 
detectorr was placed at an angle of 20° with respect to the direction of the incident beam. 
BS:: beam splitter, L: lens, I: iris. 

takenn at X0 = 4.5 /̂m on a sample with a thickness of 17 ^m. The oscillations 
att the optical frequency are clearly visible. In the analysis of these data we take 
advantagee of the fact that oscillations in the interferogram have a well-defined 
carrierr frequency. The data are analyzed further by taking the power spectrum of 
aa narrow (200 fs) time slice of the interferogram, and integrating this spectrum in 
aa narrow (5%) window in the vicinity of the carrier frequency. 

Duee to the coherent nature of the incoming light, the resulting interferogram 
off  a given speckle has large amplitude and phase fluctuations as a function of 
opticall  delay. It is therefore necessary to average over several speckles for each 
samplee thickness and at each wavelength. This process smoothes out the phase 
andd amplitude fluctuations and leaves only the overall intensity envelope of the 
transmittedd beam. The result of this averaging process is shown by the solid line 
inn Fig. 4.12. As expected, the data exhibit a smooth rise time governed primarily 
byy the incident pulse length, and a slower decay time due to multiple scattering. 
Thee dashed-dotted line in Fig. 4.12 is the shape of the incoming pulse, which was 
measuredd using the same set-up except with the sample replaced by a thin piece 
off  weakly scattering paper. Note that this pulse is substantially shorter in duration 
(aboutt 33%) than the transmitted pulse, with a sharper decay time. 
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Figuree 4.12: Transmitted intensity through a sample of Ge powder of thickness L = 17 ̂ m 
att Xg = 4.5 jum (solid line) as a function of the time delay introduced by the delay line of 
thee Mach-Zender interferometer. The dashed line is a fit  using classical diffusion theory 
convolutedd with a Gaussian function, which takes into account the instrument response. 
Thee dashed-dotted line is the incident pulse. The maxima of both pulses have been nor-
malizedd to the same time delay. The inset is a portion of the interferogram from which the 
transmittedd intensity is reconstructed. 

Thee maxima of the transmitted pulses in Fig. 4.12 have been normalized to the 
samee time delay. Small set-up realignments between different samples, necessary 
too increase the signal-to-noise ratio of the interferogram, made it impossible to 
extractt useful information from the delay time of the pulse. However, the diffusion 
constantt can be obtained from the pulse broadening. 

Ass we have seen in section 2.2.5, The long-time behaviour of a transmitted 
pulsee through a multiple-scattering medium decays exponentially. Therefore, the 
time-resolvedd data are fitted with an exponential decay convoluted with a Gaus-
siann function which takes into account the instrument response (dashed line in 
Fig.. 4.12). The Gaussian width depends on the duration of the incoming pulse. 
Thee characteristic time constant of the decay is given by 

11 n( - -
r -- ^ ( L _ 0 + Z e | + Z e 2) 2+

L 2 
(4.5) ) 

Thiss expression may be used to obtain the diffusion constant D, with the values 
off  La and ze, obtained from the static measurements (see section 4.3.2). The ex-
trapolationn length Ze2 iss equal to 1.11, corresponding to the interface sample-CaF2 
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Figuree 4.13: 
(a)) Diffusion constant of light 
att X0 = 4.5 jum (triangles) and 
ôo = 8 jum (circles) in samples 

off  Ge powder as a function 
off  the optical thickness of the 
sample,, (b) Energy velocity 
inn the same samples and at the 
samee wavelengths. The dashed 
linee is the phase velocity in an 
homogeneouss medium with a 
refractivee index equal to the ef-
fectivee refractive index of the 
Gee samples. The solid lines are 
guidess to the eye. 
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substrate.. For the time-resolved measurements the reflected light at the CaF2-air 
interfacee does not need to be considered, since this reflected light is detected at 
laterr times. Due to the narrow spectral width of the pulse, dispersion in the sample 
topp layer can be neglected. In Fig. 4.13 (a) the diffusion constant D is plotted 
ass a function of the sample optical thickness (L — S)/£ at X0 = 4.5 pm (triangles) 
andd 8 /urn (circles). As expected, the diffusion constant is smaller at the shorter X©, 
where,, as we have seen in section 4.3, the scattering is stronger. 

Ass can be appreciated in Fig. 4.13 (a), D is significantly reduced in samples 
thinnerr than ~ 11. Similar optical experiments carried out in TiC>2 powder [88] 
showedd the same thickness dependence of D. Acoustic-frequency-correlation mea-
surementss in samples of glass beads immersed in water [89] are also consistent 
withh a reduced D in thin samples. It is important to note that the values of D given 
inn Fig. 4.13 (a) are obtained from the long-time behaviour of the transmitted pulse, 
thuss when the diffusion approximation is expected to hold even for thin samples. 

AA possible explanation for the non-constant value of D is given in Ref. [89]. 
Thee transmitted intensity at long time in the thin samples is due to light that has 
mainlyy traveled along the x-y plane. The reduced dimensionality likely makes 
interferencee important, which is not taken into account by the diffusion equation. 
Therefore,, the diffusion approach may underestimate D in thin samples. 
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Tablee 4.1: Scattering properties of Ge powder at XQ = 8 //m. Localization parameter 
k£k£ss,, transport mean free path I, absorption coefficient in the sample bulk a, absorption 
coefficientt in top layer of the samples CCTL» diffusion constant D, and energy velocity ve. 

Usingg the expression D = ve€/3 and the values of £ obtained from the analysis 
off  the total transmission and reflection, the energy velocity ve is acquired. It is 
welll  known that the energy velocity may be significantly lower than the phase and 
groupp velocities due to scattering resonances [24,25]. The values of the energy 
velocityy in the samples of Ge powder are displayed in Fig. 4.13 (b) versus the 
opticall  thickness. The phase velocity in a medium with ne = 1.6 is plotted in the 
samee figure with a dashed line. The large difference between the energy and phase 
velocitiess is clear: more than a factor 2 at Xo = 8 and 3 at 4.5 pm for samples 
thickerr than 1£. 

Thee scattering properties of the Ge samples at XQ = 8 //m, obtained from the 
staticc and dynamic measurements, are summarized in Table 4.1. 

4.55 Photoacousti c spectroscop y 

Thee photoacoustic effect was discovered more than 120 years ago [140]. Only 
inn the last quarter of the 20th century, the use of photoacoustic spectroscopy was 
extendedd to study the optical absorption of solids [141]. 

Usually,, in a photoacoustic experiment intensity-modulated light impinges on 
aa sample contained in a cell. Light is absorbed by the sample and generates a pho-
toacousticc signal (PA signal) that is detected with a transducer. From the analysis 
off  the PA signal information about the absorption in the sample is obtained. 

Thee PA signal is formed by two contributions: the thermal term and the pres-
suree term [142]. The thermal term arises from the heat transferred from the sample 
too the buffer gas contained in the cell within a length given by the thermal diffusion 
length.. This gas expands and contracts responding to the periodic heating of the 
sample,, acting as piston on the rest of the gas in the cell. The pressure term is due 
too the expansion and contraction of the sample generated by the periodic heating. 

Inn heterogeneous media, like powders and porous materials, the PA signal 
iss stronger than in homogeneous media. This enhanced PA signal is due to the 
thermall  expansion of the interstitial gas [143]. For highly-porous materials the 
pressuree term can dominate the PA signal. 
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Figuree 4.14: 
Schematicc representation of the 
set-upp used to measure the pho-
toacousticc signal in samples of 
Gee powder. See text for expla-
nation. . 

Inn our experiments, we used the FEL macropulse to generate high-frequency 
PAA signals. The photoacoustic set-up was not the standard one described above. 
AA variation of the so-called solid-transducer technique [144] was used. The set-up 
usedd for these measurements is depicted in Fig. 4.14. The CaF2 substrate on which 
thee Ge powder lies, was overhanging the edge of a gold mirror, and it was hold with 
grease.. The grease also insured a good acoustic coupling between the CaF2 sub-
stratee and the mirror. At the opposite side of the mirror a piezoelectric transducer 
withh bandwidth of 4 MHz was glued with silicone. The FEL beam was incident on 
thee unsupported portion of the sample. In this way, the PA signal generated by the 
transmittedd light through the sample on the mirror was minimized. Only in thick 
sampless this non-desired contribution to the PA signal was negligible. The energy 
off  the FEL macropulse absorbed by the Ge powder generated a waveform that was 
detectedd by the transducer, amplified and collected by a computer. 

AA typical photoacoustic waveform is shown in Fig. 4.15. Because of the ge-
ometryy of the set-up, the waveform is very complicated. The PA signal is defined 
byy calculating the square root of the power spectrum of the waveform and inte-
gratingg the result between 0.7 and 1 MHz. This is the frequency range in which 
thee vast majority of the acoustic energy lies. The wavelength dependence of the 
integratedd PA signal is plotted in Fig. 4.16 with open circles. The line is a guide to 
thee eye. 

Inn the thermoacoustic regime, in which the laser pulse does not damage the 
sample,, the amplitude of the PA signal should depend linearly on the absorbed en-
ergyy [145]. This dependence was checked by measuring the PA signal at different 
FELL intensities. 

Thee fraction of absorbed energy by the sample or the total absorption is plotted 
inn Fig. 4.16 with solid squares. This absorption is obtained from the measurements 
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Figuree 4.15: 
Photoacousticc waveform gener-
atedd at Xo = 7 ^m by a sample 
off  Ge powder with a thickness 
off  73.2 fan. 

off  the total transmission and reflection (see section 4.3.2), and considering the 
energyy conservation (Eq.( 2.39)). 

Ass can be appreciated in Fig. 4.16, the photoacoustic spectrum is similar to 
thee total absorption of the sample. In both spectra the two absorption bands at 
66 and 6.9 //m are clear. At the time the measurements were done, we did not 
havee a good reference, i.e., 100 % absorption, for the photoacoustic measurements. 
Therefore,, we could not obtain the absolute or total absorption of the Ge samples. 
Nonetheless,, we have demonstrated that a simple photoacoustic set-up, as that 
off  Fig. 4.14, can be used to study the optical absorption in strongly-scattering 
samples. . 

Figuree 4.16: 
Photoacousticc spectrum of Ge 
powderr (open circles). The 
squaress are the total absorption 
off  the same sample obtained 
fromm the measurements of the 
totall  transmission and reflec-
tion.. The lines are guides to the 
eye. . 
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Porou ss GaP: formatio n and 
optica ll  propertie s 

Inn this chapter it is shown that anodic etching of n-type gallium phosphide (GaP) produces 
aa random-porous structure. This structure scatters light strongly. The optical set-ups used 
too study porous GaP (enhanced backscattering and angular-resolved transmission) are de-
scribedd in section 5.2. In section 5.3 the current-potential characteristics of GaP and the 
formationn of the porous layer are discussed. As shown in section 5.4, anodic etching does 
nott introduce any measurable optical absorption. Anodic etching leaves a thin top layer 
(~~ 200 nm) of nearly bulk GaP. This layer produces strong internal reflection and compli-
catess the analysis of the EBS measurements. As explained in section 5.5, this layer can 
bee removed by means of photochemical etching. The pore size, inter-pore distance, and 
porosityy depend strongly on the doping concentration and on the applied potential dur-
ingg etching (section 5.6). The biggest pores (with an average radius ~ 95 nm) and the 
strongestt scattering samples (k£ ~ 3.5 at XQ = 633 nm) are made from low-doped GaP 
(N(N = 5x 10,7cm~3) etched at the highest possible potential. To further increase the scat-
teringg strength of porous GaP, the pore diameter was augmented by means of chemical 
etching.. As shown in section 5.7 the optical transmission can be measured during etching. 
Surprisinglyy the width of the EBS cone of the strongest scattering samples is reduced upon 
chemicall  etching. 

5.11 Introductio n 

Inn chapters 3 and 4 we have seen that powders of micron-sized particles of Si and 
Gee strongly scatter light. Although the results with these samples are very close to 
thee localization transition (kis ~ 3), significant absorption is introduced during the 
powderr preparation. 

Ann alternative to powders are porous materials. Semiconductors can be made 

81 1 
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porouss by electrochemical or anodic etching [146]. An example of a porous struc-
turee formed in gallium phosphide (GaP) is shown in Fig. 1.2 (b). The high refrac-
tivee index of GaP (n = 3.3) and its band gap in the visible A,gap = 0.55 jum [147] 
makee this semiconductor very interesting for light-localization experiments. More-
over,, anodic etching of GaP leads to a highly-isotropic porous structure, neces-
saryy for 3D localization. These isotropic structures are in contrast to most other 
semiconductorss in which etching occurs along preferential crystallographic direc-
tionss [146,148,149]. 

AA first study of the scattering properties of porous GaP was done by Schuur-
manss et al. [79,80]. Two different types of samples were studied: a) anodically-
etchedd GaP (A-GaP) and b) photo-assisted anodically-etched GaP (PA-GaP). The 
GaPP wafers used were (lOO)-oriented, n-type, with a doping concentration of 
NN = 2 x 1017cm~3. All samples were etched at a potential of 15 V. A disordered 
networkk of pores was formed with an average pore radius of 45 nm for A-GaP 
andd 65 nm for PA-GaP Strong scattering of light without optical absorption was 
measuredd in both types of porous GaP at the wavelengths of the experiments (633, 
6855 and 780 nm). The strongest scattering (k£s ~ 3.5) was found for PA-GaP at 
A*,, = 633 nm. The EBS measurements on PA-GaP showed a rounding close to the 
backscatteredd direction due to the onset of localization [79,129]. 

Thee porous structure and, therefore, the optical properties of anodically-etched 
semiconductorss depend on the etching conditions (doping concentration [150,151], 
etchingg potential [151,152], temperature [153], electrolyte 1150,152], magnetic 
fieldfield [154]). We decided to investigate routes to increase the scattering strength 
off  porous GaP. Since the average pore (or scatterer) radius of the GaP samples 
inn Refs. [79,80] is small compared to the wavelength, it was expected that the 
scatteringg strength could be increased by making bigger pores. 

Wee have investigated the pore formation and the scattering strength as a func-
tionn of the doping concentration and the etching potential. The average pore radius 
andd inter-pore distance depend strongly on both parameters. Photo-assisted elec-
trochemicall  etching was not used in the present work, all samples being A-GaP. 

Biggerr pores can be formed in low-doped GaP etched at the highest possible 
potential.. Although the average pore radius in these samples is ~ 95 nm, the 
scatteringg strength (obtained from the width of the EBS cone) was not larger than 
thatt of PA-GaP. The pore radii were further increased by chemical etching, which 
inn the strongest scattering samples leads to a reduction of the EBS-cone width. 
Accordingg to classical [123] and localization [129] theories a decrease of the width 
off  the EBS cone is due to a reduction of the scattering strength. This reduction of 
thee EBS-cone width upon chemical etching is a surprising result that needs further 
investigation. . 
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5.22 Optica l experimenta l technique s 

Thee inverse of the localization parameter k£s characterizes the scattering strength 
off  a random medium (section 1.2). Due to the large optical thickness of the porous 
GaPP samples, measurements of the coherent transmission (from which £s can be 
derived)) are difficult. Therefore, the scattering strength in this chapter will be 
definedd as (k£)~l. Enhanced-backscattering measurements were used to obtain 
thee transport mean free path £ (see section 2.3 on page 38). 

Thee effective refractive index ne of the porous GaP samples was acquired 
byy measuring the angular-resolved transmission [97,155] (see section 2.2.3 on 
pagee 32). With the value of ne it is possible to correct the EBS measurements 
forr internal reflection (section 2.2.2), and to obtain the wave vector in the porous 
structuree k = 2nne/%o. 

Thee enhanced-backscattering cones were recorded using the off-centered tech-
nique.. This technique is described in Refs. [87,156], and will not be repeated here. 
Relevantt for the measurements presented in this chapter is that the angular reso-
lutionn of the set-up is ~ 0.15 mrad. A He:Ne laser (XQ = 633 nm) was the light 
source.. Linearly-polarized light illuminated the sample. The detection was in 
thee polarization-conserving channel. For linearly-polarized radiation the single-
scatteredd light is also detected. Single scattering does not contribute to the en-
hancedd backscattering, but increases the diffuse background. This increased back-
groundd causes an enhancement factor smaller than two. Light that is specularly 
reflectedd on the sample also reduces the enhancement factor [124]. The reduction 
off  the backscattering enhancement by single-scattered light and specular reflection 
iss considered in the analysis of the measurements. 

Thee set-up used to measure the angular-resolved transmission is schematically 
representedd in Fig. 5.1. The intensity of a He:Ne laser was modulated with a 
chopperr at a frequency of 1 Khz. This beam, with a diameter of ~ 4 mm, illumi-
natedd the sample. A lens with a focal length of 10 cm, placed at 90 cm from the 
sample,, collected the transmitted light onto a Si photodiode. The signal from the 
detectorr was amplified with a lock-in amplifier, and recorded by a computer. The 
detectorr and collection optics could be rotated around the sample by means of a 
stepperr motor controlled by the computer, with a minimum step size of 9 x 10~2 

mrad.. By placing a polarizer between the sample and the detector, the parallel p-
andd perpendicular s- (to the plane of incidence) polarization components of the 
angular-resolvedd transmission were also measured. 

Too average out speckle, six measurements were done for each sample and for 
eachh polarization. The sample was moved slightly between the measurements. The 
resultss presented in section 5.5 are the average of these six measurements. 
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Figuree 5.1: 
Schematicc representation of the 
set-upp used to measure the 
angular-resolvedd transmission 
off  porous GaP. The polarizer 
Pol,, lens L, iris I, and detec-
torr can be rotated around the 
samplee by means of a computer 
controlledd stepper motor (not 
plotted). . 

5.33 Pore formatio n by anodi c etchin g 

Forr anodic etching, a piece of GaP wafer with dimensions of 1 x 1 cm was glued 
too a copper plate with silver epoxy. The copper plate was covered with a Teflon 
stickerr to prevent it from chemically dissolving in the electrolyte. The GaP piece 
wass also covered with Teflon, leaving a circular opening with a diameter of 5.5 
mmm (see Fig. 5.7 (b) on page 89). This was the only GaP surface exposed to the 
electrolyte,, and acted as working electrode (anode). As counter electrode (cathode) 
aa platinum wire was used. All the potentials were measured against a saturated 
calomell  electrode (SCE). The electrochemical cell contained an aqueous 0.5M 
H2SO44 solution. All the etching experiments were done at room temperature. 

Commercially-availablee GaP wafers,1 doped with sulfur and with different 
dopingg concentrations N = 5  1,6,7 and 15  5 x 1017cm~3 were used. The 
dopingg concentrations were specified by the GaP suppliers. The thickness of the 
waferss is 300 yum and their surface (100)-oriented. 

Ann n-type GaP electrode does not dissolve anodically in the dark at potentials 
beloww ~ 3 V. Valence-band holes are required for the dissolution reaction 

(GaP)nn + 6h+^(GaP)n^ ,+Ga( I I I )+P( I I I ) . (5.1) 

Whenn a positive potential V is applied, the electrochemical potential of the 
electrodee decreases, which induces a bending of the valence and conduction bands 

11 Atomergic Chemetals, Ramet Ltd., and Philips. 

Chopperr Sample 
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Figuree 5.2: 
Interfacee between GaP and the 
electrolytee at a potential V 
higherr than the breakdown po-
tential.. Electrons in the de-
pletionn layer Ldep may tunnel 
fromm the valence band (VB) to 
thee conduction band (CB). The 
holess are used for the dissolu-
tionn of the semiconductor at the 
interface. . 

closee to the semiconductor-electrolyte interface (Fig. 5.2). The region where the 
bendingg takes place is called the depletion layer and its spatial extent Ldep is given 
byy [157] 

/2eee \ 1 / 2 

L d e p = (~eA?( V " V f b ) )) '  (5" 2) 

wheree e = 11 is the dielectric constant of GaP [147], e0 is the vacuum permittivity, e 
iss the electron charge, N is the donor concentration and V&, is the flat-band potential 
orr the potential at which the bands are flat. For a given semiconductor electrode, 
thee flat-band potential depends mainly on the nature of the electrolyte. In our 
experimentss (aqueous 0.5M H2SO4 solution) the flat band potential is ~ -1.2 
V[158]. . 

Whenn the anode potential is strongly positive, electrons can tunnel from the 
valencee to the conduction band (see Fig. 5.2), a process known as breakdown. The 
holess generated in this way cause etching according to reaction (5.1), and give rise 
too a porous structure. 

5.3.11 Current-potentia l characteristic s 

Thee current density-potential characteristics (I — V curves) were measured with 
ann EG&G PAR 273A potentiostat at scanning rates of typically 50 mV/s. When 
potentialss higher than 10 V (inaccessible with the potentiostat) were needed, one 
orr more 9 V batteries were connected in series with the working electrode. 

Figuree 5.3 shows a typical / - V curve of GaP (N = 6 x 10l7cm~3). The direc-
tionn of the scan is marked with arrows. Three distinctive regions are indicated in 
thee Fig. 5.3. At low potential (region I) the band bending is too small to allow inter-
bandd tunneling. The current density / in this region is low and the semiconductor 
behavess as a reverse-biased diode. 
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Abovee the breakdown potential (region II in Fig. 5.3), the current density in-
creasess strongly with V due to the anodic dissolution produced by the dielectric 
breakdownn of GaP. The current density reaches a maximum value at the potential 
Vmax-- Since at low scanning rates reaction (5.1) occurs under steady-state condi-
tions,, Vmax depends weakly on the scanning rate. 

Besidess the weak dependence of Vmax on the scanning rate, a strong depen-
dencee on the doping concentration was found. This dependence is displayed in 
Fig.. 5.4. The values of Vmax in Fig. 5.4 were measured at a scanning rate low 
enoughh to allow steady-state dissolution. 

Afterr reaching the maximum, / rapidly decreases to a low value (region III 
inn Fig. 5.3), showing only a weak dependence on the potential. This decrease of 
II  is characteristic of electrode passivation, due to the formation of an oxide layer. 
Althoughh we have not studied the characteristics of the passive layer, it presumably 
formss when the etching rate at the pores front reaches the critical value at which 
reactionn (5.1) changes from being limited by breakdown charge transfer to being 
limitedd by the oxide formation. 

Ass the voltage is reduced in the return scan, a maximum in the current density 
alsoo appears but at a lower voltage than in the forward scan. The passive layer is 
chemicallyy dissolved in a slow reaction and the current flows again. 

Thee formation and dissolution of the passivation layer can be used to fabricate 
free-standingg membranes of porous GaP and multilayer GaP structures [95]. These 
structuress can be used as Bragg reflectors and as sieves for biomolecules. 

Figuree 5.3: 
Currentt density versus poten-
tiall  (given with respect to a 
saturatedd calomel electrode) of 
GaPP with a doping concentra-
tionn N = 6 x 1017cm-3 mea-
suredd at a scanning rate of 50 
mV/s.. At low potentials (re-
gionn I) no current flows indi-
catingg that no etching occurs. 
Inn region II etching takes place. 
Inn region III a passive layer is 
formedd and the current density 
iss low. The arrows indicate the 
scanningg direction. Potentiall  F ( V v s. SCE) 
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Figuree 5.4: 
Potentiall  of maximum anodic 
currentt as a function of the 
GaPP doping concentration. The 
solidd line is a guide to the eye. 
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5.3.22 Formatio n of porou s layers 

Anodicc etching at a fixed potential (in region II of Fig. 5.3) produces a homo-
geneouss layer of porous GaP. In this section the formation of the porous layer is 
explained. . 

Etchingg starts at specific sites on the surface. Initial pits are formed where 
surfacee defects are present. Surface defects may lead to a local enhancement of 
thee electric field helping the hole generation [159]. The pits can be clearly seen in 
thee SEM photograph (a) of Fig. 5.5. This image is of a cleaved cross section of a 
porouss GaP sample, in which etching was stopped at the initial stage. 

Fromm an initial pit, a pore is formed; branching of the pores occurs, with a 
hemisphericall  expansion of the porous region. The porous domains originated at 
differentt surface defects can be seen in Figs. 5.5 (a) and (b). The SEM photograph 
off  Fig. 5.5 (b) corresponds to a side view of a porous structure. At the end of this 
sectionn a possible explanation for the pore branching is given. 

Thee etching of GaP occurs only at the pore tips (see section 5.6) where the 
surfacee curvature is higher and the electric field stronger. It is important to note 
thatt the top surface of the sample consists of a thin layer (~ 200 nm) of GaP with 
onlyy a few pits. The porous structure extends underneath this layer. 

Figuree 5.6 displays the current density / as a function of the etching time of 
aa GaP sample (N = 6 x 1017cm~3, etched at 11.5 V). The increase of / at the 
beginningg is due to the increase of the surface area of the front of the porous 
region.. Etching of the sample shown in Figure 5.5 (a) was stopped while the 
currentt density was increasing. 

Oncee the porous regions initiated at different pits meet, the surface of the front 
off  the porous structure is slightly reduced. As can be seen in Fig. 5.6, this reduction 
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Figuree 5.5: Electron-microscope (SEM) photographs of porous GaP. (a) cleaved cross 
sectionn of a sample in which etching was stopped at its initial stage, i.e., when the current 
densityy was still increasing (see Fig. 5.6). (b) side view of a porous structure, (c) cleaved 
crosss section of a layer of porous GaP with a thickness of 203 /m\. 

off  the porous front produces a small decrease of /. 
Finally,, the current density becomes constant indicating that a layer of porous 

GaPP grows downwards in an uniform way. The thickness of the layer can be easily 
variedd from a few microns to the whole thickness of the wafer. The photograph 
(c)) in Fig. 5.5 is a cleaved cross section of a porous-GaP layer with a thickness of 
2033 /an. 

AA sample of porous GaP is schematically represented in Fig. 5.7. Figure 5.7 
(a)) is a side view of the sample. The dark region represents the porous structure, 
andd the light one the non-etched GaP wafer. Also the thin top layer of nearly 
homogeneouss GaP with a thickness of ~ 200 nm is plotted. In Fig. 5.7 (b) a top 
vieww of the sample is displayed. The non-etched region was covered with a Teflon 
mask. . 

Anodicc etching of GaP differs from other semiconductors (such as Si, InP, 
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Figuree 5.6: 
Currentt density versus etch-
ingg time of GaP (N = 6 x 

, -3 3 10"cirTJ)) etched at V = 11.5 

GaAss [146]) in that isotropic structures of macropores are formed with GaP. The 
poree branching that leads to isotropic etching in GaP is probably due to the forma-
tionn of the passive layer. The etch rate is higher at the pore tips due to the enhanced 
electricc field caused by the radius of curvature. Since a passive layer presumably 
formss when the etching rate reaches the critical value at which the reaction (5.1) 
iss limited by oxide formation, the pore tip can be locally passivated. Etching pro-
ceedss close to the pore tip, causing the branching of the pore. This process is 
summarizedd in Fig. 5.8, where (a) represents a pore with the tip passivated (black 
region),, and (b) is the pore after the branching. 

Figuree 5.7: 
(a)) Schematic side view of a 
porouss GaP sample. The non-
etchedd GaP wafer is repre-
sentedd by the light region. The 
darkk region is the porous struc-
ture,, which extends under a thin 
(~~ 0.2 //m) layer of nearly ho-
mogeneouss GaP. (b) is an top 
vieww of a porous GaP sample 
withh a diameter of 5.5 mm. The 
non-etchedd region was covered 
withh Teflon sticker during etch-
ing. . 
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Figuree 5.8: Schematic representation of the pore branching. Figure (a) represents a pore. 
Thee strongest electric field is at pore tip due to its radius of curvature. The etching rate is 
higherr in this region and it can be passivated. This local passivation is represented by the 
blackk area. As displayed in (b), the etching proceeds in the non-passive region, producing 
thee branching of the pore. 

5.44 Optica l absorptio n in anodically-etche d GaP 

Inn Fig. 5.9 a measurement of the EBS intensity at small angles is displayed. This 
iss a measurement for a layer of porous GaP (N = 6 x 1017cm~3, etched at 11.5 V) 
withh a thickness of 203 ̂ m. 

Ass a result of optical absorption and the finite thickness of the sample, long 
pathss do not contribute to the enhanced backscattering (section 2.3), which causes 
aa rounding of the backscattered intensity [125,126]. Localization also gives rise 
too a similar rounding [76,79,129]. 

Forr a sample with a thickness of 203 pm, the rounding in the absence of ab-
sorptionn or localization effects is expected to be A9 = 0.5 mrad [79]. The rounding 
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Figuree 5.9: 
Detailedd measurement of the 
EBSS intensity at small angles 
off  a sample of porous GaP 
(N(N = 6 x 1017 cm"3, etched at 
11.55 V) with a thickness L = 
2033 /jm. The rounding of the 
EBSS is represented by 2A9. 

Anglee (mrad) 
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inn the measurement (Fig. 5.9) is AG = 0.45  0.1 in goodd agreement with the value 
expectedd for a non-absorbing sample given the experimental accuracy. The absorp-
tionn length in this sample is thus La > 200 jum, which means that anodic etching 
virtuallyy does not introduce any optical absorption. This absence of absorption is 
consistentt with previous total-transmission measurements [80]. 

5.55 Remova l of the top layer by photochemica l 
etchin g g 

Anodicc etching produces a porous layer. As mentioned in section 5.3.2, at the 
topp surface of the sample there is a thin layer (~ 200 nm) of bulk GaP with only 
aa few pits where the pore formation is initiated. The thickness of the top layer 
andd the separation between pits depend on the surface polishing. The presence of 
thiss layer can be clearly observed with the naked eye, since it produces a strong 
specularr reflection characteristic of a homogeneous material. 

Ass we have seen in the preceding chapter (where the Ge samples have a 
topp layer formed by small particles), a top layer with optical properties different 
fromm those of the sample bulk complicates the analysis of the optical experiments. 
Therefore,, it is convenient to remove the layer on top of the porous structure. 

Severall  methods can be used to remove this layer. Chemical polishing, using 
ann aqueous Br2 solution, has been successfully employed [160]. However, with 
thiss method it is difficult to control the exact amount of material that is removed. 
AA different approach is to increase the density of surface defects before anodic 
etchingg [161]. The separation between pits will be smaller and consequently the 
surfacee of the etched GaP samples will be also porous. 

Wee have used a different method to remove the top layer, i.e., photochemical 
etching.. The samples were first anodically etched as described previously. They 
weree then immersed in a aqueous solution of 15 ml of 0.5 M H2SO4 and 3 ml 30% 
H2O2.. The samples were uniformly illuminated with the expanded beam of an 
argonn laser (A*, = 460 nm) incident at 45° with respect to the normal of the sample 
surface.. The absorption length of bulk GaP at XQ = 460 nm is ~ 3.5 fan [147]. 
Duee to scattering in porous GaP, the absorption length is reduced to the order of 
thee transport mean free path. The light of the argon laser is thus mainly absorbed 
byy the top layer, where electron-hole pairs are created. The electrons are used to 
reducee H2O2, to give an OH~ ion and an OH* radical [162] 

H2022 + e ^ OH~ + OH# . (5.3) 

Thiss radical is very strongly oxidizing and can be reduced by "hole injection" into 
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Figuree 5.10: Specular reflection (Â  = 460 nm) of a sample of porous GaP as a function of 
thee photochemical-etching time. The SEM photographs are of the top of a sample before 
(a)) and after (b) photochemical etching. 

thee valence band 

O H * ^ O r T + h + .. (5.4) 

Both,, the photogenerated and injected holes, are used for the dissolution of GaP 
(reactionn (5.1)). No potential is applied during the photochemical etching, and the 
h++ are generated (and the photochemical etching occurs) only where the light from 
thee argon laser is absorbed. 

Thee specular reflection was measured during photochemical etching. The 
specularr reflection of a sample (N = 6 x 1017cm~3, anodically etched at a 11.5 
V)) is plotted in Fig. 5.10 as a function of the photochemical-etching time. This re-
flectionflection oscillates before it vanishes. The oscillations are due to wave interference 
off  the light reflected at the air-top layer and at the top layer-porous GaP interfaces. 
Ass the thickness of the top layer is reduced by photochemical etching the interfer-
encee changes from constructive to destructive, to constructive again. Finally the 
topp layer is etched away and the specular reflection vanishes. The photochemical 
etchingg was at this point stopped. The low signal after 1350 s of photochemical 
etchingg in the example of Fig. 5.10 corresponds to the diffuse reflection. 

Thee SEM photographs displayed in Fig. 5.10 are of the top surface of the sam-
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piee before (a) and after (b) photochemical etching. Before photochemical etching 
ann uniform structure with some of the initial pits can be seen. The porous structure 
iss clearly visible after photochemical etching of the top layer. The white lines are 
thee separation between porous domains generated at different pits. 

Thee effect of removing the top layer on the optical experiments becomes evi-
dentt in a measurement of the angular-resolved transmission. The set-up employed 
forr these measurements is described in section 5.2. The sample was illuminated 
throughh its back side, i.e., the non-etched side of the GaP wafer (see Fig. 5.7 (a)). 
Thee angular distribution of the transmitted light through the porous-air interface 
wass thus measured. 

Inn Fig. 5.11 this angular distribution, normalized by the cosine of the angle at 
whichh the light leaves the sample /je = cos8e, is plotted versus ^e- Figure 5.11 (a) 
showss the measurements of a porous GaP sample with a doping concentration N = 
77 x 1017cm~3 etched at 10 V. The measurements of Fig. 5.11 (b) are of the same 
samplee after the photochemical etching of the top layer. The squares correspond to 
thee measurements of the unpolarized transmission, the circles to p-polarized and 
thee triangles to s-polarized transmission. 

Thee solid lines in Fig. 5.11 are fits to the measurements using Eq. (2.28), where 
thee polarization of the detected intensity is included in the Fresnel's reflection co-

Figuree 5.11: 
Angularr distribution of the 
transmittedd light through 
porouss GaP, normalized by the 
cosinee of the angle at which 
thee light leaves the sample 
ppee = cos6e, plotted versus 
/j/j ee.. The squares, triangles 
andd circles correspond to 
unpolarized,, s- and p-polarized 
lightt respectively, (a) corre-
spondss to a N = 7 x 1017cm-3 

samplee etched at 10 V. The 
measurementss shown in (b) 
aree of the same sample after 
photochemicall  etching of the 
topp layer. The solid lines are 
fitsfits to the measurements. 



94 4 CHAPTERR 5: POROUS GaP 

efficient.. These coefficients depend solely on the refractive index contrast at the 
samplee interface and on the angle 9e. Therefore, the effective refractive index of 
thee sample ne is the only free parameter of the fits. From the fits ne is found to be 
2.88  0.2 for the sample with the top layer and 1.6  0.1 for the photochemically-
etchedd sample. 

Thee validity of Eq. (2.28) holds for a multiple-scattering medium with the 
samee effective refractive index ne in the bulk and at the boundary, i.e., samples 
withh the same porous structure in the bulk and at the boundary. Therefore, the 
effectt of the top layer has not been included in the fits of Fig. 5.11 (a), and the 
valuee of ne = 2.8  0.2 does not represent the effective refractive index of the 
porouss structure. The angular-resolved transmission of this sample is dominated 
byy the reflection at the top layer-air interface, giving rise to an overestimation of 
«ee if this reflection is not properly taken into account. 

Internall  reflection causes a narrowing of the EBS cone (see section 2.3 on 
pagee 38). Therefore, the removal of the top layer is important for a correct inter-
pretationn of the EBS measurements presented in the next sections. 

5.66 Scatterin g strengt h versu s dopin g concentratio n 
andd etchin g potentia l 

Inn this section it is shown that the porous structure of GaP (average pore radius r, 
inter-poree distance dp, and porosity <)>) depends on the doping concentration N and 
onn the applied potential V during etching. 

Thee scattering mean free path in a disordered scattering medium is, to a first 
approximation,, given by 4 = l/pas (sections 1.2 and 2.1); where p is the density 
off  scatterers and as is the scattering cross section. The scattering cross section 
dependss on the radius of the scatterers relative to the wavelength (see Fig. 1.1 on 
pagee 11). The strongest scattering is achieved when the size of the scatterers is of 
thee order of the wavelength, i.e., in the Mie scattering regime. 

Sincee the density of scatterers is determined by the inter-pore distance and 
thee size of the pores, and the scattering cross section depends on the pore radius, 
thee dependence of r and dp on the doping concentration and the etching potential 
shouldd strongly affect the scattering strength of porous GaP. This dependence of 
thee scattering strength is demonstrated in this section with EBS measurements. 

Inn Refs. [148,152] it is shown that the inter-pore distance in porous n-type Si 
iss determined by the extent of the depletion layer L^ep, and this distance is always 
smallerr than 2Ldep- If the depletion layers of adjacent pores overlap, the electric 
fieldfield is reduced and the etching stops. Dissolution can only occur in regions where 
thee field is enhanced. These regions are the pore tips were the enhancement of 
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Figuree 5.12: 
Inter-poree distance in porous 
GaPP versus the extent of the de-
pletionn layer L<jep- The solid 
linee represents 2Ldep-

thee field is due to the radius of curvature. In Fig 5.12 the inter-pore distance of 
porouss GaP is plotted as a function of Ldep (given by Eq. (5.2)). The inter-pore 
distancee is defined as the average distance between adjacent pore walls and it was 
estimatedd with a marked gauge from high magnification SEM images. The solid 
linee in Fig. 5.12 represents 2Ldep. Similar to n-type Si, the inter-pore distance in 
porouss GaP is always smaller than 2Ldep, and dp increases as Ldep increases. 

Thee mechanism of the pore formation on n-type Si is discussed in Ref. [152]. 
Thee ratio of the radius of curvature at the pore tip to the width of the depletion layer 
determiness the field strength. A thin depletion layer, i.e., a high N or a low V above 
thee breakdown potential (see Eq. (5.2)), requires a smaller radius of curvature than 
thee one when Ldep is large to produce the same field strength. It is reasonable to 
assumee that a pore is etched when the electric field reaches a certainn critical value. 
Thiss value is thus reached with a small radius of curvature at the pore tip if Ldep is 
thin.. If we assume that the pore tip is hemispherical, the radius of curvature at the 
poree tip determines the pore radius. 

Thee average pore radius of several samples with different doping concentra-
tionss and etched at different potentials are listed in Table 5.1. The corresponding 
valuess of Ldep are also listed. It is clear from Table 5.1 that, as in the case of 
anodically-etchedd n-type Si, bigger pores are in general formed in GaP if the ex-
tentt of the depletion layer is larger. 

Notee that, in contrast to GaP, a passive layer is not formed in Si. This passive 
layerr and the pore branching may also influence the pore radii. 

Too summarize the results of Fig. 5.12 and Table 5.1: bigger and more widely-
spacedd pores are formed at large values of Ldep. Since Ldep depends on the doping 

Ldepp ^ m ) 
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Figuree 5.13: 
EBSS measurements of porous 
GaPP (N = 5 x 1017 cirr3) anod-
icallyy etched at 15 V (squares) 
andd at 16.6 V = Vmax (cir-
cles).. The solid lines through 
thee symbols are fits using diffu-
sionn theory. 

concentrationn N and on the etching potential V, the pore radius and the inter-pore 
distancee can be tuned by changing either of these parameters. The biggest and 
most-widelyy spaced pores are thus obtained in low-doped GaP etched at high po-
tential.. Note that the highest possible potential Vmax is determined by the formation 
off  the passive layer and also depends on N (Fig. 5.4). 

Inn the following the effect of the pore radius and of the inter-pore distance on 
thee scattering strength of porous GaP are discussed. 

Figuree 5.13 shows results of EBS measurements on two porous GaP sam-
pless with TV = 5 x 10l7cm~3, etched at 15 V (squares) and at 16.6 V = Vmax (cir-
cles).. The average pore radius and inter-pore distance are listed in Table 5.1. The 
EBSS cone of the sample etched at higher potential is significantly wider, indi-
catingg stronger scattering. The transport mean free paths in these samples are 

N N 
(1017cm-3) ) 

5 5 
6 6 
7 7 
15 5 
5 5 

V V 
(V) ) 

16.6 6 
12.7 7 
11.2 2 
7.4 4 
15 5 

^dep p 

( jum) ) 

0.21 1 
0.17 7 
0.15 5 
0.08 8 
0.20 0 

(%) ) 
67 7 
62 2 
62 2 
65 5 
40 0 

r r 
(/an) ) 

0.0955  0.02 
0.066  0.015 
0.0455 5 

<0.03 3 
0.055 5 

dp dp 

0.155 3 
0.100 3 
0.088  0.03 

<0.06 6 
4 4 

e e 
(pm) ) 

0.222 2 
0.466 3 
0.88 4 
1.244 7 
0.433 3 

Tablee 5.1: Extent of the depletion layer Laep, porosity §, average pore radius r, inter-
poree distance dp, and transport mean free path £ at XQ = 633 nm of porous GaP of doping 
concentrationn N, etched at a potential V. 

Anglee (mrad) 
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Figuree 5.14: 
EBSS measurements of porous 
GaPP with different doping con-
centrationss N= 15 (squares), 
66 (triangles), 5 (circles) 
xl017cm~3.. All samples 
havee a porosity of ~ 65%. 
Thee solid lines on top of the 
measurementss are fits using 
diffusionn theory. 

Anglee (mrad) 

II  = 0.22  0.02 urn (for the sample etched at 16.6 V) and I = 0.43  0.03 /am (for 
thee one etched at 15 V). These values of £ are obtained from the fits of the EBS 
measurementss using diffusion theory [123]. The fits are shown as solid lines in 
Fig.. 5.13. Internal reflection was taken into account in the fits with the values of 
nnee that were obtained by measuring the angular-resolved transmission. 

Thesee values of the transport mean free path are consistent with the average 
poree radius of the samples: the sample with bigger pores (r = 0.95  0.02 pm) scat-
terss light more effectively due to the larger as as the pore radius becomes closer to 
thee wavelength. Therefore, from the measurements of Fig. 5.13, we can conclude 
thatt for a certain N the maximum scattering strength can be achieved for samples 
etchedd at Vmax. 

Thee EBS measurements of porous GaP samples of different doping concen-
trationn are plotted in Fig. 5.14. The samples were prepared with equal porosity 
<j)) ~ 65%. The porosity is defined as the ratio of the GaP volume removed to the 
totall  volume of the porous layer. The volume of the GaP removed can be calcu-
latedd from the etch charge, since the dissolution of one GaP formula unit requires 
sixx holes (reaction (5.1)). The charge is obtained by the integration of the plot 
off  the current density versus etching time (Fig. 5.6). The porosities of different 
sampless are listed in Table 5.1. Note that in samples with the same N etched at 
differentt potentials the porosity is larger as V increases. 

Forr the samples with N = 5,6,7 x 1017cm~3 of Fig. 5.14 the etching potential 
wass Vmax, having the highest possible porosity and pore size achievable by anodic 
etchingg at room temperature. The sample with TV = 15 x 1017cm~3 was etched at 
7.44 V < Vmax, so that its porosity is 65%. 

Inn Fig. 5.15 the inverse of the scattering strength, in terms of M = ^ne£, of 

1500 3( 
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thesee samples is plotted versus the doping concentration. Angular-resolved trans-
missionn measurements showed that the effective refractive index of all the samples 
wass in the range ne = 1.35 — 1.55. The transport mean free paths I were obtained 
fromm the fits to the EBS measurements of Fig. 5.14, shown as solid lines, taking 
nee = 1.45, ~W\ = 0.5 (obtained with Eq. (2.25) and nt = 1.45). These values of £ 
aree given in Table 5.1. The decrease of the transport mean free path (and therefore 
off  M) for lower N is due to the increase of the pore radius. 

Thee moderately-high scattering strength of the highly-doped GaP (kl ~ 18 for 
thee N = 15 x 1017cm~3 sample) can be understood by the large density of scatterers 
p.. Due to the small pore size (r < 0.03 /yrn) the scattering cross section of the pores 
inn this sample is expected to be very small. However, the short separation between 
poress leads to a high p. 

Duee to the formation of the passive layer, the pore size and the scattering 
strengthh of porous GaP are limited by Vmax. To further increase the scattering 
strengthh two different approaches can be used: it is expected that etching at higher 
temperaturee or using a lower viscosity electrolyte [153] will cause a shift of Vmax 

too higher values, being possible to etch at higher potentials and therefore to form 
biggerr pores. The second approach consists in increasing the pore radius by means 
off  chemical etching. Chemical etching is discussed in the next section. 

Figuree 5.15: 
Inversee of the scattering 
strengthh of porous GaP with a 
porosityy of ~ 65% as a function 
off  the doping concentration. 
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Dopingg concentration, N(\0 cm") 

5.77 Increas e of the scatterin g strengt h by chemica l 
etchin g g 

Duringg the photochemical-etching experiments, we found that H2O2 chemically 
etchess GaP at a very low rate. Since the solution of 15 ml of 0.5 M H2SO4 and 
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Figuree 5.16: 
Transmissionn (XQ = 633 nm) 
throughh porous GaP during 
chemicall  etching in a solution 
off  15 ml of 0.5 M H2S04 and 
33 ml 30% H202. The solid, 
dashedd and dotted lines corre-
spondd to samples with a dop-
ingg concentration of N = 15,7 
andd 5 x 1017cm~3, respectively, 
etchedd at Vmax. The dashed-
dottedd line refers to a sample 
withh N = 7 x 1017cm~3 etched 
att 11 V. The arrows indicate the 
timess at which chemical etch-
ingg was stopped to measure the 
EBS. . 

33 ml 30% H2O2 fill s the whole porous structure, the average pore radius can be 
uniformlyy increased beyond the limit imposed by Vmsa. 

Too control the chemical etching, the transmission of a He:Ne laser beam (X0 = 
6333 nm) through the samples was monitored during etching. Although GaP is 
transparentt for Kg = 633 nm light, strong intensities may lead to two-photon ab-
sorptionn via surface states. As we have seen in section 5.5, optical absorption pro-
ducess photochemical etching, and will give rise to a non-uniform etching rate with 
thee sample depth. Therefore, to avoid two-photon absorption, the He:Ne beam was 
attenuated. . 

Thee measurements of the transmission as a function of the chemical-etching 
timee are plotted in Fig. 5.16. The solid, dashed and dotted lines correspond to 
sampless with N = 15,7 and 5 x 1017cm~3, anodically etched at their respective 
Vmax-- The dashed-dotted line refers to a sample with N = 7 x 1017cm~3 etched 
att 11 V. The measurements of Fig. 5.16 have been normalized with respect to the 
transmissionn value before the etching was initiated. 

Inn general, the transmission decreases to a minimum. This decrease is due 
too the growth of the pore radius by chemical etching. The diffuse transmission 
throughh a non-absorbing random layer is given by ZJj « £/L (see section 2.2.4 on 
pagee 33), where L is the thickness of the sample. As the average pore radius 
becomess bigger, the scattering cross section gets larger and £ is reduced. The 
scatteringg strength is thus increased. Since chemical etching is very slow, the 
changee in L is negligible. The pore radius grows at the expense of the inter-pore 
distance.. After a certain time adjacent pores start to overlap and the transmission 

00 2500 5000 7500 10000 

Etchingg time (s) 
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increases.. Eventually the porous structure collapses. 
Forr the samples with N = 7 x 1017cm~3 etched at 11 V and the N = 5 x 

1017crcr33 etched at Vmax, the EBS was measured before chemical etching (points 
All  and Bl in Figs 5.16 and 5.17). The chemical etching was stopped after 3500 s 
(pointt A2) and 2100 s (B2) respectively; the samples were dried and the EBS was 
measured.measured. After these measurements were performed, the etching was continued 
untill  the transmission increased. The EBS was also measured when the chemical 
etchingg was ended (A3 and B3 in Figs 5.16 and 5.17). 

Thee change of the transmission upon chemical etching is compared to the 
widthh of the EBS cones in Fig. 5.17. In this figure the transmission of the sam-
pless chemically etched 7c-GaP normalized by the transmission before the chemical 
etchingg 7X-GaP (at t=0 s or points Al and Bl of Fig. 5.16) is plotted versus the in-
versee of the width of the EBS cone (normalized by the width of the cone at t=0 s). 
Thesee results are discussed in the next section. 

WW I W 
A-GaPP C-GaP 

Figuree 5.17: Transmission of chemically-etched GaP samples, normalized by the trans-
missionn before chemical etching, plotted versus the inverse of the normalized width of the 
EBSS cones. The points Al , A2 and A3 correspond to a sample with a doping concen-
trationn N = 7 x 10l7cm~3 anodically etched at 11 V. The points Bl, B2 and B3 are of a 
samplee with N = 5 x 1017cm~3 etched at 16.6 V. The arrows indicate the chronology of 
thee chemical-etching experiments (see Fig. 5.16). The solid and dashed lines are a guides 
too the eye. 



5.8.. DISCUSSION 101 1 

5.88 Discussion 
Inn Fig. 5.17 we see that, for the sample with N = 7 x 1017cm~3, the EBS cone 
getss wider while the transmission is reduced due to chemical etching (point A2). 
Bothh phenomena (reduction of the transmission and widening of the EBS cone) are 
consistentt with an increase of the scattering strength of the sample. As mentioned 
inn the preceding section this increase is due to the enlargement of the pore radius. 
Whenn the transmission increases, due to the overlapping of adjacent pores, the 
EBSS narrows (point A3 in Fig. 5.17). 

Noo such consistent picture is obtained with the N = 5 x 1017cm-3 sample. 
Surprisingly,, the EBS cone narrows though the transmission decreases when the 
samplee is chemically etched (point B2 in Fig. 5.17). When the transmission in-
creasess (point B3) the EBS narrows as expected. 

Thee narrowing of the EBS cannot be explained by an increase of the absorp-
tion:: if chemical etching enhances optical absorption the transmission wil l be re-
duced;; however, according to diffusion theory, absorption should also widen the 
EBSS cone [123]. 

AA difference between the two samples of Fig. 5.17 is their scattering strength. 
Ass described in section 5.6, the scattering strengths are obtained from the fits of the 
EBSS measurements using classical diffusion theory. In the well-behaved sample 
(N(N = 7 x 1017cm-3) k£ ~ 15 before chemical etching. This sample was thus far 
fromm the localization transition. In the sample with N = 5x 1017cm-3, k£ ~ 3.5 
beforee etching. The width of the EBS cone of this sample (~ 120 mrad) was 
similarr to that of PA-GaP [79] (see the introduction of this chapter). These are the 
strongestt scattering samples of visible light. 

Itt is remarkable that although the average pore radius of the N = 5 x 1017cm~3 

samplee (r ~ 0.095 /mi) is much larger than that of PA-GaP samples (r ~ 0.065 /mi), 
thee width of the EBS cones are similar. This is an unexpected result, especially 
consideringg the strong influence that a change of the pore radius has on the scat-
teringg strength of porous GaP (see section 5.6). 

Classicall  [123] and localization theories [129] predict a wider EBS cone for 
largerr scattering strengths. Although our measurements are preliminary and a more 
thoroughh study is needed, they suggest that there is a limit for this width and that 
strongerr scattering give rise to a narrowing of the cone. 

Too support this observation we have also measured the EBS of a porous GaP 
samplee (lll)-oriented, with a doping concentration ofN = 2x 1017cm-3, anodi-
callyy etched at 21.5 V. The different wafer orientation is the reason why this sam-
plee has not been further discussed in this chapter. After anodic etching, the sample 
wass photochemically etched, and chemically etched to increase the pore size. The 
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Figuree 5.18: 
SEMM photographs of a sample 
off  porous GaP, (lll)-oriented, 
withh a doping concentration of 
NN = 2 x 1017cm~3, anodically 
etchedd at 21.5 V, photochem-
icallyy etched and chemically 
etched,, (a) is a SEM pho-
tographh of cleaved cross sec-
tionn of the porous layer. The 
drawnn line marks the sample 
edge.. The region above the line 
iss the sample surface. The dark 
partt at the bottom of the pho-
tographh is the non-etched GaP 
wafer,, (b) is a higher magnifi-
cationn photograph of the porous 
structure. . 

1.22 \xm 

resultingg sample can be seen in Fig. 5.18, where (a) is a SEM photograph of a 
cleavedd cross section of the porous layer. The drawn line marks the sample edge. 
Thee region above the line is thus the sample surface. The dark part at the bottom of 
thee photograph is the non-etched GaP wafer. A higher magnification photograph 
off  the porous structure is displayed in Fig. 5.18 (b). The average pore radius in 
thiss sample was r = 0.12  0.03 pm, thus larger than the pore radius of the samples 
discussedd before. In spite of the large pore size, the EBS cone has a width of only 
1000 mrad, which according to diffusion theory corresponds to k£ ~ 5. 

Thee preliminary results of the chemical etching that have been described re-
quiree a more systematic study. At the time this thesis was being written, the EBS 
att small angles was not investigated in detail. Since Anderson localization leads 
too a rounding of the EBS intensity at small angles [79,129] (see section 2.4), this 
investigationn must be done. As we have seen in chapter 3 and 4, total transmis-
sionn measurements on a series of samples with different thickness and at different 
wavelengthss can be very enlightening. 

Ass explained in section 5.3.2 the porous structure grows downwards once the 
currentt density reaches a constant value. The effect on the EBS of the porous 
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regionn formed in the first stage of the anodic etching, i.e., while the current density 
increasess (see Fig. 5.6), must be investigated. The optical anisotropy that might be 
presentt in anodically-etched GaP also needs to be studied. 





A A 

Energyy densit y coheren t poten -
tiall  approximatio n 

Inn chapter  3 the energy density coherent potential approximation (EDCPA) is 
usedd to calculate the scattering mean tree path 4 and the localization parameter  k£s 

inn system formed by silicon scatterers. This theory has been developed by CM. 
Soukouliss and coworkers and its principles are summarized in this appendix. A 
detailedd description of the EDCPA can be found in Refs. [84,163,164], 

Considerr  a random system of spheres with radius r and dielectric constant £j 
inn matrix formed by a material of dielectric constant £2. The scatterers volume 
fractionn is <|>. The EDCPA uses a coated sphere with a radius rcs as the basic 
scatteringg unit. The dielectric constant of the sphere core is £1, while the dielectric 
constantt  of the coating is £2- The distributio n of the spacing between adjacent 
spheress is approximated by a delta function at rcs, which assumes that the spheres 
cann not overlap. 

Thee dielectric constant of the effective medium £e is self-consistently deter-
minedd by considering that the averaged energy density is uniform over  length 
scaless larger  than the coated sphere. This consideration requires that the energy 
off  a plane wave stored in a coated sphere should be the same as the energy stored 
byy a plane wave in a volume of the effective medium equal to that of the coated 
sphere.. The self-consistent equation for  E<, can be thus written as 

r S[ / i (r ,£,,£ 2)dr == f"  Uzfaejdr, (5.5) 
JoJo Jo 

wheree U\ (r,£i,£2) and £/2(r>£e) are the energy density in the coated sphere and in 
thee effective medium. 

Withh £e the scattering properties, such as £s, k£s, DB and ve, can be calculated 
usingg multiple-scattering theory [164,165]. 
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Onee of the most remarkable conclusions of the EDCPA is that localization of 
lightt can be easier achieved in an inverse structure fe > £1), rather than in a direct 
structuree (ei > £2). This result is depicted in Fig. Al , where contour plots of the 
localizationn parameter k£s versus the dielectric contrast and the scatterers volume 
fractionn are represented. Figure (a) corresponds to a direct structure and (b) to an 
inversee structure. As can be appreciated, for each value of the dielectric contrast 
k£k£ss is lower in the inverse structure. 

0.11 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 
(j)) (j) 

Figuree A.l: Contour plots of the localization parameter k£s as a function of the dielectric 
contrastt and of the scatterers volume fraction. Figure (a) corresponds to a direct structure 
(eii  > £2) and (b) corresponds to an inverse structure (£2 > £1). Figure reproduced from 
Ref.. [85]. 



B B 

Extrapolatio nn lengt h with an ab 
sorbin gg layer 

Thee top of the Ge samples in chapter 4 is a thin absorbing layer. As it is 
demonstratedd in this appendix, the absorption in the top layer affects the extrapo-
lationn factor (here called xe) of the interface. 

Thee calculation of the reflection coefficient of a double interface can be found 
inn Ref. [135]. This calculation is here generalized for the case of an absorbing 
layer.. With the reflection coefficient, te can be evaluated as explained in sec-
tionn 2.2.2. 

Wee assume a weakly or non-absorbing multiple scattering sample with an ho-
mogeneouss and absorbing layer of thickness 8 at one interface. The effective re-
fractivee index of thee sample is given by ne, while the absorbing layer has a complex 
refractivee index /z£ = «5 + ncg. If K§ < n5 the absorption coefficient of this layer 
iss given by oc5 = 2JCK&/X. The transmitted fraction Tab(Qi) of the diffuse light in-
cidentt at the interface sample-layer at angle Q\ (see inset of Fig. B.l) is refracted 
accordingg to SnelFs law and undergoes a ballistic propagation along the absorbing 
layerr at angle 02. Due to the absorption, the intensity of the transmitted fraction 
inn attenuated by the factor e'0* 5/006®2. The light reaching the layer-air interface 
mayy be reflected with a probability given by the Fresnel's reflection coefficient, 
#bc(02).. The reflected fraction reaches the interface layer-sample, after being at-
tenuated,, where it may be reflected etc. Considering these multiple reflections at 
bothh interfaces the reflection coefficient of the absorbing layer is 

Inn Eq. (B.l) the indexes a, b, c stand for medium a = sample , b = absorbing layer 
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andd c = outside medium, as it is illustrated in the inset of Fig. B. 1, and, for instance, 
/?abb is the Fresnel's reflection coefficient of the interface between medium a and b. 

Withh the reflection coefficient, given by Eq. (B.l), the extrapolation factor can 
bee calculated following the procedure described in section 2.2.2. 

Inn Fig. B.l the extrapolation factor xe is plotted as a function of (Sag)-1. In 
thiss example ne = rcg = 1.6 and , for simplicity, the Fresnel's reflection coefficients 
aree calculated for dielectric media. As the absorption in the layer gets stronger, xe 

becomess smaller. The reason for the decrease of xe is the lower light intensity that 
leavess the sample due to absorption in the top layer. 

500 100 150 200 

' ' 
(55 a, ƒ 

Figuree B.l: Extrapolation factor of a double interface or layer as a function of (Sag)-1, 
wheree 5 is the thickness of the layer and ocg its absorption coefficient. Inset: The light 
leavingg the sample (medium a) at an angle 9] is refracted according to Snell's law. It 
propagatess through the layer (medium b), where it is attenuated by absorption. At the 
interfacee between medium b and c the light may be reflected with a probability given by 
thee Fresnel's reflection coefficient. The reflection coefficient of the layer is given by the 
multiplee reflections at both interfaces. 
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Symbol l 

a a 
OtTL L 

8 8 

e e 
8e e 

X X 

K K 
A-gsip p 

X\j X\j 

s s 
C C 
p p 

<Ta a 

^ex x 

Gs Gs 

£o o 

e e 
£e e 

Ke e 

r r 

& & 
X X 

Ta a 
TP P 

xei,2 2 

fl fl 

Description n 

absorptionn coefficient 
absorptionn coefficient in the top layer (chapter 4) 
thicknesss of the top layer (chapter 4) 
backscatteringg angle (in section 2.3 and chapter 5) 
transmissionn angle 
wavelength h 
wavelengthh in vacuum 
band-gapp wavelength 
wavelengthh of the Urbach band edge 
localizationn legth 
coherencee legth 
densityy of scatterers 
absorptionn cross section 
extinctionn cross section 
scatteringg cross section 
vacuumm permittivity 
dielectricc constant 
dielectricc constant of an effective medium 
imaginaryy part of the dielectric constant 
decayy time of the transmitted intensity 
scattererss volume fraction (or porosity in chapter 5) 
cosinee of the transmission angle 6e 

transportt mean free time 
absorptionn mean free time 
dephasingg time 
extrapolationn factor at boundary 1 or 2 
scatteringg angle 
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Symbol l 

<P P 
% % 
a a 
d d 
ddp p 

D D 
DDB B 

e e 
E E 
I I 
/o o 

'coh h 

J J 

Jia Jia 
kk = 2jine/Xo 
KQKQ ^— ZJKI KQ 

k£k£s s 

H s~l l 
( ^ s ) - 1 1 

£ £ 
Cg g 

4 4 
t c c 

-̂ex x 

is is 
L L 
Lp p 

U U 
u u 

^<dep p 

/n n 
7Ï Ï 

nn0 0 

nnc c 

N N 

Description n 

polarizability y 
fractionn of absorbed energy 
albedo o 
dimension n 
(average)) inter-pore distance 
diffusionn constant 
Boltzmann diffusion constant 
electronn charge 
complexx amplitude 
intensity y 
incidentt intensity 
coherently-transmittedd intensity 
diffusee flux 
diffusee flux at boundary 1 or 2 
wavee vector in the medium 
wavee vector in vacuum 
localizationn parameter 
Ioffe-Regell  criterium for localization 
photonicc or scattering strength 
transportt mean free path 
absorptionn mean free path 
Boltzmann mean free path 
criticall  mean free path 
extinctionn mean free path 
scatteringg mean free path 
samplee thickness 
dephasingg length 
absorptionn length 
decayy length of the total transmission (chapter 3) 
widthh of the depletion layer 
refractivee index contrast 
refractivee index 
vacuumm refractive index 
effectivee refractive index 
dopingg concentration 
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Symbol l 

PM PM 
r r 
R R 

R(Q) R(Q) 
Rd Rd 

#1,2 2 

T T 
-*coh h 

7d d 
s s 
ve e 

f/d d 
V V 
Vfb b 

Mnax x 

w w 
^ei,2 2 

Zp p 

Description n 

angularr distribution of the transmitted light 
(average)) scatterer (or pore) radius 
totall  reflection 
FresneFss reflection coefficient at angle 6 
diffusee total reflection 
averagee reflectivity at boundary 1 or 2 
totall  transmission 
coherentt transmission 
diffusee total transmission 
pathh length 
energyy velocity 
diffusee energy density 
potential l 
flatflat band potential 
potentiall  of maximum anodic current 
widthh of the enhanced backscattering cone 
extrapolationn length at boundary 1 or 2 
locationn of the source of diffuse light 





Lis tt  of abbreviation s 

Abbreviation n 

EBS S 
EDCPA A 

EDX X 
FEL L 

FELI X X 
FTIR R 

IS S 
MCTT detector 

RTE E 
SCE E 
SEM M 

Description n 

enhancedd backscattering 
energyy density coherent potential approximation 
energy-dispersionn X-ray spectroscopy 
freefree electron laser 
freefree electron laser  for  infrared experiments, The Netherlands 
Fourierr  transform infrared spectrometer 
integratingg sphere 
mercury-cadmium-tellurid ee detector 
radiative-transferr  equation 
saturatedd calomel electrode 
scanning-electronn microscope 
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Summar y y 
Thiss thesis constitutes an experimental study of the propagation of light in 

strongly-scatteringg media. In an intensive search for  Anderson localization of light, 
sampless of high refractive index semiconductors have been investigated. 

Inn this thesis, a photonic material is defined as a medium that scatters light 
strongly.. Two limitin g cases of photonic materials can be discerned: 

•• Periodic three-dimensional (3D) crystals. A periodic 3D crystal is a lattice 
off dielectric particles with a lattice spacing of the order of the wavelength 
off light. If the refractive index contrast between the particles and the sur
roundingg medium is high enough a photonic band gap may be created. The 
propagationn of light in such a medium is similar to the propagation of elec
tronss in a crystalline semiconductor. 

•• Random materials. Random materials are 3D systems of dielectric particles 
randomlyy placed and separated by a length of the order of the wavelength of 
light.. Light propagates as electrons do in amorphous semiconductors. If the 
strengthh of the disorder or scattering is high enough, light can not propagate 
throughh the system and it is localized. 

Inn disordered systems the transport of light is diffusive. The direction of prop
agationn of light is randomized in an average distance given by the transport mean 
freee path L The photonic strength of the system is defined by the inverse of the 
localizationn parameter k£s, where k is the wave vector in the medium and £s is the 
scatteringg mean free path or the average distance between two scattering events. 
Onlyy in the extreme case of very strong scattering, i.e., when k£s < 1, the transport 
iss inhibited and Anderson localization of light is established. Anderson localiza
tionn is a phase transition between propagating states and localized states, and it is 
thee result of wave interference. 

Too approach the localization transition, k£s ~ 1, the scattering mean free path 
needss to be reduced, which is achieved by using high refractive index (n) scatterers, 
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withh a size of the order of the wavelength, in a low refractive index matrix, i.e., 
powders.. An alternative to powders are scatterers of low refractive index material 
inn a matrix of high refractive material, i.e., porous structures. 

Inn the past, most of the research in disordered scattering materials was done 
withh dielectrics as titanium dioxide (n = 2.7). Even stronger photonic materials 
cann be achieved with some semiconductors, since they have a very high refrac-
tivee index and present very low optical absorption at larger wavelengths than the 
semiconductorr band gap wavelength. We have studied the propagation of near and 
midinfraredd light through silicon, Si (n = 3.5), and germaniun, Ge (n = 4), powder 
samples,, and of visible light through porous gallium phosphide, GaP (n = 3.3). 
Porouss GaP is the strongest photonic material of visible light to date. 

Thee powders (Si and Ge) were prepared by decreasing the particle size by 
millingg intrinsic material, and reducing the polydispersity by letting the particles 
sedimentt in a fluid. The optical transport in these samples was investigated in the 
nearr infrared (1.4 fjm < XQ < 2.5 /an). Total-transmission measurements in the 
sampless of Si powders allowed the determination of the transport mean free path, 
thee absorption length and (assuming isotropic scattering) the localization parame-
ter.. The transport mean free path and the localization parameter are qualitatively 
welll  described by the energy density coherent potential approximation. A novel 
methodd to investigate the residual absorption has been developed: the measure-
mentt of the transmission through the samples filled with a non-absorbing liquid 
makesmakes possible to distinguish between optical absorption and light localization. 

Thee Ge samples were also studied in the midinfrared using a free electron 
laser,, FEL (Free electron laser for infrared experiments, FELIX, Rijnhuizen, The 
Netherlands).. Due to the high intensity of the FEL radiation and to its picosecond 
pulsee structure new experiments could be performed. We have demonstrated that 
thee comparison between the total transmission and the coherent transmission can 
bee used to investigate the localization transition. From dynamic measurements, 
ass time-resolved speckle interferometry, the light diffusion constant could be ob-
tained.. The diffusion constant is significantly reduced in samples thinner than 
~~ 7£, probably due to the reduced dimensionality in these samples. The energy 
velocityy is significantly lower than the phase velocity due to resonant multiple 
scattering.. Photoacoustic spectroscopy proved to be a very sensitive method to 
measuree the residual absorption in the Ge samples. 

Thee main result of these investigations in powders is that the scattering strength 
inn semiconductor samples is higher than in dielectric samples, due to the higher re-
fractivee index of these materials. The polydispersity in the particle size is the main 
limitingg factor of the scattering strength in disordered scattering samples. Sig-
nificantt absorption is present in the powders, constituting a complication for the 
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localizationn experiments. 
Galliumm phosphide is transparent for light in the yellow and red part of the vis-

iblee spectrum, being a fascinating material for localization experiments at wave-
lengthss where Si and Ge present strong absorption. Strongly-scattering samples 
inn the visible with virtually no absorption can be fabricated from n-type GaP by 
meanss of electrochemical etching. Electrochemical etching produces a random 
andd homogeneous porous structure in GaP. We have studied the pore formation 
andd the scattering strength as a function of the doping concentration and the etch-
ingg potential. These two parameters determine the extension of the semiconduc-
torr depletion layer during etching, and influence the pore formation. Bigger and 
moree widely-spaced pores can be formed in low-doped GaP. At low potential the 
poree diameter is reduced. Since the scattering strength in a porous material de-
pendss on the pore size and on the pore spacing, it is possible to tune it in a wide 
range.. Enhanced- backscattering measurements were used to quantify the scat-
teringg strength of porous GaP. The strongest scattering sample of visible light re-
portedd to date is low-doped porous GaP. To further increase the scattering strength, 
thee size of the pores was augmented by means of chemical etching. To optimize 
thee scattering, the optical transmission was measured during the chemical etch-
ing.. Contrary to what it is expected, for the strongest scattering sample the width 
off  the enhanced-backscattering cone is reduced upon chemical etching. This is a 
surprisingg result that requires further investigation. 





Samenvattin g g 
Dee voortplanting van licht in een homogeen medium is eenvoudig. Licht plant 

zichh voort in rechte banen. Als het licht een obstakel (of verstrooier) op zijn baan 
tegenkomt,, wordt het verstrooid. Dat het licht verstrooid wordt, betekent dat zijn 
voortplantingsrichtin gg is veranderd. Licht kan ook geabsorbeerd worden. Een ob-
jectt  dat verstrooit maar  niet absorbeert, is wit. Wordt al het licht geabsorbeerd, 
dann is het object zwart. Worden slechts bepaalde kleuren (of golflengtes) geab-
sorbeerd,, dan heeft het object een kleur; een rode appel, bijvoorbeeld, absorbeert 
blauww en groen licht en verstrooit het rode licht. Het is belangrijk ons te realiseren 
datt  wij  de objecten om ons heen kunnen zien doordat zij  licht verstrooien. Je zou 
kunnenn zeggen dat wij  kunnen zien dankzij  verstrooiing van licht. 

Hoee sterk een obstakel verstrooit, wordt bepaald door  zijn afmeting en andere 
eigenschappen.. De verstrooiing is het sterkst wanneer  de afmeting van het ob-
stakell  ongeveer  gelijk is aan de "afmeting"  van het licht. Het licht is een golfver-
schijnsell  zoals de kringen die ontstaan wanneer  er  een steen in het water  gegooid 
wordt.. Met de afmeting van het licht wordt de golflengte of de afstand tussen 
tweee golftoppen van de kringen bedoeld. Het zichtbare licht, oftewel het licht 
datt  de mens kan zien, heeft een golflengte tussen 0.4 en 0.7 maal het miljoenste 
deell  van een meter  (0.4-0.7 micron). Blauw licht heeft een golflengte van 0.4 mi-
cron,, terwij l de golflengte van rood licht 0.7 micron is. De eigenschappen van de 
verstrooierr  die het verstrooien karakteriseren, worden beschreven door  de brek-
ingsindex.. De brekingsindex karakteriseert hoe sterk de interactie tussen het licht 
enn de verstrooier  is. Hoe groter  het brekingsindex verschil tussen de verstrooier  en 
hett  medium is, des te sterker  wordt het licht verstrooid. 

Bevindtt  zich in een medium meer  dan één verstrooier, dan vindt er  meer-
voudigee verstrooiing plaats. Zij n de verstrooiers willekeurig geplaatst, dan is het 
mediumm een wanordelijk systeem. Een wolk is een voorbeeld van meervoudige 
verstrooiingg in een wanordelijk systeem. Door  de meervoudige verstrooiing aan 
dee waterdruppels van de wolk, is de zon niet meer  te zien. Het licht van de zon dif-
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fundeertt in de wolk. Dit betekent dat de voortplanting van het licht niet langer vol-
genss een recht pad verloopt. Andere voorbeelden van meervoudige verstrooiende 
mediaa zijn melk, tandpasta, zand en verf. 

Inn het geval van extreem sterke verstrooiing, kan licht gelokaliseerd worden. 
Lokalisatiee wordt veroorzaakt door interferentie van verstrooid licht en betekent 
eenn hindering van zijn voortplanting. Door de wanorde bevindt het licht zich in 
eenn val in het medium. Philip W. Anderson voorspelde in 1958 lokalisatie in 
wanordelijkk systemen in samenhang met electronisch transport. Door dit werk 
wonn Anderson de Nobel prijs voor Natuurkunde in 1977. Pas in de jaren tachtig re-
aliseerdenn wetenschappers zich dat lokalisatie wordt veroorzaakt door interferentie 
vann electrongolven. Aangezien interferentie een eigenschap is van alle soorten gol-
ven,, voorspelde men dat ook licht gelokaliseerd kon worden. Daarna begon een 
intensieff  onderzoek naar systemen waarin licht gelokaliseerd zou kunnen worden. 
Nogg steeds is er geen beslissend bewijs van Anderson lokalisatie van licht in drie 
dimensionalee systemen. 

Ditt proefschrift beschrijft een experimenteel onderzoek naar de voortplanting 
vann licht in sterk verstrooiende en wanordelijke systemen. In vergelijking met 
wolken,, verstrooien onze monsters het licht ongeveer één miljoen keer sterker en 
zijnn als zodanig de sterkst-verstrooiende systemen tot op heden. De motivatie van 
ditt onderzoek was de studie van Anderson lokalisatie van licht. Om zo'n sterke 
vertrooiingg te kunnen bereiken, hebben wij gebruik gemaakt van halfgeleiders 
zoalss silicium (Si), germanium (Ge), een gallium fosfide (GaP). Deze materialen 
hebbenn een hoge brekingsindex en verstrooien daardoor het licht erg efficiënt. 

Zoalss eerder besproken, is de verstrooiing maximaal wanneer de verstrooier 
dee afmeting van de golflengte van het licht heeft; daarom werden stukken Si en Ge 
verpoederdd tot deeltjes van ongeveer één micron. Foto's van de poeders van Si en 
Gee zijn te zien op paginas 49 en 64. Met deze deeltjes zijn lagen van verschillende 
diktenn gemaakt. 

Absorptiee van licht is de grooste complicatie bij de experimenten omdat men 
vermoedtt dat het de lokalisatie vernietigt. Bovendien produceert absorptie het-
zelfdee resultaat als lokalisatie in het merendeel van de experimenten, wat het anal-
yserenn moeilijk maakt. 

Siliciumm en germanium absorberen zichtbaar licht, maar laten infrarood licht 
door.. Daarom zijn de experimenten uitgevoerd met infrarood licht. In hoofdstuk 
33 worden de totale transmissie metingen beschreven. De totale transmissie is de 
fractiee van de lichtintensiteit die wordt doorgelaten door het monster. Kan het licht 
zichh niet voortplanten in het monster door lokalisatie, dan zal de totale transmissie 
ergg laag zijn. Aan de andere kant als het licht geabsorbeerd wordt, is de totale 
transmissiee ook laag. Met de experimenten beschreven op hoofdstuk 3, laten wij 
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zienn dat de verstrooiing van infrarood licht in Si en Ge poeders zeer sterk is, maar 
datt absorptie wordt geïntroduceerd tijdens de preparatie van de deeltjes (de mon-
sterss waren "verontreinigd"). De resultaten van hoofdstuk 3 kunnen zonder de 
hulpp van het concept van Anderson lokalisatie begrepen worden. 

Inn hoofdstuk 4 zijn nieuwe experimenten met monsters van germanium poed-
erss beschreven. Deze experimenten zijn uitgevoerd met een laser van infrarood 
lichtt (FELIX, Rijnhuizen). Naast de totale transmissie, hebben wij ook de totale 
reflectiee gemeten, oftewel de fractie van het licht dat gereflecteerd wordt door het 
monster,, en de coherente transmissie, oftewel de transmissie van alleen de richting 
vann het opvallende licht. Door vergelijking van de resultaten van deze metingen 
kann het niveau van lokalisatie in de monsters kwantitatief bepaald. Met FELIX 
hebbenn wij ook dynamische-transmissie metingen oftewel metingen als functie 
vann tijd, uitgevoerd. Met deze metingen kunnen wij de lichtdiffusieconstante en 
dee voortplantingssnelheid bepalen. Wij hebben ook de absorptie van de Ge poed-
erss met behulp van fotoakoestische spectroscopie bestudeerd. Geabsorbeerd licht 
genereertt warmte. Deze warmte veroorzaakt een akoestische golf die beluisterd 
(off  gemeten) kan worden. 

Dee monsters van GaP werden gemaakt door middel van elecktrochemisch 
etsen.. Tijdens het etsen wordt een stuk GaP in een zwavelzuurbad onder een 
elektrischee spanning gehouden. Dit veroorzaakt het etsen van GaP op bepaalde 
plekken,, en de vorming van poriën die op een wanordelijke manier groeien. Er 
wordtt een poreuze structuur gevormd die het licht sterk verstrooit. Deze struc-
tuurr wordt weergegeven door een spons zoals afgebeeld op de kaft. Een foto van 
poreuss GaP is te zien op figuur 1.2 (b). Gallium fosfide is doorzichtig voor rood 
licht.. Daarom zijn de metingen uitgevoerd met licht van deze kleur. De verstrooi-
ingg van licht in GaP monster werd bestudeerd door middel van het meten van de 
terugstrooikegel.. De terugstrooikegel is het resultaat van interferentie van licht dat 
zichh in een wanordelijk systeem voortplant. Zoals wij in hoofdstuk 5 laten zien, 
kann de mate waarin het licht verstrooid wordt, moeiteloos door de spanning tijdens 
hett etsen en door de dotering van GaP ingesteld worden. In tegenstelling tot Si en 
Ge,, genereert het etsen van GaP geen absorptie. Onze monsters van poreus GaP 
hebbenn tot op heden het wereldrecord van de sterkste licht verstrooiing. Lokalisatie 
vann licht in porous GaP zal binnenkort een feit zijn... 





Resumen n 

Laa propagación de la luz en medios homogéneos es simple: la luz viaja en 
trajectoriass rectas. Al encontrar  un obstaculo en su camino la luz es dispersada, 
cambiandoo asf su dirección de propagación. La luz también puede ser  absorbida 
porr  el obstaculo. Un objeto es blanco cuando no absorbe; por  el contrario, si ab-
sorbee toda la luz es negro. Si solo determinados colores (o longitudes de onda 
dee la luz) son absorbidos, el obstaculo tiene color; por  ejemplo, un manzana roja 
absorbee luz azul y verde, y dispersa luz roja. Es importante entender  que pode-
moss ver  los objetos que nos rodean gracias a que dispersan la luz que reciben. 
Podriamoss decir  que no somos ciegos gracias a la dispersion de luz. 

Laa intensidad con la que un obstaculo dispersa luz depende de su tamano y 
propiedadess fisicas. La dispersion es mas intensa cuando el tamano del obstaculo 
ess aproximadamente igual al 'tamano'*  de la luz. La luz es una onda como lo son 
lass oscilaciones que se producen en el agua de un lago al arrojar  una piedra. El 
tamanoo de la luz es una referenda a su longitud de onda o a la distancia entre 
doss crestas consecutivas de la oscilación. La luz del visible, o la luz que el ojo 
humanoo puede ver, tiene una longitud de onda comprendida entre 0.4 y 0.7 veces 
laa millonésima parte de un metro (0.4-0.7 micras). La luz azul tiene una longitud 
dee onda de 0.4 micras, mientras que la longitud de onda de la luz roja es de 0.7 
micras.. Las propiedades fisicas del objeto que producen la dispersion de la luz son 
descritass por  el indice de refracción. Este ïndice representa la intensidad con la 
quee el material interacciona con la luz, y por  lo tanto la intensidad de la dispersion. 
Cuantoo mayor  es la diferencia entre el indice de refracción del obstéculo y el del 
medioo que Ie rodea, mas intensa es la dispersion de luz. 

Sii  en un medio hay mas de un objeto que dispersa luz, se produce dispersion 
multiple.. Si la posición de los objetos es aleatoria se dice que el medio es desorde-
nado.. Las nubes son ejemplos de medios desordenados. La dispersion multipl e de 
laa luz del sol con las pequenas gotas de agua que forman la nube impiden ver  el sol. 
Laa luz es difundida por  nube, o en otras palabras, su trayectoria no es rectilinea. 
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Enn el caso extremo de dispersion muy intensa, la luz puede estar localizada. 
Laa localización es el resultado de interferencia de la luz dispersada e implica una 
inhibiciónn de su propagación. Debido al desorden producido por los obstaculos, la 
luzz se encuentra atrapada en el medio. El concepto de localización inducida por 
desordenn fue introducido por Philip W. Anderson en 1958 en el contexto de trans-
pottee electrónico, por lo que ha sido bautizada como localización de Anderson. 
Porr este trabajo Anderson ganó el premio Nobel de Fisica en 1977. En los anos 
80,, se asoció ell  fenómeno de localización con la interferencia producida por el car-
acterr ondulatorio de los electrones. Interferencia es una caracteristica de cualquier 
tipoo de onda, por lo que se predijo que la luz podia ser localizada de la misma 
formaa que los electrones. Empezó entonces un intensivo trabajo experimental para 
localizarr luz. Aun hoy en dia no existen pruebas concluyentes que demuestren 
localizaciónn de Anderson para la luz en sistemas tridimensionales. 

Estaa tesis describe un estudio experimental de la propagación de la luz en 
medioss desordenados en los que se produce dispersion multiple. Los sistemas 
quee hemos estudiado dispersan la luz con una intensidad aproximadamente un 
millónn de veces mayor que las nubes. La motivación de este trabajo ha sido la 
obtenciónn y el estudio de localización de Anderson para la luz. Para conseguir 
estaa intensa dispersion hemos usado semiconductores como silicio (Si), germanio 
(Ge)) y fosfuro de galio (GaP). Estos materiales tienen un indice de refracción muy 
elevadoo y por lo tanto dispersan luz muy eficientemente. 

Laa dispersion es maxima cuando el objeto tiene el tamano de la luz; por lo 
tantoo piezas de Si y Ge fueron molidas hasta crear particulas con unas dime-
sioness de aproximadamente una micra. Estas particulas estan representadas por 
lass piedras de la portada de esta tesis. Fotograffas hechas con un microscopio 
electrónicoo figuran en las paginas 49 y 64. 

Laa absorción de luz es la principal complicación en los experimentos, ya que se 
piensapiensa que esta destruye la localización de Anderson. Ademas, absorción produce 
ell  mismo resultado que localización en la mayorfa de los experimentos ópticos, lo 
cuall  complica enormente su analisis. 

Silicioo y germanio absorben intensamente la luz del visible. Sin embargo, es-
toss materiales no absorben luz infrarroja (de mayor longitud de onda que la luz 
roja).. Por lo tanto, los experimentos fueron realizados con este tipo de luz. En 
ell  capitulo 3 se describen medidas de transmisión total. La transmisión total rep-
resentaa la fracción de la intensidad de luz que es transmitida por el medio. Si 
debidoo a localización la luz no se puede propagar, la transmisión total es fuerte-
mentee reducida. Igualmente si la luz es absorbida la transmisión es muy pequefïa. 
Conn los experimentos descritos en el capitulo 3 demostramos que la dispersion 
dee luz infrarroja en las muestras de Si and Ge es muy intensa. Sin embargo ab-
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sorciónn es introducida durante la preparation de las particulas (las muestras son 
"ensuciadas")) y los resultados pueden ser explicados sin invocar localization de 
Anderson. . 

Enn el capitulo 4 se describen nuevos experimentos con muestras de particulas 
dee Ge. Estas medidas fueron realizadas con un laser de luz infrarroja (FELIX, 
Rijnhuizen,, Pafses Bajos). Ademas de medir la transmisión total también obtuvi-
moss la reflexion total, o la fraction de la intensidad de luz que es reflejada por la 
muestraa y la transmisión coherente o la transmisión en la direction en la que incide 
ell  laser en la muestra. De la comparación de estas medidas se deriva el grado de 
localizationn de la luz en la muestras. También realizamos medidas de transmisión 
dinamicass o en función del tiempo. De estas medidas se deduce la constante de 
diffusionn de la luz y su velocidad de propagation en las muestras. Por ultimo 
tambiénn estudiamos la absorción de luz mediante medidas fotoacüsticas. Cuando 
laa luz es absorbida genera calor, el cual produce una onda acüstica que puede ser 
"escuchada""  o medida. 

Lass muestras de GaP fueron preparadas por medio de corrosion electroquimica. 
Durantee este proceso, se introduce una pieza de GaP en un bano de acido sulfurico 
yy se aplica un potential eléctrico. Esto produce la corrosion de GaP en ciertos 
lugares,, generando poros que crecen de forma desordenada. Se forma una estruc-
turaa porosa que dispersa la luz intensamente. Esta estructura esta representada por 
lala esponja de la portada. En la figura 1.2 (b) puede observarse una fotograffa de 
unaa muestra de GaP poroso realizada con un microscopio electrónico. Fosfuro de 
galioo no absorbe la luz roja y por lo tanto las medidas fueron realizadas con luz 
dee este color. La dispersion de luz en muestras de GaP fue estudiada mediante la 
medidaa de cono de retroflexion. El cono de retroflexion es el resultado de la inter-
ferenciaa de la luz propagando en un medio desordenado y proporciona importante 
informationn sobre el transporte de esta. Como demostramos en el capitulo 5, la 
intensidadd con la que la luz es dispersada en GaP poroso puede ser facilmente regu-
ladaa por el potential eléctrico usado durante el proceso de corrosion electroquimica 
yy por la concentration de dopante (o impurezas) del material. Al contrario que con 
laa fabrication de las particulas de Si y Ge, el proceso de corrosion no introduce 
absorption.. Ademas, las mejores muestras de GaP poroso que hemos preparado 
constituyenn el material que mas intensamente dispersa luz visible. Localization de 
luzz sera dentro de poco un hecho en fosfuro de galio poroso... 
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