
 

1

Coherent Backscattering of Raman Light 1 

Barbara Fazio 1 ‡*, Alessia Irrera 1 ‡, Stefano Pirotta 2 ‡, Cristiano D’Andrea 3,4 §, Salvatore Del 2 

Sorbo 2, Maria Josè Lo Faro 1,3,5, Pietro Giuseppe Gucciardi 1, Maria Antonia Iatì 1, Rosalba 3 

Saija6, Maddalena Patrini 2, Paolo Musumeci 3,5, Cirino Salvatore Vasi 1, Diederik S. 4 

Wiersma7,8,9, Matteo Galli 2 * and Francesco Priolo 3,4,5,10* 5 

1 CNR-IPCF, viale F. Stagno d’Alcontres 37, Faro Superiore, 98158 Messina, Italy. 6 

2 Dipartimento di Fisica, Università degli Studi di Pavia, via Bassi 6, 27100 Pavia, Italy. 7 

3 MATIS IMM-CNR, via S. Sofia, 64, 95123 Catania, Italy. 8 

4CSFNSM, Viale A. Doria, 6, 95125 Catania. Italy 9 

5 Dipartimento di Fisica e Astronomia, Università di Catania, via S. Sofia, 64, 95123 Catania, Italy. 10 

6 Dipartimento di Scienze Matematiche e Informatiche, Scienze Fisiche e Scienze della Terra, Università di 11 

Messina, I-98166 Messina, Italy 12 

7 LENS, Università di  Firenze, via Nello Carrara, 1, 50019 Sesto Fiorentino (Firenze), Italy. 13 

8 Dipartimento di Fisica e Astronomia, Largo Enrico Fermi, 2 , 50125  Firenze, Italy. 14 

9  INRIM - Istituto Nazionale di Ricerca Metrologica, Strada delle Cacce, 91, 10135 Torino, Italy  15 

10 Scuola Superiore di Catania,Università di Catania,  via Valdisavoia, 9, 95123 Catania, Italy. 16 

 17 

* Corresponding authors: e-mail address: fazio@ipcf.cnr.it, Tel.: +39 090 39762246; fax: +39 18 

090 3974130; e-mail address: matteo.galli@unipv.it , Tel. +39 0382 987686, fax: +39 0382 19 

987563, e-mail address: francesco.priolo@ct.infn.it , Tel.: +39 095 3785401; fax: +39 095 20 

3785243; 21 

‡ These authors contributed equally 22 

§ Now at CNR-IFAC, via Madonna del Piano 10, I-50019 Sesto Fiorentino (Firenze), Italy. 23 



 

2

Coherent backscattering of light (CBS) is observed when electromagnetic waves undergo 24 

multiple scattering within a disordered optical medium. So far, CBS has been studied 25 

extensively for elastic (or Rayleigh) light scattering. The occurrence of inelastic scattering 26 

affects the visibility of the backscattering effect by reducing the degree of optical coherence 27 

in the diffusion process. Here we discuss the first experimental observation of a 28 

constructive interference effect in the inelastically backscattered Raman radiation from 29 

strongly diffusing silicon nanowire random media. The observed phenomenon originates 30 

from the coherent nature of the Raman scattering process, which typically occurs on a 31 

scale given by the phonon coherence length. We interpret our results in the context of a 32 

theoretical model of mixed Rayleigh-Raman random walks to shed light on the role of 33 

phase coherence in multiple scattering phenomena. 34 

 35 

The transport of light in disordered materials drives several exciting fundamental effects that 36 

originate from multiple scattering and wave interference, such as Anderson localization and 37 

random lasing1-7. One of the most striking phenomena related to the diffusion of electromagnetic 38 

waves in random optical media is the coherent backscattering of light, a robust interference 39 

effect that is due to the coherent superposition of counter-propagating multiply scattered waves8-40 

10. It manifests macroscopically through the observation of an enhanced light intensity at small 41 

angles around the backscattering direction, known as the backscattering cone, and can be 42 

considered the optical equivalent of weak localization observed in disordered electronic 43 

systems11. Coherent backscattering (CBS) has been studied for light waves in a number of 44 

physical systems, ranging from high refractive index powders12 to cold atom gases13,14, liquid 45 

crystals15, human bones16, biological tissues17 and many other randomly textured materials. 46 
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Recently, CBS was proposed as a useful tool to probe the scattering properties at a depth inside 47 

materials, as such properties are closely related to the structural heterogeneities of the considered 48 

medium16,17. 49 

The robustness of the CBS effect against disorder is based on the phase coherence 50 

between the incoming and the outgoing waves in a scattering process, which for elastic light 51 

scattering such as Rayleigh scattering can be preserved even after a very large number of 52 

scattering events. Conversely, inelastic scattering processes for which energy and phase are not 53 

conserved causes a reciprocity symmetry breaking; inelastic processes are known to strongly 54 

affect the CBS intensity by inducing its incoherent reduction, as extensively studied for the case 55 

of both classical18,19 and quantum waves20-22. Spontaneous Raman scattering in condensed 56 

matter, where an optical pump wave is inelastically scattered within a material by creation or 57 

annihilation of quanta of vibrations (phonons), is usually considered one of such incoherent 58 

processes. Nevertheless Raman scattering is fundamentally coherent in origin, indeed in the 59 

scattering process the pump wave, the Stokes/anti-Stokes wave and the lattice vibration are phase 60 

locked meaning that the frequency and phase of the phonons populating the vibration mode must 61 

be equal to the beating frequency and phase of the overlapping laser and Raman local fields23. 62 

However, coherence is quickly lost after short times of few picoseconds and over short distances 63 

of tens of nanometres, which are typical values for the phonon coherence time and length in 64 

solid-state materials. The loss of coherence results in a macroscopically incoherent behaviour of 65 

the Raman scattered light, as it is usually measured in experiments. The spatial coherence of 66 

spontaneous Raman scattering was recently observed in the near-field regime, probing the 67 

Raman signal with sharp tips on a length scale much smaller than λ and comparable to the 68 

phonon coherence length24. On the other hand, the temporal coherence of spontaneous Raman 69 
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scattering was investigated through Transient Coherent Ultrafast Phonon Spectroscopy 70 

(TCUPS), which employs ultrafast laser pulses on the order of 10 fs (thus much shorter than the 71 

phonon coherence time25). We also note that quantum interference effects between Raman 72 

transitions in atomic systems that result in an anti-enhancement of CBS, which can be seen as the 73 

optical analogue of weak anti-localization in electron transport, have been theoretically 74 

predicted26,27, suggesting that the CBS phenomenon can show a more complex behaviour than 75 

that associated with an enhanced cone of backscattered intensity. In this article, we show – for 76 

the first time to our knowledge – that the coherent nature of spontaneous Raman scattering in 77 

condensed matter can be studied at a macroscopic scale through the observation of an enhanced 78 

backscattering cone in a simple backscattering experiment, that is, without recurring to ultrafast 79 

techniques. The experimental evidence reported in this work is theoretically explained in terms 80 

of a mechanism involving reciprocal ‘hybrid’ Rayleigh-Raman paths inside a strongly scattering 81 

medium, where optical coherence is ensured by the symmetry of the Raman tensor and by the 82 

short dwell time of light inside the material. 83 

 84 

Coherent backscattering from dense nanowire arrays 85 

We consider vertically aligned silicon nanowires (Si NWs) randomly organized in two 86 

dimensions as a scattering material exhibiting enhanced spontaneous Raman signal. Specifically, 87 

we investigated two Si NW samples: sample 1 (Fig.1a,1b) displays a dense distribution of thin 88 

vertically aligned NWs (with a diameter of few nanometres)28-30, whereas sample 2 (Fig.1c,1d) is 89 

characterised by a less dense distribution of NWs with a larger average diameter (tens of 90 

nanometres)31,32 (see Methods for further fabrication details).  91 
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To assess the scattering strength of the Si NW samples quantitatively, we measure the 92 

Elastic (i.e. Rayleigh) Coherent Backscattering (hereafter ECBS) intensity33-35. The accurate 93 

determination of the specific angular shape of the ECBS profile provides information not only on 94 

the scattering strength of the medium, but also on the path length distribution of light inside the 95 

sample. The contribution at the cusp of the ECBS cone is mainly due to long scattering paths 96 

involving a large number of scattering events, while its angular width may be expressed as 97 

W ≈1 kℓt , where k is the light wavevector and ℓt  is the transport mean free path of light in the 98 

medium. The ECBS cones measured at an excitation wavelength λexc=532 nm for sample 1 and 99 

sample 2 are shown in Fig. 1e and Fig. 1f, respectively (the detailed measurement procedure is 100 

given in the Methods). The ECBS cones of both samples are characterised by a pronounced 101 

rounding of the tip due to the combined effect of light absorption and finite thickness of the Si 102 

NW layer, which strongly suppress the contribution of very long paths to the backscattering 103 

intensity. Model fits to the data are given by the red lines in Fig. 1e and Fig. 1f, and yield very 104 

small values for the transport mean free path: t = 0.169 μm and t = 0.483 μm for sample 1 and 105 

sample 2, respectively (see Table 1 and Supplementary Information Section S1 for details on fit 106 

procedures and parameters).  107 

   108 

Raman Coherent Backscattering 109 

We then explore the angular dependence of Raman-shifted light from the Si NWs in both 110 

samples. We optically pump sample 1 at three laser wavelengths (488 nm, 532 nm and 785 nm), 111 

covering the range for which the Si NW medium is characterised by inelastic (absorption) mean 112 

free paths spanning lengths between few microns and few tens of microns. Furthermore, we 113 

investigate the response (at λexc=532 nm) of sample 1 after the introduction of silicone oil (with 114 
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refractive index 1.46) in the interstices between individual Si NWs: the addition of silicone oil 115 

lowers the refractive index mismatch at the Si NWs/air interfaces, leading to a substantial 116 

reduction of the scattering strength. The experimental data are shown in Fig. 2, where the Raman 117 

backscattering signals (dark yellow dots) are compared to the corresponding ECBS cones (blue 118 

dots). We see that the Raman cones display a more rounded tip and a lower enhancement factor 119 

with respect to the ECBS ones, although the shapes of the two curves are more similar at large 120 

scattering angles. Moreover, for increasing excitation wavelengths we observe a clear reduction 121 

of the Raman backscattering signal as compared to the corresponding ECBS signal (Fig. 2a,b,c). 122 

In Fig. 2d ECBS and Raman cones excited at 532 nm after the introduction of silicone oil are 123 

shown. The data related to sample 2 at λexc=532 nm are shown in Fig. S2.1 of Supplementary 124 

Information Section S2.   125 

The behaviour of the Raman backscattered intensity indicates that a subtle multiple scattering 126 

phenomenon must be taking place for Raman light diffusing within the dense Si NW samples. To 127 

further support this observation, and to rule out any possible spurious effect due to the anisotropy 128 

of the NWs layer (such as shadowing effects), we measure the angle-dependent 129 

photoluminescence (PL) emission from the Si NWs. Indeed, the bright PL emission, peaked at 130 

λPL = 690 nm, is readily observed from our Si NW sample 1 due to the quantum confinement 131 

effect29. As the broad PL emission extends well below the Raman Stokes wavelength, which is 132 

visible in the measured Raman spectra as a smooth decaying background (as shown in Fig 3a), 133 

we perform a simultaneous measurement of Raman and PL emission . This ensures that both 134 

datasets are acquired under the same experimental conditions. The backscattered intensities of 135 

the Raman and PL signals can then be compared by integrating the spectra over a narrow 136 

wavelength range (around the Raman peak), indicated in Fig. 3a as the blue and pink areas 137 
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respectively. The outcome of the integration is shown in Fig. 3b, and it confirms the presence of 138 

a Raman-enhanced backscattering cone against a simple diffusing (Lambertian) PL emission  – 139 

the latter being an incoherent process in its spontaneous form. 140 

The observed behaviour for the Raman backscattered light in Si NW media strongly suggests the 141 

occurrence of a coherent effect where the Raman Stokes waves interfere constructively in the 142 

backscattering direction, in analogy to the well-established ECBS effect for Rayleigh scattered 143 

light. Raman waves are generated inside the material within a random walk of the pump beam 144 

that is typically few microns long, as deduced from the ECBS results on the investigated 145 

samples. However, how is coherence with the pump beam preserved given the extremely short 146 

coherence length of the lattice vibrations, which is much shorter than a typical random walk?  147 

How does reciprocity of optical paths hold for Raman scattered light? To answer these questions 148 

we consider the situation schematically represented in Fig. 4a. Here, a pump beam I enters the 149 

sample as a Rayleigh wave and after being elastically scattered several times gives rise to a 150 

Raman scattered wave at an arbitrary point R. The generated Stokes-shifted wave is then 151 

multiply scattered within the sample and exits as a Raman beam S (solid blue-red line in figure). 152 

We are then left with a hybrid Rayleigh-Raman scattering path, which may be thought of as the 153 

actual random walk for Raman scattered light. Now, for any of such direct hybrid path it exists a 154 

reverse hybrid path (dashed blue-red lines, corresponding to the pump I’ and the Raman S’ 155 

beams, respectively), as obtained by reversing the propagation direction and also by exchanging 156 

the Rayleigh-Raman random walks. In general, these two hybrid paths accumulate a random 157 

phase difference within their random walks, which in turn makes the outgoing Raman beams S 158 

and S’ mutually incoherent. Moreover, polarization of these two hybrid paths may also not be 159 

conserved due to the presence of an inelastic scattering event at R. We show, however, that if the 160 
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Stokes shift introduced by Raman scattering is small compared to the Rayleigh wavelength then 161 

both polarization and phase coherence between the hybrid paths is preserved, restoring 162 

reciprocity and enabling the coherent superposition of the outgoing backscattered Raman fields. 163 

A detailed representation of the Raman scattering event occurring at R is given in Fig. 4b,c for 164 

the direct (left) and reverse (right) hybrid paths. The corresponding scattering cross-sections for 165 

the two processes are also shown, where R(ωi, ωs) denotes the second-rank Raman tensor. If we 166 

now consider ωi ≈ ωs, as is usually done in Raman theory, the Raman tensor R(ωi, ωs) becomes 167 

symmetric with respect to the exchange of the polarization versors ei and es
36-39. The assumption 168 

ωi≈ωs implies that ki ≈ ks (and k’i ≈ k’s), thus making the same phonon mode (ωq, q) equally 169 

available for both scattering paths (Fig. 4d). This has the additional important consequence that 170 

the random phase jump introduced by the creation/annihilation of a phonon is exactly cancelled 171 

out when considering the phase difference between reciprocal paths. We point out that this last 172 

statement is strictly true provided that the dwell time for the two reciprocal paths is much shorter 173 

than the phonon coherence time. In our case, due to the very short transport mean free path 174 

(deduced by the ECBS cones) and to the strong material absorption, we estimate an average 175 

dwell time of the order of few femtoseconds (corresponding to an average total scattering path of 176 

few microns), which is far below the 1 picosecond phonon coherence time in crystalline 177 

silicon40,41. 178 

 In the light of these considerations, we are entitled to assert that multiple Raman 179 

scattering within our Si NWs may be described by hybrid Rayleigh-Raman scattering paths for 180 

which: i) reciprocity holds true, ii) coherence with the pump beam is preserved and iii) the 181 

observed Raman-enhanced cone is indeed due to the constructive interference in the 182 

backscattering direction of Raman-shifted waves that are coherently generated in a multiple 183 
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scattering process. We shall refer to the observed phenomenon as Raman Coherent 184 

Backscattering (hereafter RCBS), in analogy with the ECBS effect for Rayleigh scattered light.  185 

 186 

 187 

Dephasing mechanism and enhancement factor 188 

To account for this phenomenon in a more quantitative way, we must consider the dephasing 189 

effect that is associated with a description in terms of hybrid scattering paths, and which is due to 190 

the small frequency difference between Raman and Rayleigh waves. With reference to the sketch 191 

in Fig. 4, we see that when the reciprocal waves propagate off the same scattering event 192 

rj − rj+1( ) = − rj+1' − rj
'( )  at different frequencies, a phase difference Δϕ j =

ω j −ω '
j( )

c
rj − rj+1  is 193 

developed at each scattering step, where c is the speed of light. At the end of whole scattering 194 

path, the two waves come out from the scattering system with a total dephasing Δφ given by the 195 

sum on all phase steps Δϕ jand expressed as Δφ =
ω j −ω '

j( )
c

rj − rj+1
j
 . The above argument 196 

shows that an interference contribution, and hence a coherent backscattering signal, can be 197 

expected for multiple Raman scattering occurring over lights paths in which Δφ remains 198 

significantly below π. The presence of a dephasing mechanism in the coherent contribution to 199 

multiple Raman scattering is expected to alter significantly the probability of wave diffusion in 200 

the disordered material, leading to a modified backscattering cone in a way that is similar to what 201 

is observed for multiple scattering from particles subjected to Brownian motion or in the 202 

presence of a magnetic field42. In general, one can show that dephasing affects the diffusion 203 

probability by a global factor 
	
eiΔφ t( )

, where Δφ t( )  is the phase difference between reciprocal 204 
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scattering paths. This phase difference is a random variable whose statistical distribution depends 205 

on the specific mechanism at the origin of the dephasing. Normally, the average over this 206 

distribution takes the form of a decaying function of time as eiΔφ t( ) = e−t τd , which provides a 207 

physical interpretation for a cut-off time τ d
 (corresponding to a cut-off length Ld = Dτ d

) 208 

describing the loss of phase coherence. The problem is then reduced to the evaluation of the 209 

global factor 
	
eiΔφ t( )

, starting from a microscopic description of the dephasing process. We have 210 

explicitly calculated this quantity according to the statistical description of coherent Raman 211 

backscattering in terms of hybrid Rayleigh-Raman reciprocal paths, as depicted in Fig. 4. This 212 

leads to the following expression for the average phase factor: 213 

eiΔφ t( ) ≅ e
i Δφ − δΔφ2 2

= ei3DΔkt 2ℓt e−3DΔk2t/2 = eit τd1e−t τd2 , where D=
cℓt3  is the diffusion constant.  214 

We see that the average phase factor affecting the coherent backscattered intensity is a complex 215 

valued function characterized by two different contributions: 1) a fast oscillating term, with a 216 

characteristic time (length) period τ d1 =
2ℓt3DΔk

 set by the average value Δφ  of the dephasing; 217 

2) a slow exponentially decaying term, with a characteristic time (length) constant 		τ d2 = 23DΔk2  218 

set by the mean square value (variance) δΔφ2  of the dephasing. The combination of these two 219 

terms constitutes the coherence function for the RCBS process, which allows us to define two 220 

linked dephasing lengths 		ℓd1 = cτ d1 = 2
Δk

 and ℓd2 = cτ d2 = 2
Δk2ℓt =

ℓd122ℓt  as the characteristic 221 

lengths of the specific dephasing mechanisms. We notice that ℓd2  sets a cut-off for long 222 
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scattering paths, for which coherence of the Raman signal is globally lost due to random 223 

fluctuations in the phase difference between hybrid paths. On the other hand, ℓd1 represents a 224 

sort of phase-matching length, allowing the coherent superposition of reciprocal hybrid paths 225 

with both constructive and destructive interference contributions, depending on whether their 226 

relative phase difference is close to 2nπ (in-phase paths) or close to (2n+1)π/2 (out-of-phase 227 

paths). For ℓd1 > ℓt  (a condition which is easily met in strongly scattering materials) we have 228 

ℓd2 >> ℓd1 , and the resulting coherence function is a damped cosine. This peculiar behaviour is in 229 

full agreement with the description of the RCBS in terms of hybrid paths, as shown in Fig. 4. 230 

According to this picture, dephasing is expected to have a strong influence not only on 231 

the enhancement factor of the observed RCBS cone, but also on its angular shape describing the 232 

reduction of the backscattered intensity away from the backscattering direction. According to the 233 

general theory of light diffusion in disordered media, to account for this effect in quantitative 234 

way we modelled the backscattering intensity in terms of the bistatic coefficient γ  = γc + γ, 235 

where γc is the coherent contribution to the scattered intensity, while γ is the incoherent term43. 236 

The effect of dephasing was then explicitly included into γc by introducing two additional terms 237 

in the extinction coefficient κ ext _C , namely −iℓd1  and ℓd2−1 , which account for the new defined 238 

dephasing lengths (see the Supplementary Information Section S1 for details). The best fits to the 239 

experimental data in terms of angle-dependent coefficients γc and γ are indicated in Fig. 2 by the 240 

red lines, showing very good agreement in all cases. For each sample, the dephasing length ℓd1  241 

and the theoretical Raman enhancement factor defined as ERaman= γc/γ+1, with γc/γ< 1, were the 242 

only free fitting parameters, while the transport mean free path ℓt  was fixed to the value 243 
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obtained from the corresponding ECBS cones. In particular, we notice the characteristic near 244 

flat-top of the Raman backscattering cones (most evident in Fig. 2c). This feature is uniquely 245 

determined by the oscillating coherence function entering the γc coefficient, and it is intimately 246 

linked to the specific dephasing mechanism acting on the hybrid Rayleigh-Raman multiple 247 

scattering paths.  248 

 249 

Raman Coherent Backscattering and optical absorption 250 

Table 1 summarizes the values of the relevant parameters obtained for sample 1 and sample 2 in 251 

different experimental conditions. In particular, we see that the values of ℓd1determined from 252 

the best-fit are of the order of a few microns, while those of ℓd2  are in the range of a few tens of 253 

microns, in agreement with the predicted dephasing lenghts calculated from Δk and ℓt  values in 254 

each case. Moreover, since the dephasing affects only the coherent contribution to the bistatic 255 

coefficient γc, we expect a significant dependence of ERaman on ℓd1  (the dependence on ℓd2  is 256 

expected to be much weaker, since typically ℓd2 >> ℓd1 ). This is indeed observed from the data 257 

reported in Table 1, where we see that lower enhancement factors correspond to lower dephasing 258 

lengths. However, a direct relationship between ℓd1  
and ERaman cannot be established without 259 

considering the effect of the inelastic (absorption) mean free path ℓi . This can be readily 260 

understood by looking at Fig. 5a, where we report the theoretical dependence of ERaman  
on both 261 

ℓd1  and ℓi , normalized to the transport mean free path ℓt . Here we see that significant Raman 262 

enhancement factors are only possible when ℓd1 > ℓi , which implies ℓi  values of the order of a 263 

few microns for typical vibrational frequencies in solid-state materials (we recall that 264 
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ℓd1 = 2
Δk

= 2c
Δω Stokes

). The possibility to observe an appreciable coherent backscattering effect for 265 

a given Raman active mode in a strongly scattering material is therefore determined, to a large 266 

extent, by the presence of absorption in the system. The reason for this counter-intuitive 267 

behaviour must be found in the peculiar coherence function governing the interference of 268 

multiply scattered Raman waves: indeed, due to its fast oscillations as a function of the scattering 269 

path length, the coherence function would rapidly average out to zero in the absence of optical 270 

absorption, thus yielding a vanishing contribution to the coherent term of the backscattered 271 

intensity with respect to the diffused (incoherent) one. By contrast, the presence of absorption 272 

leads to a cut-off of the integral at long scattering paths for both the coherent and diffused 273 

contribution, thus making the coherent part of the backscattered intensity emerge over the 274 

diffused one. Taking into account the effect of optical absorption, we can finally make a 275 

quantitative comparison of our experimental RCBS data with the theoretically predicted values 276 

of Raman enhancement in the presence of dephasing. This is reported in Fig. 5a (white dots in 277 

the contour plot) and in Fig. 5b, where an almost perfect agreement between theoretical and 278 

experimental values of ERaman 
 is found for all measured samples. We notice that while 279 

absorption seems to be necessary for the observation of coherence effect in the multiple 280 

scattering of spontaneous Raman, the absence of absorption, would strongly increase the 281 

interaction length of the light with the matter, paving the way towards interesting nonlinear 282 

effects such as stimulated Raman scattering, CARS44,45 (Coherent Anti-Stokes Raman scattering) 283 

and Raman gain from strongly scattering materials46. 284 

 285 

Conclusions 286 
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Our findings provide the first experimental evidence, to our knowledge, of the coherent nature of 287 

spontaneous Raman scattering revealed on a macroscopic length scale. It manifests through the 288 

observation of an enhanced backscattering intensity in the inelastically scattered Raman signal 289 

from strongly scattering nanostructured media, in close analogy with the well-known elastic 290 

(Rayleigh) coherent backscattering process. This study strongly confirms the robustness of the 291 

coherent backscattering phenomenon and, above all, it establishes a new starting point towards 292 

unexplored interference phenomena in Raman scattering by disordered media.  293 

 294 

 295 

 296 

METHODS 297 

Sample fabrication. Sample 1: Si NWs were created starting from n-type (P concentration of 298 

1016 cm-3) single crystal (111)-oriented Si wafers. The wafers were cut into 1 cm × 1 cm pieces, 299 

and then UV oxidized and dipped in 5% HF to obtain clean and oxide-free Si surfaces. 300 

Afterwards, a thin gold (Au) layer with a thickness of 2 nm (corresponding to 1×1016 Au 301 

atoms/cm2) was deposited on the Si samples at room temperature by electron beam evaporation 302 

using high purity (99.9%) gold pellets as a source. Finally, samples were etched at room 303 

temperature in an aqueous solution of hydrofluoric acid (HF = 5 M) and hydrogen peroxide 304 

(H2O2 = 0.44 M) to form Si NWs. After NWs production, Au was completely removed by a KI 305 

dip29. Following this procedure, we obtained a dense distribution of vertically aligned thin NWs 306 

(about 7 nm in diameter) with the same length (2.6 µm) (Fig. 1a, 1b). 307 

Sample 2: Si NWs were synthesized by metal assisted chemical etching using a solution of silver 308 

nitrate (AgNO3), HF and H2O2
 31,32. The sample was immersed in an aqueous solution containing 309 



 

15

AgNO3 0.02M as metal precursor and HF 5M as etching agent. The silver salts dissociated 310 

realising a precipitation of silver nanoparticles (NPs) that randomly distributed on the silicon 311 

surface. Locally, underneath the metal NPs covered region, silicon oxide formed and was 312 

subsequently removed by the HF. As a consequence, silver nanoparticles sank into the silicon 313 

bulk, leading to the formation of Si NWs. We obtained 8-µm-long NWs with an average 314 

diameter of about 100 nm (Fig. 1c, 1d). 315 

Plan view and cross-sectional images of the Si NW arrays were performed using field emission 316 

scanning electron microscope (SEM) Zeiss Supra 25. 317 

Coherent backscattering. Coherent backscattering in the range (-90°, 90°) for both Rayleigh 318 

and Raman wavelengths was measured with a homemade goniometer fibre-coupled to a liquid-319 

nitrogen-cooled Si-CCD (Spec 400 BR, Princeton Instruments) with an angular resolution of 320 

about 0.1° (set by the collection optics). Optical excitation was provided by a laser beam focused 321 

to a 1-mm diameter spot onto the sample surface (continuous-wave solid state lasers at 532 nm 322 

and 488 nm, and a diode laser at 785 nm). To obtain the coherent contribution to the scattering 323 

intensity we used a circular polarized light configuration, with an analyzer in front of the 324 

detector, to collect the helicity conserving channel which excludes single scattering events and 325 

reflections from the optical set-up. The incoherent contribution was obtained by measuring the 326 

linear polarization non-conserving channels as average for s and p polarizations. The coherent 327 

contribution was then scaled such that its intensity coincides with the incoherent contribution at 328 

large angles (larger than 60°). The normalized backscattering cones were finally obtained by 329 

dividing the helicity conserving channel by the diffuse background. Note that all datasets were 330 

acquired by positioning the sample on a rotating mount in order to ensure efficient configuration 331 

averaging of the scattering paths and eliminate laser speckles. 332 
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The error bars shown for ECBS and RCBS cones (Fig. 1.e,f and Fig. 2) and for the angular 333 

dependences of the Raman scattered light and PL emission (Fig. 3b) are related to the points at 334 

the exact backscattering angle; the error bar of the spectrum shown in Fig. 3a is representative of 335 

the signal noise. 336 

The data that support the plots within this paper and other findings of this study are available 337 

from the corresponding authors upon reasonable request. 338 

 339 
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Si NW Sample 

Fixed parameters 

ECBS and RCBS 

Fitting 

parameter ECBS 

Fitting 

Parameters 

RCBS (ℓ
t  
fixed) 

Evaluated 

parameter 

λ
exc

(μm) n
eff

 a	=z
0
/ℓ

t
 ℓ

i
(μm) ℓ

t 
(μm) L

eff
/ℓ

t
 E

Raman
 ℓ

d1
(μm) ℓ

d2
=ℓ

d1

2
/
 
2ℓ

t 
(μm) 

sample 1 0.488 1.40 ± 0.14 1.6 4.5 0.15 ± 0.02 18 ± 6 1.75 ± 0.08 3.9 ± 0.4 50 ± 10 

sample 1 0.532 1.36 ± 0.14 1.5 8.1 0.17 ± 0.02 17 ± 5 1.62 ± 0.08 3.4 ± 0.3 34 ± 7 

sample 1 

(with silicone oil) 
0.532 1.72 ± 0.17 2.3 8.1 0.22 ±0.02 9 ± 0.5 1.45 ± 0.07 2.9 ± 0.3 19 ± 4 

sample 1 0.785 1.32 ± 0.13 1.4 86.5 0.19 ± 0.02 13 ± 0.5 1.44 ± 0.07 5.6 ± 0.5 81 ± 13 

sample 2 0.532 1.73 ± 0.25 2.3 3.8 0.48 ± 0.02 5 ± 0.2 1.28 ± 0.07 2 ± 0.4 4 ± 1.6 

 362 

Table 1. List of samples and fitting parameters for the ECBS and RCBS cones.  363 

We fixed the excitation wavelength λexc, the refractive index neff , the parameter a	(taking into 364 

account the internal reflection at the boundaries) and the inelastic (absorption) mean free path ℓi. 365 

We estimated the values of neff and ℓi by morphological analysis (SEM) and EDX spectroscopy, 366 

for which we obtained a volume fraction of 10 ± 2 % of silicon and 9 ± 2 % of SiO2 for sample 1 367 

(diameter 7±2 nm, length 2.6 µm) and 22 ± 4 % of silicon and 3 ± 1 % of SiO2 for sample 2 368 

(diameter 100±20 nm, length 8 µm). We fit the Rayleigh cones by using the transport mean free 369 

path ℓt 
 and the effective thickness Leff as free parameters (see Supplementary Information Section 370 

S1 for details). We fit the RCBS cones by using the dephasing length d1 and the theoretical 371 

Raman enhancement ERaman as fitting parameters. The transport mean free path ℓt 
 is fixed at the 372 

values obtained by ECBS fits. 373 
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 374 

Figure legends 375 

Figure 1. Structural characterization and ECBS cones for silicon nanowire materials.  376 

In a and b plan view and cross section scanning electron microscopy images of the Si NW 377 

sample 1 are shown, respectively. The plan view and cross section SEM images of the Si NW 378 

sample 2 are shown in c and d panels. The inset in the plan view image c is a zoom to a higher 379 

magnification in order to compare the two materials at the same scale. e,f. Coherent 380 

backscattering cones after normalization to the diffusive background signals referred to Si NW 381 

sample 1 and 2 (e and f respectively). The red solid lines are best fitting curves obtained with the 382 

finite slab model (see Supplementary Information Section S1). In the inset, a schematic of the 383 

Elastic (Rayleigh) Coherent Backscattering principle is shown. ψ is the angle formed between 384 

the incoming and the outgoing light wavevectors, θ  is the incidence angle; it should be noted 385 

that the backscattering direction (ψ=θ ) is in general different from the direction of specular 386 

reflection; the two coincide only at normal incidence. The error bars are indicated as a legend in 387 

the graph. 388 

 389 

 390 

Figure 2. Coherent backscattering cones for Rayleigh and Raman radiations.  391 

Coherent Backscattering cones for Rayleigh (blue dots) and Raman (dark yellow dots) scattering 392 

in sample 1 at different excitation wavelength: (a) 488 nm, (b) 532 nm, (c) 785 nm and (d) 532 393 

nm with silicone oil filling. The solid red lines represent best fitting curves obtained with a finite 394 

slab model for the Raman case (see Supplementary Information Section S1 for details). The error 395 

bars are indicated as a legend in the graph. 396 

 397 
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 398 

Figure 3. Comparison between the angular dependence of the Raman scattered light and 399 

that of the photoluminescence emission.  400 

a. Raman spectrum of Si NW sample 1 obtained in the helicity conserving channel (CC) 401 

configuration (see Methods) by exciting with a laser line at 532 nm. The integrated Raman 402 

intensity of the first order scattering Si Raman peak (a. light blue area) and the PL background 403 

around the Raman peak (a. pink area), evaluated on the same narrow wavelength range (here 404 

expressed in Raman shift), were plotted as a function of the scattering angle in b. The PL curve 405 

shape (b. pink dots) follows a perfect cosine law, deviating from the Raman curve (b. light blue 406 

dots) that displays coherent enhancement around the backscattering direction. The intensities are 407 

scaled such that the PL emission at the exact backscattering direction is 1. The error bars are 408 

indicated as a legend in the graph. 409 

 410 

 411 

Figure 4. Coherent Raman Backscattering process: illustration of basic concepts.  412 

a. Schematic picture of light transport in mixed Rayleigh-Raman paths. In the inset a zoom on 413 

the depicted Raman scattering at R is shown: in the “direct” Rayleigh-Raman scattering path (b), 414 

a photon of frequency ωi and polarization ei is Raman scattered by a Si nanowire with a cross-415 

section σD , giving rise to a photon of frequency ωs and polarization es. In the “reverse” path (c), 416 

the Rayleigh and Raman photons are exchanged and propagation directions reversed: a photon of 417 

frequency ωi and polarization ei
’ ≡ es is Raman scattered by the same Si nanowire with a cross-418 

section σR, giving rise to a photon of frequency ωs and polarization es
’ ≡ ei . d. Assuming ωi ≈ ωs, 419 

the Raman tensor R(ωi, ωs) is symmetric with respect to exchange of ei and es, yielding σD = σR. 420 
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The incident and scattered light wavevectors form� the angle θ  . Since they have the same 421 

modules (ki ≈ ks and k’i ≈ k’s), the phonon wavevector q is the same for both scattering paths. 422 

 423 

 424 

Figure 5. Enhancement of Raman Coherent backscattering cones: comparison between 425 

experimental data and theoretical model.  426 

a. Colour scaled contour plot representation of the theoretical coherent Raman enhancement (at 427 

ψ=0)  as a function of the dephasing length (x axis) and the inelastic mean free path (y-axis), 428 

both expressed in units of the transport mean free path (the axes are represented in logarithmic 429 

scale). The ERaman values obtained by the fitting procedures for all the experimental data sets are 430 

superimposed to the contour plot. b. Theoretical trends of coherent Raman enhancement are 431 

plotted as a function of the dephasing length (in units of t) for different inelastic mean free 432 

paths. The dots and the corresponding error bars in the graph represent the experimental data for 433 

the entire set of measurements: sample 1 excited at 488, 532 and 785 nm (blue, green and red 434 

dots, respectively), sample 1 filled with silicone oil and excited at 532 nm (green square) and 435 

sample 2 excited at 532 nm (black dot). 436 

 437 

438 
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