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The waveguiding, absorption and emission properties of oxidised porous silicon waveguides when  

impregnated with Nile Blue have been studied. We present m-line measurements before and after the im-

pregnation showing that the effective indices of the modes remain the same. When performing guided lu-

minescence experiments, a structured emission band is measured. Using the refractive index profile  

extracted from m-line measurements it has been possible to simulate the emission lineshape assuming the 

observation of an interference pattern formed across the waveguide. We demonstrate that these oscilla-

tions appear because in the first hundreds of nanometers the dye concentration is several orders of magni-

tude higher than in the rest of the sample. 

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

1 Introduction 

The recent observation of positive optical gain measured under pulsed excitation in oxidized porous 

silicon planar waveguides impregnated with a dye [1] has led us to make a deeper study on the 

waveguide properties, absorption and emission properties of the impregnated samples. Moreover, guided 

luminescence experiments in active waveguides where Silicon nanocrystals are contained in the core, 

showed a structured emission due to their modal structure [2, 3]. We were thus motivated to look for 

similar effects in porous silicon active waveguides. 

2 Experiment 

Porous silicon samples were fabricated by electrochemical etching of heavily doped (0.01 Ω cm resistiv-

ity) p-type silicon. The electrolyte was made by mixing 31% of aqueous HF (48 wt%) with ethanol. Two 

layers were grown (a core and a cladding layer) by applying current densities of 40 and 80 mA/cm2, 

respectively, to a 1 cm2 circular area. The samples were then annealed at 900 °C for 3 hours in order to 

completely oxidize the structure, making it porous silica. The passive waveguide properties of this 

waveguide type have been already described in Ref. [4]. To render the waveguide optically active, the 

samples were immersed in different concentrations (10–6–10–4 M) of an ethanoic solution of Nile Blue 

(LC 6900) [5], and then dried in air to let evaporate the solvent. 
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 To characterize the optical properties of the waveguides, standard m-line measurements have been 

performed with the 633 nm line of a He–Ne laser. From this kind of measurements, it is possible to 

extract the refractive material index of the core and cladding layer and the thickness of the core layer. 

 Photoluminescence (PL) measurements were performed by using the 514.5 nm line of a CW Ar laser 

focusing it into a 10 µm wide and 1.2 mm long stripe. The pump power density was always kept well 

below the stimulated emission threshold [1]. The emitted light was collected with an optical fiber 

(N.A. = 0.025) and analysed by a monochromator and a CCD. 

3 Results 

In order to evaluate the effect of the presence of the dye on the waveguiding properties of the samples we 

performed m-line measurements before and after the dye infiltration and the solvent evaporation. In 

Fig. 1 the m-line measurements for a multimode waveguide are reported. A series of dips is observed 

which corresponds to the effective refractive indices of the various optical modes of the waveguide.  

The modal structure and the effective refractive indices are not changed by the dye infiltration. The only  
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Fig. 2 Left: a) Absorption of Nile Blue (from [5]) and surface luminescence from the waveguide. b) Guided PL 

spectrum (solid black, fiber position A) and TE (dashed line, fiber position B) and TM (dotted line, fiber position B) 

non guided PL signal propagating in air and parallel to the sample surface. Note that in panel b) the intensity scale is 

the same for all spectra. Right: scheme of the experiments. The collecting optical fiber is placed in position A for the 

measurements of the guided PL, while it is placed in position B when the non guided PL is measured (refer as Air 

TE or Air TM in Fig. 2b left). When a screen is placed as indicated the non guided PL vanishes. 

Fig. 1 m-line characterization of a multimode wave-

guide at 633 nm, before (black line) and after (grey line) 

dye infiltration where the starting dye solution was 

10–4 M. TE and TM refer to the two polarizations. 
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effect observed is a broadening of the dips which is usually attributed to an increase of the waveguide ab-

sorption. This is a confirmation of the Nile-Blue infiltration since Nile-Blue molecules absorb at the used 

wavelength. Indeed if the pumping is high enough, above threshold for population inversion, Nile-Blue 

molecules eventually show gain [1]. A fit to the m-line results allow to get the material refractive index that 

for the waveguide shown in Fig. 1 results in a material index of 1.36 and a core layer thickness of 2.4 µm. 

 The presence of the infiltrated dye is also witnessed by the emission which is observed when the 

waveguide is photoexcited. In Fig. 2 left, we report both the surface emission (top panel) and the 

waveguide facet emission which is due to the light emitted by the dye molecules and which is guided by 

the waveguide (bottom panel). The guided emission is essentially the product of the surface emission 

times the waveguide losses due to the dye absorption. A particular feature is observed when the collect-

ing fiber is slightly misplaced from the waveguide optical axis (Fig. 2 right): polarization dependent 

oscillations modulate the emission spectrum (dashed and dotted lines in the bottom panel of Fig. 2 left). 

This signal is due to non-guided light which travels in the air parallel to the surface of the sample. In fact 

when a screen is placed perpendicular to the waveguide surface at the waveguide end (Fig. 2 right) the 

oscillations disappeared. This demonstrates that these oscillations are due to a different phenomenon than 

the waveguide filtering effect due to the modal structure of the waveguide recently reported by Khriacht-

chev et al. [2] and Valenta et al. [3]. In addition their presence raises a note of caution when collecting 

guided light from such waveguides due to possible misalignments which can lead to erroneous results. 
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Fig. 4 a) m-line measurements (black) and simulations (grey) of the waveguide of Fig. 2 for TE (top panel) and 

TM (middle panel) polarizations. The bottom panel shows the ordinary (black, no) and extraordinary (grey, ne) re-

fractive index profile extracted from the simulations. A thickness of 2.7 µm for the core and of 11 µm for the clad-

ding layer has been also deduced. b) TE non guided PL measurements (black) and simulations (grey). The simula-

tion in the top panel assumes that emitters are distributed along the whole core and cladding thicknesses while they 

occupy only the first 300 nm for the simulation reported in the bottom panel. 

Fig. 3 Schematic of the proposed model. z is the 

vertical position of the emitting point and ϑ 0, ϑ 1 

and ϑ 2 are the angles the emitting light forms with 

the air–core, core–cladding and cladding–silicon 

interfaces, respectively. ncore and ncladding are the 

refractive index of the core and cladding layers, 

respectively. 
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 Note that the non-guided emissions have peculiar polarization dependent characteristics with anti-

phase oscillation in TE and TM. In Fig. 2 left, the TM spectrum (dotted line) is weaker than the TE  

spectrum (dashed line) since the polarization of the pumping light is parallel to TE and is more efficient 

exciting the TE than the TM. Finally, no change in the non-guided PL lineshape was observed when 

exciting only a spot on the waveguide surface or the whole waveguide length. The explanation of the 

oscillations in the non-guided PL resides in an interference effect caused by reflection of light at the 

cladding-silicon interface (Fig. 3). A model can be developed by considering a set of incoherent emitters 

distributed in the core layer, where only the light emitted by a single emitter can interfere with itself. 

Thus, we model a linear distribution of emitters along the waveguide thickness and calculate the interfer-

ence pattern of the light which is collected parallel to the waveguide surface: the signal observed from a 

single emitter is the result of the interference between the two rays emitted and travelling upwards and 

downwards, respectively, that leave the waveguide at the angle of observation (Fig. 3). The spectral 

distribution of the emission intensity for the single emitters is taken equal to the surface emission spec-

trum. From now on the discussion will be centred in the TE signal although the results and conclusions 

are consistent for both polarizations. It should also be noted that the samples show positive birefringence 

[6], i.e. for TM the extraordinary mode propagates with a refractive index that depends on the angle. 

 The ordinary and extraordinary refractive index profile of the core and cladding layers, as well as, 

their thicknesses are extracted from a fit of the m-line measurements. In Fig. 4a we show the m-line 

measurements, simulations and the extracted refractive index profiles of the waveguide whose emission 

data are shown in Fig. 2. From these data, the optical path of emitted rays can be calculated within our 

model. In Fig. 4b we report the results. We have first assumed that emitters are distributed in the whole 

waveguide (core and cladding layers) and that all the emitters have the same emission intensity. The 

result resembles the surface PL (grey curve of top panel in Fig. 4b): no oscillations are observed. To find 

oscillations in the simulated spectra we have to assume that the emitters are concentrated in a region 

300 nm thick under the waveguide surface. With this hypothesis the non-guided PL is reproduced quite 

well (Fig. 4b bottom panel). 

 Another example is shown in Fig. 5. Here a waveguide with the same core but a thicker cladding layer 

is used. Comparing Fig. 5 with Fig. 4b, we observe that, the larger cladding thickness is reflected in more 

finely spaced oscillations due to the longer optical path and that the contrast in the oscillations is smaller 

because the larger cladding thickness implies a smaller incidence angle on the cladding-silicon interface 

and, hence, a smaller reflectivity of the interface. Again the simulation is able to reproduce the lineshape 

only when the emitters are concentrated in the first 300 nm. 

 Thus the simulations indicate that either only the first 300 nm layer are effectively pumped by the 

laser beam or that the dye molecules infiltrate only this thickness. The first hypothesis entails that the 

losses at the pumping wavelength should be of the order of 104–105 cm–1, values much higher than what 

can be expected from the absorption of the dye. Moreover, although the PL intensity is almost linearly 

Fig. 5 TE non guided PL measurement (black) and simu-

lation (grey). Simulation assumes only the first 300 nm 

occupied by emitters. The waveguide thicknesses are 

2.8 µm and 30 µm for the core and cladding layers. 
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dependent on the concentration of the dye solution and on the pumping wavelength, any remarkable 

change in the contrast of the interferences is observed by their variations. Thus, we are left with the fact 

that the concentration of dye decreases by orders of magnitude along the waveguide after the first 

300 nm due to the limited infiltration into the oxidized porous silicon. The reduced region of high quality 

infiltration does not affect to the observation of optical gain on compact planar waveguides [1], as the 

core thickness in this case is also around 300 nm. In any case, the quality of the infiltration can be im-

proved by increasing the porosity of the top layer, although this reduces the refractive index contrast 

between core and cladding. 

4 Conclusions 

In this work it has been reported the presence of oscillations in the non-guided PL spectra of dye infil-

trated high quality oxidized porous silicon waveguides. These observations have been modelled by an 

interference effects in the emission of a set of incoherent emitters distributed only in a thin layer under 

the waveguide surface due to the limited in-diffusion of the dye solution. The good agreement between 

simulation and experimental data is strongly dependent on the careful determination of the waveguide 

parameters which is only possible by a fit of the full m-line measurements. 
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