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Porous silicon is a material used in integrated optics with few studies on its structuration impact on the polar-
ization in the near infra-red spectral range. In this letter, we report experimental results from optical charac-
terizations around the wavelength of 1550 nm and for different input polarization in porous silicon ridge
waveguides. We highlight filtering of light polarization that attenuates transverse electric mode in passive porous

1. Introduction

Porous silicon (PSi) is a structured material produced by electro-
chemical anodization of a silicon substrate in a diluted hydrofluoric acid
electrolyte (Zhang et al., 1989). The manufacturing process allows to
control the porosity (and then the refractive index), the pore size and the
thickness of the porous layers. Then it makes possible to manufacture
several optical devices composed of one or more successive layers such
as for example waveguides, Bragg mirrors and microcavities (Jane et al.,
2009; Arshavsky-Graham et al., 2018; De Stefano, 2019). The pore
morphology depends on the type and the level of doping as well as the
crystalline orientation of the silicon substrate. A columnar mesoporous
morphology is obtained with a heavily doped P silicon substrate with a
(100)-orientation (Zhang, 2005). This kind of structured material nor-
mally depends on the polarization. In this paper, we present the effect of
input signal polarization on light propagation in passive PSi single mode
ridge waveguides.

Few studies deal with the impact of the PSi structuration on the
polarization of light. Lower optical losses for transverse magnetic (TM)
modes than those for transverse electric (TE) modes were measured in
PSi multimode planar waveguides that could be related to PSi aniso-
tropic morphology (Charrier et al., 2012). Moreover, in an asymmetric
active waveguide composed of a Bragg mirror cladding with a lumi-
nescent core on the top, TE polarization luminescence modes are guided
whereas the TM modes are absorbed (Escobar et al., 2018). A correlation
between the polarization of visible photoluminescence and the degree of
polarization has been determined in PSi structures excited by polarized
light, but regardless of their morphology (Andrianov et al., 1993;
Koyama and Koshida, 1995).
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In integrated optics applications, a polarization control device is
used to increase optical performances like a contrast in a micro-
resonator, but the real impact of the polarization light input in single-
mode ridge waveguides has not been studied yet.

In this letter, we present the effect of the polarization input signal in
single-mode PSi ridge waveguides by studying the filtering attenuation
of the transmission light. The optical characterizations were carried out
around the wavelength of 1550 nm by controlling the type of the
polarization.

2. Methods

Studied PSi ridge waveguides were fabricated by a standard photo-
lithographic process from four consecutive PSi layers prepared by
electrochemical anodization of a heavily doped P (1 00) silicon substrate
with a resistivity of 5 mQ.cm at a room temperature maintained at 18 °C
(Cassio et al., 2020).

In this study, four layers were needed to elaborate the waveguide.
Indeed, in addition to the guiding and the cladding, two thin barrier
layers with low porosity which sandwiching the guiding layer were
necessaries to prevent resin infiltration inside of the guiding and the
cladding layers during the photolithographic process used fabricate the
PSi ridge waveguide.

The waveguide dimensions have to be chosen to provide single mode
propagation at 1550 nm. In order to define the width and height of the
ridge PSi waveguide constituted of a core layer and a cladding layer with
a refractive index of 1.57 and 1.41 respectively (Fig. 1.a). The lowest
dimension limits (width and height) of the 00, 01 and 10 TE and TM
modes propagation that involve solutions to the Maxwell equations have
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been calculated and reported in Fig. 1.b and Fig. 1.c. The blue area
between the lowest limits of the 00 mode (fundamental mode), the 01
and 10 modes, represents the single mode propagation region. For TM
modes, the curves are similar to TE modes but are slightly shifted to-
wards higher dimension values. Thus, the results indicate the range of
width and height of PSi ridge waveguide that allow single mode prop-
agation. Based on these theoretical results, a width of 2 ym and a height
of 1.5 um were aimed at obtaining a single-mode propagation for both
TE and TM polarization.

Then, other simulations, performed with a Film Mode Matching
solver commercialized by Photon Design, were performed and showed
that the thickness of the barrier layers must not exceed 40 nm to allow a
single mode propagation in the core layer. According to the simulations,
a thickness of 30 nm was chosen for the barrier porous layers.

The four layers with well-defined thicknesses were prepared by
successively applying four current densities for specific times. The cur-
rent densities for each layer of the PSi ridge waveguide were chosen to
obtain refractive indices of 2.27, 1.57, 2.27 and 1.41 respectively
(Cassio et al., 2020). The Fig. 2a shows the cross-section of the obtained
layers with columnar pores. The thicknesses were measured by micro-
scopy (SEM) and are respectively of 30 nm, 1.6 pm, 30 nm and 4.7 pm.

The cross section of the etched ridge waveguide is reported in Fig. 2.b
showing the PSi guiding with almost the aimed dimensions (width of
1.95 pm and a height of 1.6 pm). Before the optical characterizations of
the fabricated PSi ridge waveguide, some preliminary simulations have
been carried out taking into consideration the experimental waveguide
dimensions obtained by SEM observations.

Optical characterizations were investigated using the optical bench
described in Fig. 3. The input optical signal from a fibered broadband
tunable laser source set at 1550 nm (Yenista Tunics T100S-HP) is
injected into the PSi ridge waveguide using a micro-lensed polarization-
maintaining fiber with a mode radius of 2 pm. The coupling losses have
been estimated at 7 dB (Thual et al., 2005).

The input polarization is set with a fiber rotator mounted on the
micro-alignment bench which permit to inject in the PSi ridge wave-
guide either the TE mode, the TM mode or an equal distribution of both
polarizations. The polarization modification induced by the micro-lens
is considered negligible (Thual et al., 2005) and it was verified by a
polarimeter to ensure accurately the polarization input laser. The output
signal is collected with a second micro-lensed fiber and sent to a power
meter.

Between each measurement of output power, the length of the
waveguides is reduced by cleaving and the sample slices are polished to
optimize the coupling between the fibers and the waveguides.
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3. Results

For the different input polarizations, we measured the output power
for different lengths of the waveguides as shown in the Table 1. Each
measurement is repeated three times to obtain the uncertainty on the
value.

We plotted, in Fig. 4, the output power in function of the waveguide
length for the three different input polarization configurations.

We can notice the presence of two distinct zones, noted A and B on
the figure. By exploiting the tendency curves of the three configurations
in zone A, we deduced propagation losses of the order of 18 dB/cm for
the TM mode or for an equal distribution of TM and TE modes. However,
for the TE mode, the power detected at the output corresponds to the
noise of the detector, in other words, no signal was detected. The 3 dB
attenuation between the ordinates at the origin of the first two config-
urations illustrates the complete extinction of the TE mode. In area B,
below a length of 2.3 mm, specific to the experimental conditions, the TE
mode is not totally attenuated.

The exploitation of the trend curves in zone B allowed us to estimate
propagation losses of the order of 18 dB/cm, 34 dB/cm and 116 dB/cm,
still for the three different input polarization configurations
respectively.

4. Discussion

Under the manufacturing conditions we used for this study, porous
silicon (PSi) waveguides present high propagation losses, around 18 dB/
cm. These high losses are mainly due to the adsorption of the free car-
riers of the P type silicon substrate (Chan et al., 1996), more than the
surface scattering losses induced by the surface roughness and the vol-
ume scattering depending on the pore diameters (Azuelos et al., 2018;
Pirasteh et al., 2007). To reduce the losses, a thermal oxidation treat-
ment of PSi layers could be performed. However, despite high losses, PSi
is widely used in the field of label free biosensors (De Stefano, 2019;
Azuelos et al., 2018), due to its large surface specific area and its
biocompatibility. So, as the main application of PSi is biosensing, in
order to reduce the losses in the whole optical biosensor, we planned to
implement a hybrid structure by associating the PSi transducer MR with
a polymer bulk waveguides which will ensure the transmission and re-
covery of the optical signal (Cassio et al., 2020).

Propagation losses had been estimated at 116 dB/cm for TE mode,
showing a 6.5 times higher attenuation of the TE mode compared to the
TM mode. So, the PSi material would act as a filter allowing only the TM
component polarization to pass through and would totally attenuate the
TE component polarization.

This filtering effect can be associated to the morphology of the PSi
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Fig. 1. Schematization of the PSi ridge waveguide with a core layer of width and height. The thin (around 30 nm) barrier layers are not represented (a). Deter-
mination of the single-mode propagation region at the working wavelength of 1.55 pm after numerical calculation of the effective index of a two-dimensional
waveguide, for the polarization modes TE 00, 01 and 10 (b), and TM 00, 01 and 10 (c). The refractive indices of the superstrate nsp, core nc and cladding ncf

are respectively 1, 1.57 and 1.41.
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Fig. 2. SEM cross section observations of the PSi layers (a) before and (b) after photolithography process.
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Fig. 3. Schematic representation optical bench for optical characterizations.

Table 1
Output power for different input polarizations as a function of the waveguide
length.

Waveguide length Output power Output power Output power
(cm) (dBm) (dBm) (dBm)
™ 50 % TM/50 % TE
TE
0.60 -35.1+0.5 -38.1+0.8 -50.2 + 1.6
0.51 -33.4 £ 0.9 —36.5+ 0.5 —50.2 + 1.3
0.41 —31.7+£ 0.6 —34.7 £ 0.6 -50.2 + 1.3
0.31 —30.0+ 0.5 -33.0+£ 0.9 -50.2+1.4
0.22 —28.3+0.8 -31.3+0.6 —433+1.1
0.19 —27.7+£ 0.6 —30.4 + 0.7 —43.0 +1.1
0.16 -27.34+0.8 -29.5+0.8 —40.5+1.2
0.13 —26.8+0.8 -28.4+0.9 —36.3+0.9
0.11 —26.5+ 0.9 —28.0+0.8 —34.4+0.9

layers obtained from heavily P doped Silicon substrate oriented (1 00):
the vertical columnar pores structure would allow the TM component to
pass through parallel to the pores. This hypothesis had also been put
forward by Charrier et al. (2012) to explain the lower losses for TM
modes that had been obtained in PSi multimode planar waveguides.

In addition, the heavily doped silicon is semi-metallic and could give
rise to plasmonic resonances for the TE mode, which could also explain
the observed phenomenon (Majorel et al., 2019).

5. Conclusion

In this letter, we presented the optical characterization and the po-
larization effect of PSi ridge waveguides. The PSi layers were made by
electrochemical anodization from a heavily doped P-oriented (100)
silicon substrate, giving a columnar mesoporous morphology of the
pores. We have demonstrated a filtering of 116 dB/cm of the TE mode
polarization which we attributed to the PSi morphology. This phe-
nomenon could be of interest in integrated optics devices to reduce
propagation losses due to poor polarization control. It would therefore
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Fig. 4. Evolution of the output power for different waveguide lengths for the
three configurations studied: TM, 50% TM/50% TE and TE.

be necessary to inject a polarization controlled optical signal into the
guiding layer of PSi, in order to reduce the already high optical losses in
this material that are inherent to its porous nature.
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