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Abstract. Porous silicon (pSi)-based coupled photonic microcavities (MCs) are highly desirable for tunable optical
transmission. The coupled microcavities (CMCs) are designed by stacking three cavity layers with a reflection of above
60–70% at kc = 685 nm. The position of the cavity in transmission mode is found to shift towards shorter wavelength
regions with an increase in the angle of incidence for s-, p- and un-polarizations, which might be due to a decrease in
effective thickness of pSi layer subjected to oblique incident angles. The line-width and intensity of transmission modes
are found to be highly polarization (i.e., s-, p- and un-polarizations) dependent at a higher angle of incidence. Further,
*100 nm shift in the transmission mode towards lower wavelength has been achieved by doping of Ag nanoparticles into
MC. This is a feasible approach to tune the optical cavity mode to desired wavelengths for applications in optical
switching.
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Introduction

Recent research activities have been directed towards the
fabrication of Si nanostructures to design photonic devices
due to their tunable optoelectronic properties and their
compatibility with Si-based microelectronic devices [1–7].
Low-dimensional Si nanostructures can be realized in many
ways with various dimensions, e.g., nanoparticles (NPs),
nanowires, nanorods, etc. [1–7]. Nanocrystalline porous
silicon (pSi) is some of the silicon-compatible low-dimensional photonic materials prepared by anodic etching of Si,
which has been extensively used for various applications
[1,8]. The visible luminescence is the most attractive
property that can be used to exploit the pSi as a promising
material for the fabrication of photonic devices [9–13]. In
addition to conventional applications of pSi, it has been
widely considered as a seed material for the fabrication of
various types of silicon nanostructures, like randomly oriented nanowires, ultra-small NPs, distributed Bragg reflectors and microcavities (MCs), etc. [1–7].
The pSi-based optical MCs are already in use for many
applications involving the fabrication of waveguides, sensors, optical resonators, optical filters and many functional
devices [14–21]. Optical MCs are the cavity layer sandwiched between two sets of multilayers. It can allow
enhancement or inhabitation of the energy of the cavity
layer or together with highly directional emission [22,23].
The optical MCs are mainly focused on their applications in

optical communications for monochromatic light propagation [24–26]. The wavelength of light propagation in the
cavity layer can be controlled by playing with an optical
thickness (nd) of the pSi layer [14–21].
In this approach, silicon-based coupled microcavities
(CMCs) are fabricated and characterized extensively
[22–24]. The CMCs usually consist of the desired number
of cavity layers, which are surrounded by external multilayers. These CMC’s are active systems, which find
numerous applications, including laser oscillators, directional switching of lasers, a range of optical switches, etc.
[25–28]. The angle- and polarization-dependent reflection
properties are essential to understand the manifold performance of nanostructured reflectors, such as multilayer
stacked distributed Bragg reflector and MCs [29–32].
Analysing angular dependency in practical applications is
important due to multiple angular components of lateral
dimensions of an incident beam. In this strategy, the present
work demonstrates the angle-dependent reflective characteristics of pSi-based CMC with three cavity layers at different polarizations. In the present work, the three cavity
layers with the same stacks in CMC’s are optimized and
designed in such a way as to tune the optical transmission
mode effectively. We have also observed marked differences in the transmission mode, linewidth and intensity with
the dependence of incident polarization and angle. These
structures establish the importance of pSi-CMCs for nonlinear control of optical transmission and switching.
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Experimental

FEG, Ultra 55—under 5 kV) measurements. The physical
thickness is utilized to estimate the etching rates of pSi at
different etching current densities, which are presented in
table 2. The thickness (d) of L and H layers can be obtained
by using the optical thickness (nd) and wavelength (k)
relation [6]. The angle- and polarization-dependent reflectivity measurements have been performed by using ultraviolet-visible-near-infrared spectroscopy (UV-Vis-NIR—
Jasco V-670).

Optical MCs are designed by sandwiching cavity layers in
between two multilayered structures. The variable refractive
index layers were fabricated by anodic etching of mirrorpolished single crystal Si (0.01–0.02 X-cm) samples with
two alternate current densities, viz. 5 and 40 mA cm–2. The
layers were labelled as low (L) and high (H) porosity layers,
respectively, The resonance wavelength was at 685 nm. The
details of sample preparation were discussed in our earlier
report [6].
Figure 1 shows the reflectivity of the pSi layer at normal
incidence of light and the inset figure shows the reflectivity
of Si used for pSi preparation. The refractive indices of pSi
layers prepared at different etching current densities are
estimated by using Fresnel equations. These values are
considered to fabricate CMCs comprised of three cavity
layers CL-1, CL-2 and CL-3 associated with HH layers,
sandwiched between repeated LH layers. To avoid confusion in understanding and discussion, the prepared various
CMCs are labelled as CMC-1, CMC-2 and CMC-3 along
with detailed sequential order depicted in table 1. The
corresponding schematic layer description is shown in
figure 2. In addition, Ag-doped MC has been prepared by
introducing 10 ml of Ag NPs in the electrolyte during anodic etching. The two-step electroless etching (i.e.,
0.005 M AgNO3 dissolved in 10 ml double deionized water
(DDW)) has been followed to synthesize the spherical
AgNPs. The synthesized AgNPs are about 10 nm in size.
DDW has been used as a solvent for AgNPs preparation.
From the literature, we find that water has a transmittance at
*1100 cm–1 [33]. This is a piece of definitive evidence that
the reflection spectrum is changing by NPs themselves and
not by a solvent.
The thickness and number of layers present in the CMC
have been investigated from cross-sectional field emission
scanning electron microscopy (X-FESEM—Carl ZEISS,

Figure 1. Reflectivity of pSi layers (L and H) prepared at
different etching current densities (inset shows the reflectivity of Si
used for pSi preparation).

3.

Results and discussion

Figure 3 shows the FESEM images of cross-sectional coupled microcavities CMC-1, CMC-2 and CMC-3, comprising three cavity layers with different periods. Figure 4
shows the angular-dependent reflective characteristics of
coupled microcavity CMC-1 with a cavity resonance at kc =
685 nm at various incident angles (h) for s-, p- and unpolarizations in the wavelength region of 400–1000 nm. It is
observed that at a lower angle of incidence, the bandwidth
of cavity layers shows a reflection greater than 60–70% in
all three polarizations. However, with an increase of incident angle, higher reflectivity has been observed for both,
the s- and p-polarizations. To better understand this phenomenon, the reflection has been measured from 5° to 55°
incident angles. From figure 4, it is also clearly noticed that
the transmission mode (cavity dip) shifts towards the shorter
wavelength regions with an increase in the angle of incidence for s-, p- and un-polarized lights, as expected from
the quantization of photo dispersion [34]. The corresponding contour plots are presented in figure 5, which is a
graphical technique for representing 3D surface plots for
better understanding.
The change in transmission mode as a function of incident angle for CMC-1 in s-, p- and un-polarizations is
presented in figure 6. We have also observed that a further
increase in h leads to an additional shift of the cavity to a
lower wavelength with consequent weakening/broadening
of the mode. This might be due to the broken symmetry of
the lattice, resulting in the decreased effective thickness of
the pSi layer subjected to inclined incident angles. Moreover, the reflectivity spectra are found to exhibit marked
polarization dependence, which is essential to understand
the manifold performance of nanostructured reflectors.
Figure 7 shows the change in cavity mode as a function of
incident angle for three polarizations, which confirms that
the cavity mode shows significant polarization dependence
at a higher angle of incidence. These annotations indicate
that the transmission mode can be switched to the wavelength of interest by tuning the polarization of light. This
finding is very imperative to fabricate pSi-based functional
devices in the application of optical switching. The polarization dependence can be further understood by estimating
the linewidth of the cavity layer. The linewidths show
anomalous behaviour at different polarizations, which
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Labelling and corresponding description of the prepared coupled microcavities.

Table 1.

Coupled microcavity—sample labelling
Layer labelling
No. of uppermost bilayer (N1)
No. of inner bilayers (N2)

Figure 2.

CMC-1

CMC-2

CMC-3

MC

4.5
[LH LH LH LH L]
2.5
[LH LH L]

3.5
[LH LH LH L]
2.5
[LH LH L]

2.5
[LH LH L]
2.5
[LH LH L]

4.5
[LH LH LH LH L]
0
—

Layer description of the coupled microcavity.

Table 2. Etching parameters of pSi prepared at different etching
current densities.
Layer
L
H

Current I
(lA)

Refractive
index

Estimated
thickness (nm)

Etching rate
(nm min–1)

5652
45239

2.5
1.9

17730
6750

450
1182

agrees with theoretical dispersion curves. Figure 8 presents
the linewidth of three cavity layers of CMC-1 at various
polarizations. We found that the linewidths decreased up to

an angle of 35° and marked polarization dependence is
observed at a higher angle of incidence. According to
Fresnel, the different polarization of light reflects/transmits
the different amount of lights. As a result, the s-polarized
light is highly reflective and p-polarized is highly transmitted in multilayer systems. In this work, it is examined
that the reflection is from the cavity layer under s- and
p-polarizations at a different angle of incidences. From
figure 8a, it is noticed that the linewidth of reflection from
the cavity layer (CL-1) is more prominent and is in good
agreement with the above statement as s-polarization is
more reflection than p-polarization. Hence, the observed
anomalous trend in the linewidth of reflection might be due
to the change in phase and amplitude of polarization light at
the interfaces of the multilayer.
Figure 9 presents the intensity variations of the CMC-1
cavity at s-, p- and un-polarizations. The intensity of
cavity layers also decreases at lower angles and shows
polarization dependence at higher angles. The drastic
changes in the intensity profile at higher angles might be
due to the split in the mode. These observed trends in
linewidth and intensity are in good agreement with the
observed polarization dependence of cavity mode. Hence,
with the control of cavity dispersion properties, the angleand polarization-dependent reflection/transmission properties can be engineered for the applications of optical
switching. Figures 10 and 11 represent the reflectance

Figure 3. FESEM image of coupled microcavities sandwiched between various N1 layers: (a) CMC-1, (b) CMC-2
and (c) CMC-3.
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Figure 4.

Reflection spectra of CMC-1 at (a) s-polarized, (b) p-polarized and (c) un-polarized lights.

Figure 5.

The corresponding contour plots of CMC-1 reflection spectra (figure 4).

Figure 6.
lights.

Change in cavity mode of CMC-1 as a function of the incident angle at (a) s-polarized, (b) p-polarized and (c) un-polarized

spectra of CMC-2 and CMC-3, respectively, which have
followed the same tendency in the transmission mode as
CMC-1 with the angle of incidence. The change in cavity
mode of cavity layer (CL-1) for CMCs at un-polarization
is shown in figure 12. It shows a significant difference in

the mode position. The position of the cavity mode can
be tuned by varying the N1 layer in the designed CMC.
This is another feasible approach to switch the cavity
mode position independently with the polarization of
light.
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Figure 7.

Change in cavity mode of (a) CL-1, (b) CL-2 and (c) CL-3 for CMC-1 at different polarizations.

Figure 8.

Linewidth of (a) CL-1, (b) CL-2 and (c) CL-3 for CMC-1 at different polarizations.

Figure 9.

Intensity of the cavity mode (a) CL-1, (b) CL-2 and (c) CL-3 for CMC-1 at s-, p-, un-polarizations.

Further, an alternative easy method to tune the position of
the cavity mode is to introduce metal NPs into the cavity layer.
The optical MC comprises a single cavity layer sandwiched

between repeated LH layers, which has been utilized for this
study. Figure 13 shows the apparent change in the tunability of
cavity mode by introducing AgNPs into the cavity layer.
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Figure 10.

Reflection spectra of CMC-2 for (a) s-polarized, (b) p-polarized and (c) un-polarized lights.

Figure 11.

Reflection spectra of CMC-3 for (a) s-polarized, (b) p-polarized and (c) un-polarized lights.

Figure 12. Change in cavity mode of CL-1 of CMCs at the
un-polarized light.

From this figure, we have observed *100 nm shift in the
position of cavity mode towards lower wavelength. It is also
noticed that the reflectivity has been reduced for metaldoped MC. The observed reduction in reflection might be
due to the additional optical absorption of metal NPs. Thus,
we present here, an easy and feasible alternate method to
tune the optical transmission mode to desired wavelengths
for applications in optical switching.

Figure 13. Reflection spectra of Ag NPs doped optical
microcavity.

4.

Conclusions

In summary, the CMCs are fabricated by controlling the
optical thickness of each film, and a higher reflectivity (R [
60–70%) at kc = 685 nm has been achieved. The angle- and
polarization-dependent tunability in the transmission mode
has been observed. The linewidth and intensity of transmission mode are found to be polarization-dependent at a
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higher angle of incidence. Hence, the optical transmission
mode can be switched/tuned by playing with the polarization of light. The number of layers N1 sandwiched for CMC
fabrication has also shown a considerable response on
optical switching.
The AgNPs doping in MC shows *100 nm shift in the
position of cavity mode towards lower wavelength. This is
an alternate way to tune the transmission mode while
doping metal NPs into the cavity layer. These studies are
feasible and crucial for the fabrication of materials used in
the application of optical switching devices.
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