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ABSTRACT

Two-dimensional (2D) photonic crystal (PC) bars with 6 and 21 periods were fabricated by simultaneous photo-
electrochemical etching of macropores and trenches in a pre-patterned silicon wafer. The structures had square
lattice of cylindrical pores and were terminated by nonmodulated silicon pre-layers. The infrared reflection
spectra of the PC bars have been simulated using scattering matrix method. In order to take into account the
roughness of pore inner surface an additional silicon layer around the pores was introduced with a fitted complex
refractive index. A comparison between the simulated refection spectra and those obtained experimentally
demonstrates a satisfactory agreement in the region of secondary photonic band gaps.
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1. INTRODUCTION

Experimental investigations of optical properties of two-dimensional (2D) photonic crystals (PCs) based on
macroporous silicon have been undertaken in Refs. 1–7. Due to the high aspect ratio this material is considered
to be a good model structure for investigation of 2D PCs. Initially the samples for optical investigations were
prepared either by cutting off from macroporous sample1–3 or fabricated by a special 3D technique.4–7 A charac-
teristic feature of thus obtained structures was a strongly scattered surface that hindered optical measurements.
Later on, the technology of simultaneous electrochemical etching of macropores and trenches (TP-technology) has
been introduced.8, 9 This technology allows fabrication of narrow PC bars terminated with vertical Si side-walls.
TP-technology of simultaneous etching of trenches and pores was investigated in details in Ref. 10. The condi-
tions for fabrication of the smoothest side-walls and the minimal distortion of the pore shape were found in that
work. A specific feature of the structures fabricated by TP-technology is the presence of the so-called pre-layer,
i.e. a homogenous silicon layer which is a transition layer between air and photonic crystal structure. In Ref. 8
this layer was named as anti-refection layer (ARL), though the authors note that it is not actually antireflective
in the common sense of this term. The pre-layer violates periodicity and can affect the reflection/transmission
spectra of the PC bars.

The purpose of the present work is to calculate the reflection spectra of 2D PCs with finite width and a
pre-layer using the scattering matrix method and the comparison of the simulated spectra with the experimental
ones, registered with Fourier Transform Infrared (FTIR) micro-spectrometer.
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Figure 1. Schematic of the PC structure fabrication: a) the mask fragment for pits and grooves patterning, b) sample
after PECE (1 — rectangular regions for elimination, 2 — PC bar, 3 — macropores, 4 — grooves; 5 — n+ layer and 6 —
the substrate eliminated during pores and grooves opening).

2. EXPERIMENTAL

To fabricate a square lattice of macropores in silicon wafer we used a photoelectrochemical etching (PECE)
technique.11, 12 The process involves opening of windows in the oxide mask on the front surface of n-Si (100) by
means of photolithography, alkaline etching of pits through the mask, and anodization in an HF solution under
illumination from the back side of the wafer. To form PC bars of limited number of periods, pits and grooves
were pre-patterned on the substrate surface simultaneously. The photomask schematic is shown in Fig. 1a. The
pits and grooves served as nucleation centers for etching of deep macropores and trenches with the pore depth
of ∼200µm. The trenches define the rectangular areas of sample (see Fig. 1b) which can be eliminated after
removal of the substrate by mechanical or chemical treatment. The resulted PC bars consist of 6 or 21 pore rows
terminated with non-modulated silicon pre-layers (Fig. 2).

Figure 2. SEM images of the PC bars: a) cleaved structure; back-side view of the chips: b) with 6 pore rows (chip16-1)
and c) with 21 rows (chip 16-2).
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Table 1. Parameters of the PC bars.

Sample
Current Depth of Chip Number of

t, µm
Pore

density, through № pore rows radius,
j/jPS pores, µm r, µm

16.04.09N 0.35 155
16-1 6 10 2.5
16-2 21 10 2.33

The photomask is characterized by two geometrical parameters, namely the lattice period, a, and the distance
between trench center line and the centers of the adjacent pore row, t (see Fig. 1a). The etching process leads
to the formation of air cylindrical pores of radius r and trenches of width 2r. The pore radius and the trench
width depend on the etching current density j and a subsequent treatment. The thickness of the pre-layer at the
air-PC interface, w, depends on the difference between parameters t and r as w = t− r. In the present work we
used the photomask with a=8µm. The sample was etched in 4% HF in illumination-radius mode under initial
current density value j = 0.35jPS, where jPS is a critical current density that corresponds to the transition from
pore formation mode to electro-polishing. The illumination-radius mode assumes a decrease of the current with
time under PECE to maintain the pore radius unchanged within the depth. To remove the substrate we used
either mechanical polishing (chip 16-1) or alkaline etching of the oxidized sample (chip 16-2). The value of the
pore radius was found from the back-side image of the chips. Parameters of the samples are listed in Table 1.

3. FTIR MEASUREMENTS

Polarized FTIR measurements were performed in the range of 650-6500cm−1 with a resolution of 8 cm−1 using
a Digilab FTS 6000 spectrometer in conjunction with a UMA500 infrared microscope. Gold coated glass slide
was used as a 100% reflection reference. The rectangular aperture of 50×200 µm2 of the IR beam was used to
provide a reasonable signal to noise ratio. A polarizer was placed in front of the microscope MCT detector. We
use the notation for TE-polarization if the electric vector of the incident light is oriented perpendicular to the
macropore channels (along the X-axis in Fig. 2a) and TM polarization if the electric vector is parallel to the
macropore channels (along the Y -axis in Fig. 2a). As the incident light beam is focused on the sample as a cone
between 10◦ and 30◦, the average incident angle of 20◦ was used in calculations (see Ref. 2 for details).

4. RESULTS AND DISCUSSION

The reflection and transmission spectra, registered for two orthogonal polarizations of light for chip 16-1, are
shown in Fig. 3. The transmission values are magnified by factors of 3 and 2.5 for TE and TM polarisations,
respectively, for convenience of comparison of reflection and transmission spectra. As follows from the PC period,
the first (lower) photonic band gap is located in the longer wavelength region than that accessible by our FTIR
instrument. The experimentally investigated spectra are in the range of wavenumbers that correspond to the
band gaps of high order. It can be seen from Fig. 3 that the maxima of the reflection spectra correspond to the
minima of the transmission spectra and vice versa. The average value of the reflection coefficient is ∼0.5 and of
the transmission coefficient is ∼0.1. The amplitude of modulation of the reflection spectra decreases from 0.55
to 0.15 as the wavenumber changes from 650 to 2500 cm−1, while for the transmission coefficient it decays from
0.17 to 0.02 in the same spectral range. The increase of the number of periods from 6 to 21 in PC structure
leads to the decrease in the intensity of the transmitted light up to ∼3-6 times depending on the wavelength.
This type of behaviour is a characteristic feature of the spectra in the presence of diffuse scattering.13

Let us consider in more detail the calculation of the reflection spectra of the investigated structures. Different
theoretical methods were developed for the modeling of light propagation in a photonic crystal. These methods
have some advantages and disadvantages for application to different photonic structures. In particular, the plane
wave expansion method is characterized by its poor convergence,14 while the spherical-wave expansion method
can be applied only for those PCs that composed of dielectric spheres and cylinders.15, 16 The Transfer Matrix
Method (TMM)17–20 is applicable for any periodic structures, however, it is not suitable for modeling of the
structures with thick absorbing layers, due to a problem with mixing of the large and small numbers in the
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Figure 3. Experimental reflection and transmission spectra for TE and TM polarizations of sample 16-1.

transfer matrix.21, 22 The Finite-Difference Time Domain (FDTD) method14, 23 is the most common one, but it
is very time-consuming. In the present work, we use the scattering matrix method (SMM). This method was
proved to be very efficient for the investigation of dielectric and semiconductor layers with a finite number of
lattice periods.24, 25

The scattering matrix formalism21, 22 is a powerful tool for investigation of the eigenmodes of thin one- and
two dimensionally periodic photonic crystal slabs.24–27 The main idea of this method is to split the PC structure
into several planar periodical layers and to find solution of the Maxwell equation in each layer by means of
the expansion of the electric and magnetic fields into the Floquet-Fourier modes. The exact solution can be
represented as an infinite series of these modes. In order to realize SMM numerically we have to take into
account only first Ng elements. Then the solutions for all the layers must be connected to each other via the
boundary conditions and the scattering matrix formalism. The calculation accuracy increases with increasing
the number of used plane waves Ng, however the calculation time becomes longer. Nevertheless, for calculations
of PCs, fabricated as alternating layers of dielectric and semiconductor components with relatively small number
of periods, the calculations can be performed within a reasonable time scale.

In the present work we investigate the photonic crystal structures with a limited number of periods. As was
mentioned above, in the experimental setup the focused incident light is used. Thus the light propagates along
both Γ-X and Γ-M photonic crystal directions. A possible model structure consists of a number of periodical
layers homogeneous along Z-axis as shown in Fig. 4. Figure 4 represents an example of 2D macroporous Si
structure where each air cylinder is approximated by 30 modulated layers, so that the square lattice of the
photonic crystal bar is modeled by 189 layers as a whole. The scattering matrix of this system of layers was
constructed using the procedure described in Ref. 22. The scattering matrix of the entire structure was utilized
for calculation of Z-components of the Pointing vectors for incoming and reflected light waves and the reflection
coefficients. In the present work 29 plane waves were used. The average value of incident angle of 20◦ with
respect to Z-axis (see Fig. 2a) was used as a direction of light propagation for spectra simulation by SMM.

The experimental and calculated reflection spectra for TE and TM polarizations are shown in Fig. 5 for
sample 16-1. It can be seen from Fig. 5, that the 1-st (fundamental) photonic band gap is centered at ∼250 cm−1
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Figure 4. The ideal model of the photonic structure as a sequence of multilayers, homogeneous along Z-axis.

which is in agreement with results of Ref. 1. This particular range of spectra is outside of the experimentally
available range. The calculated and experimental reflection spectra disagree in the whole investigated spectral
range between 700 and 2500 cm−1. The calculated reflection spectra are characterized by frequent oscillations
of the reflection coefficient with the amplitude close to 1. The reason for this discrepancy can be the Rayleigh
scattering of light on the irregularities of the PC structure, roughness of the inner surface of the air pores and

Figure 5. Experimental (thick line) and calculated with an ideal model (thin line) reflection spectra of the sample 16-1
(pore radius r =2.75μm). Grey regions denote the 1-st photonic stop-band.
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Figure 6. Three-component model for the pho-
tonic structure with scattering (absorbing) ring
around the pores.

the interface between the photonic crystal bar and the incoming
and outgoing media. This scattering can be essential because the
investigated structures are characterized by a high optical con-
trast. It is known that the surface roughness affects the ellipsom-
etry measurements,17 for example. The deviation of the results
in this case can be described by the Rayleigh scattering of light
on the surface and interface roughness and, as a consequence,
by losses in light propagation. There are a number of publica-
tions28–31 where these losses of light are successfully taken into
account by introduction of an imaginary part to the refractive
indices of transparent materials.

In this work, for the accounting of light scattering a three-
component model of PC structure was introduced with a nonzero
absorption coefficient for silicon in the regions around pores as
shown in Fig. 6. From now on two additional parameters which
characterize the structure are introduced. These parameters are:
the imaginary part of the refractive index of silicon in the ring
around a pore, k, and the width of the ring of roughness around
the pore, ΔR. During the fitting of the experimental reflection
spectra shown in Fig. 3, we consider for simplicity that these pa-
rameters are not dependent on the wavelength of the incident
light. Parameters k and ΔR were varied in the range from 0
to 1 and from 0 to 2µm, accordingly, while the pore radius was
varied in the range from 2.5 to 3.15µm. The best agreement be-
tween the experimental and the theoretical spectra is obtained
for r=2.75µm, ΔR=0.8µm and k=0.2 (see Fig. 7). Similar pro-
cedure was used for the fitting of the reflection spectra of chip
16-2, consisting of 21 periods (see Fig. 8).

Figure 7. Experimental (thick line) and calculated with three-component model (thin line) reflection spectra for TE (top
panel) and TM (bottom panel) polarizations of sample 16-1 (pore radius r=2.75μm, ΔR=0.8μm and κ=0.2). Grey
regions denote the 1-st photonic stop-band.
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Figure 8. Experimental (thick line) and calculated with a 3-component model (thin line) reflection spectra for TE (top
panel) and TM (bottom panel) polarizations of sample 16-2 (pore radius r=3μm, ΔR=0.8μm and κ=0.2). Grey regions
denote the 1-st photonic stop-band.

It is interesting to compare the reflection spectra, calculated for the case of an ideal model and for the three-
component model of the PC bar. As is seen from Fig. 9, TE- and TM-spectra obtained with three-component
model have the first photonic band gap practically at the same wavenumbers, while the absolute value of the
reflection coefficient and the bandwidth decreases. In the high-wavenumber range the spectra transformations
are more dramatic: not only the strong oscillations are smoothened, but also the form of the spectra is changed
significantly for both polarizations.

Figure 9. A comparison of reflection spectra calculated by an ideal model (thin line) and a 3-component model (thick
line) for sample 16-1.
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The specific feature of photonic crystal with the square lattice is the fact that photonic band gaps for
all directions in the crystal do not overlap for TE and TM polarizations, so no complete band gaps can be
obtained.14, 32 This fact does not contradict to our results, as we see overlapping of the band gaps just for a
single Γ-X direction in the investigated PC structure.

5. CONCLUSION

The scattering matrix method was used for simulation of light propagation through the fabricated structures of
macroporous Si two-dimensional photonic crystal with square lattice of deep cylindrical pores. Three-component
model of the PC bar with the pre-layer was chosen as a model structure for the calculation of the reflection
spectra by scattering matrix method. This model enables us to take into account the light scattering on the
roughness of the inner surface of the air pores by introduction of the extinction coefficient of Si in a thin ring
around a pore. It has been shown that spectra simulated according to this model are in a satisfactory agreement
with the experiment.
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