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1. INTRODUCTION

Grooved silicon is a periodic one�dimensional
structure consisting of deep trenches with vertical
walls. Such structures have interesting optical proper�
ties. In the long�wavelength spectral region for λ � a,
where a is the lattice period, they reveal the properties
of a uniaxial crystal with the high anisotropy of the
effective refractive index [1, 2]. For IR light with λ ≈ a,
the structure is a one�dimensional photonic crystal
with broad stop bands [3, 4]. Grooved silicon excited
by a 1.06�μm laser exhibits an enhanced Raman scat�
terin. [5]. While the optical characteristics of groove
structures are well described by the effective medium
theory (the so�called approximation of the anisotropic
form in a system of parallel plates [6]), spectra in the
shorter�wavelength region have not been described
theoretically so far.

The aim of this paper is to calculate the reflection
and transmission spectra of grooved silicon samples at
wavelengths of about the period of the structure and
larger and compare them with experiments.

2. EXPERIMENT

Grooved silicon structures can be fabricated by dif�
ferent dry and wet etching methods [7–11]. Among

these methods, the anisotropic alkali etching of (110)
silicon has an advantage because it enables one to fab�
ricate structures with almost vertical walls having the
smoothest surface [12]. The ribs of such structures are
formed by the (111) crystallographic planes, which are
etched approximately 600 times slower than the (110)
planes [9].

We studied grooved silicon structures fabricated on
n�type (110) oriented Si wafer with a resistivity of
5 Ωcm prepared by anisotropic etching at 70°C in a
44% aqueous solution of potassium hydroxide. The
initial Si wafers were polished from two sides and their
surfaces were covered by a thermal oxide or a silicon
nitride layer. Then, windows for grooves were opened
in this layer on the front of the Si wafer by means of
photolithography. The length of these windows was
400 μm and their width was 2–4 μm, depending on the
period of the structure. Grooves with walls formed by
the (111) planes comprised a lattice with a period a
equal to 4, 5, and 6 μm for different samples. Table 1
presents the parameters of samples, and Fig. 1a shows
the cross section of one of these structures. Figure 1b
shows the schematic of a sample cut along and perpen�
dicular to grooves. It is known that the vertical edges of
grooves obtained by anisotropic etching of Si(110) are
inclined [9]. In addition, the bottoms of grooves in the
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studied structures are V�shaped with an apex angle of
about 120° [13]. However, in our calculations, we
neglect these details and assume for simplicity that the
grooves are infinitely long in the direction of the y axis
and have a rectangular cross section in the xz plane.

The geometry of optical measurements is shown in
Fig. 1b. The reflection and transmission spectra of
groove structures were measured in polarized light
with Digilab FTS�60A and FTS�6000 Fourier spec�
trometers in the spectral range from 450 to 6000 cm–1

with a resolution of 8 cm–1 for the E|| and E⊥ polariza�
tions. The electric field strength corresponding to the
E|| or E⊥ polarization is directed parallel or perpendic�
ular to grooves, respectively. The spectra are recorded
at normal incidence of light to a sample surface.

3. CALCULATION

The reflection and transmission spectra of grooved
structures were calculated by the scattering matrix
method [14] based on the splitting of the structure into
horizontal layers, periodic or homogeneous along the
horizontal and homogeneous along the vertical, with
expansion of the solutions to the Maxwell equations
into a Fourier series and sewing together of the solu�
tions in adjacent layers using the boundary Maxwell
conditions. When the incident light illuminates the
modulated surface of grooved silicon, the structure
behaves like a diffraction grating. The incident wave
couples at diffracted (propagating) and exponentially
decaying waves, and formally an infinite�dimensional
scattering matrix should be used, which is truncated
down to a finite�dimensional matrix in numerical cal�
culations.

To formulate the scattering matrix method for pho�
tonic�crystal layers, we have to determine the incom�
ing and outgoing states in the scattering problem and
develop a method for scattering�matrix calculations
that transform incoming solutions to outgoing ones.
The method is based on expansion into plane waves in
a plane perpendicular to the z axis, and in practice only
a finite number Ng of Bragg harmonics are taken into
account. In the general case, a two�dimensional dif�
fraction grating couples the incoming light of the fre�
quency ω and wavevector k = (kx, ky, kz),

(1)

with all Bragg harmonics at the same frequency ω and
wavevectors

(2)

In formulas (1) and (2),  is the angle between vector
k and the positive direction of the z axis; ϕ is the angle

kx
ω
c
��� ϑ ϕ,cossin=

ky
ω
c
��� ϑ ϕ,sinsin=

kz
ω
c
��� ϑ,cos=

kG a,
± kx G, ky G, kz G a, ,±, ,( ).=

ϑ

between the projection of k onto the xy plane and the
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(3)

εa is the permittivity of vacuum (a = v) and on the sub�
strate (a = s), and

(4)

are the vectors of a two�dimensional reciprocal lattice.
The incoming and outgoing sets of the scattering

problem are chosen in the form of 4Ng�dimensional

hypervectors  and  of the composed of the
amplitudes of incoming and outgoing plane waves:

(5)

where  are the 2Ng�dimensional vectors of partial
amplitude of incoming and outgoing plane waves. The
full description of the linear optical response of a pho�
tonic�crystal layer at the frequency ω can be obtained
by calculating the full scattering matrix � of the sys�
tem, which connects the incoming vector of ampli�
tudes with the outgoing one:

(6)

The full scattering matrix a (4Ng × 4Ng)�dimen�
sional matrix in our case. The calculation of the scat�
tering matrix � of the photonic�crystal layer involves
the following steps:

(i) A photonic�crystal layer is split into a system of
layers homogeneous along the z axis (in the case of the
model structure in Fig. 2a, these are four layers: a vac�
uum, a modulated silicon layer, a homogeneous sili�
con layer, and a vacuum substrate). In each layer, the
eigenmodes of the z axis propagation operator are
found from the Maxwell equations.
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Table 1. Geometrical parameters of slot silicon samples

Sample Spacing
a, μm

Wall thick�
ness

dSi, μm

Groove
depth
l, μm

Total
sample

thickness
H, μm

24a4 4 1.0 30 200

24a5 5 1.2 30 200

24a6 6 1.4 30 200

s5 5 1.8 42 225

s6 6 2.6 42 225
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(ii) The eigenvalues of the propagation operator
determine the propagation matrix, while the eigenvec�
tors form the material matrix relating the eigenmode
amplitudes of the z axis propagation operator in a layer
and the local components of the electromagnetic field.

(iii) Material matrices in two adjacent layers can be
used to construct the interface matrix relating eigen�
mode amplitudes in adjacent layers, and then, by
applying the iteration procedure to this matrix (see, for
example, [15]), we can calculate the total scattering
matrix � of the whole photonic�crystal structure.

(iv) Knowledge of the components of the scattering
matrix allows us to calculate the reflection, transmis�
sion, absorption, and diffraction coefficients, and the
distribution of electromagnetic fields in the photonic�
crystal layer.

4. RESULTS AND DISCUSSION

As follows from the above consideration, to calcu�
late the optical properties of a structure, it is necessary
to represent it in the form of a sequence of layers homo�
geneous along the z axis and, possibly, periodic in the
direction perpendicular to the z axis. Figure 2a shows
an example of sample splitting into layers. The struc�
ture is divided into four layers, two of which, the first
and the fourth (vacuum), are semi�infinite. The second
(silicon/air grooved layer) is periodic in the substrate
plane and homogeneous along the z axis, while the
third layer (silicon substrate) is completely homoge�
neous. We selected optical coefficients by neglecting
the absorption of light by free carriers in silicon and the
interaction of light with crystal lattice phonons.

The reflection spectra calculated for the described
model structure considerably differ from the experi�
mental spectra (Fig. 3). The frequent oscillations of
the calculated curve (thin grey curve) are related to
Fabry–Pérot resonances on a rather thick silicon sub�
strate (~200 μm). To observe them in experiments, the
coherence length of light should exceed at least the
sample thickness, which is not fulfilled in our case. To
exclude such oscillations in calculations, a substrate is
usually assumed semi�infinite. The corresponding cal�
culated curve is also shown in Fig. 3 (thin black curve).
Now the characteristic frequency of the remaining
oscillations of the calculated spectrum approximately
corresponds to experiment (they are related to Fabry–
Pérot resonances on a grooved silicon layer, see the
discussion below); however, the amplitude of these
oscillations and the qualitative shape of the spectrum
still differ considerably from experimental data.

This discrepancy can be explained by Rayleigh
light scattering by the irregularities of the groove struc�

Fig. 1. Structures of grooved silicon: (a) scanning electron
microscope image; (b) schematic of the sample and optical
measurement: (Si) silicon substrate; S|| (S⊥) section paral�
lel (perpendicular) to grooves; the dashed straight line is
the normal to the silicon wall; b is the width of the grooves
in the bottom part of the structure; w and w0 are the widths
of solid silicon strips between the grooves on the surface of
the sample and the groove depth, respectively.

Fig. 2. Schematics of a grooved Si structure for calcula�
tions by the scattering matrix method: (a) ideal sample
model; (b) real sample model taking diffuse scattering into
account.
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ture both in the modulated layer and the intermediate
“modulated part—substrate” layer consisting of
V�shaped deepenings in the bottoms of the grooves.
Such scattering can be quite considerable because the
ratio of the refractive indices of these layers is rather
high.

It is well known that the surface roughness intro�
duces considerable errors in the determination of
refractive indices of materials by ellipsometry methods
[16], especially of their imaginary parts. The latter is
quite natural because roughnesses cause a diffuse scat�
tering resulting in losses during the light propagation.
There are many examples in the literature (see, for
example [17–20]) when scattering losses on the
roughness of interfaces were correctly taken into
account by adding the imaginary part to real refractive
indices of transparent materials or by increasing the
imaginary part of the refractive indices of absorbing

materials.
1
 Following this approach, we will assign

complex refractive indices k1 and k2 to periodic and
intermediate layers, respectively, in silicon and k3 to air
in the periodic layer. We assume for simplicity that
parameters k1, k2, and k3 are independent of the wave�
length of light.

1 Strictly speaking, it is necessary to distinguish the perfectly peri�
odic modulation of interfaces in a photonic�crystal structure
and their irregular roughness. Periodic modulations are taken
into account in the scattering matrix method and do not require
the addition of imaginary parts to take into account radiation
losses [14].

The resulting model structure is shown in Fig. 2b.
The thickness t of the third layer is related to the
V�shaped bottom profile and depends on the groove

width t = dair/2 , where dair = a – dSi is the groove
width.

The numerical simulation shows that parameters k1

and k2 begin to make noticeable contributions to
reflection spectra at values exceeding 0.1, and k3 for
values above 0.03. Calculations performed with differ�
ent values of k1, k2, and k3 varied from 0.03 to 3 show
that the best fit of experimental reflection spectra is
achieved for k1 = 0.2, k2 = 0.5, and k3 = 0.05 (Fig. 4).
This procedure provided a good qualitative fit of
experimental reflection spectra for other samples as
well (Fig. 5).

The obtained experimental and theoretical spectra
oscillate due to Fabry–Pérot resonances appearing
during the propagation of light through a modulated

3
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Fig. 3. Experimental (thick curve) reflection spectrum of
grooved silicon sample s6 and reflection spectra calculated
in the ideal sample model for the cases of a finite (Fig. 2a)
and semi�infinite silicon substrates (thin grey and black
curves, respectively) for the E|| polarization of light.

Fig. 4. Experimental (solid curves) and calculated (dashed
curves) reflection spectra of grooved silicon samples s5 and
s6 for the E|| and E⊥ polarizations. Calculations assume the
presence of a scattering layer on the “modulated layer—
substrate” interface for which the complex refractive index
is set equal to 3.42 + 0.5i; the refractive index of silicon in
the modulated layer is set equal to 3.42 + 0.2i and that of
air 1 + 0.05i (see Fig. 2b).
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layer of the structure. By using the Fabry–Pérot reso�
nance condition

(7)

where Δ(1/λ) is the difference of the reciprocal wave�
lengths of adjacent Fabry–Pérot resonances and l is
the grooved layer depth, we can calculate the effective
refractive indices neff of grooved silicon (Table 2) in the
low�frequency spectral region, where the effective
medium approximation is better fulfilled. These values
can be compared with values obtained in the effective
medium model for λ � a [6]:

(8)

where neff, || (neff, ⊥) is the effective refractive index of
grooved silicon corresponding to the direction of the
electric field wavevector parallel (perpendicular) to
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the grooves and f = dSi/a is the filling factor. It follows
from Table 2 that the scattering matrix method allows
us to calculate the effective refractive indices of peri�
odic silicon layers more accurately than the effective
medium theory. For example, the experimental oscil�
lation periods of the reflection coefficient (69 and
125 cm–1) in the low�frequency spectral region for
sample 24a4 is quite close to these calculated by the
scattering matrix method (72 and 127 cm–1). At the
same time, the oscillation periods corresponding to
Fabry–Pérot resonances in a homogeneous layer with
a thickness of l and the refractive indices calculated
from expressions (8) are 89 and 148 cm–1. This differ�
ence is probably explained by the fact that the condi�
tion of applicability of the effective medium approxi�
mation a � λ is not fulfilled accurately enough (in our
case, a/λ = 0.18–0.27).

In the high�frequency region of reflection spectra,
the electrostatic approximation condition is not ful�
filled (λ ~ a). The oscillation periods of 140 and
120 cm–1 calculated by the scattering matrix method

Fig. 5. Experimental (top) and calculated (bottom) reflection spectra of samples 24a4, 24a5, and 24a6.

Table 2. Effective refractive indices of slot silicon calculated from the condition of Fabry–Pérot resonances for experimen�
tal reflection spectra and reflection spectra calculated by the scattering matrix method and using the effective medium
model

neff, || neff, ⊥ Δneff = neff, || – neff, ⊥

Sample 24a4 24a5 24a6 24a4 24a5 24a6 24a4 24a5 24a6

Experiment 1.5 ± 0.1 1.7 ± 0.1 1.5 ± 0.1 2.7 ± 0.1 3.0 ± 0.2 3.2 ± 0.3 1.2 ± 0.1 1.2 ± 0.2 1.7 ± 0.3

Scattering matrix method 1.5 ± 0.1 1.7 ± 0.1 1.4 ± 0.2 2.7 ± 0.1 3.0 ± 0.1 3.3 ± 0.2 1.2 ± 0.1 1.3 ± 0.2 1.9 ± 0.3

Effective medium model 1.1 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 1.9 ± 0.1 1.9 ± 0.1 1.9 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 0.8 ± 0.1
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in this region are close to their experimental values of
141 and 138 cm–1. The formal use of expressions (7)
and (8) gives oscillation periods of 13 and 21 cm–1,
which considerably differ from experimental values.

Thus, we have studied the reflection and transmis�
sion spectra of grooved silicon structures with different
periods and wall thicknesses. The obtained experi�
mental spectra were compared with those calculated
by the scattering matrix method. It has been shown
that good agreement between experimental data and
calculations by the scattering matrix method can be
obtained by adding the imaginary parts to the refrac�
tive indices of silicon and air in the modulation region
to take into account losses caused by Rayleigh scatter�
ing of light from the roughness of interfaces.
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