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Abstract: The optical properties of dielectric materials with subwavelength cylindrical pores
are commonly described by effective medium models. We compare the Maxwell Garnett and the
Bruggeman effective medium models for porous silicon with simulations and experiments for
the case of polarization orthogonal to the pore axis. The Maxwell Garnett model matches the
results of the simulations even up to very high porosities. An experimental study of the effective
permittivity of macroporous and mesoporous silicon is conducted by analyzing the Fabry-Pérot
oscillations in the long-wavelength limit. These experimental results are also consistent with the
Maxwell Garnett model. We advocate using this model for media with cylindrical pores in the
future.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Homogenizing physical properties of a composite or a structured medium has been a subject of
scientific research for many decades. For the electromagnetic and optical properties of media
composed of structures which are much smaller than the wavelength, the most commonly used
effective medium models are the Maxwell Garnett model [1] and the Bruggeman model [2].
Both these models are based on the polarizability of spherical or cylindrical inclusions and
simple assumptions about average electric fields. Other homogenization techniques involve more
complex averaging methods of electromagnetic fields or energy and can be applied analytically
[3,4] or numerically [5,6]. When the structure size increases and becomes comparable to the
incident wavelength, more intricate methods are required, like the energy coherent potential
approximation [7,8] or T-Matrix based approaches [9,10]. Similarly, effective medium models
fail to describe structures which exhibit surface plasmon resonances or those containing strong
evanescent fields [11]. The latter can even occur in purely dielectric structures [12–14].

Optical effective medium models have been an important tool to characterize a transparent
structured or a porous medium to validate its fabrication method. Typically, experimentalists
measure the phase velocity of light propagating in such a medium [15]. In this case, a valid
effective medium model is essential to conclude a particular parameter, e.g. the porosity from
interference Fourier transform spectroscopy during imbibition processes [16] or the liquid filling
fraction from capillary condensation [17]. One group of such media are those with densely packed
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cylindrical pores, usually arranged in a hexagonal lattice, as sketched in Fig. 1(a). Examples
of such media are porous silicon, porous anodized aluminum oxide and porous germanium
[18–20]. With their adjustable porosity, these media can be the basis for creating functional
materials with tunable optical properties [21–24]. For example, a liquid confined in membranes
with cylindrical pores can show extraordinary properties which are absent in the unconfined
liquid [25]. Generally, the pores are parametrized by the pore diameter d, the interpore distance
a and the porosity p. Due to the parallel pore alignment, such a porous medium is optically
anisotropic with the optic axis along the pores. The ordinary refractive index is equal to the one
for the orthogonal direction of polarization relative to the cylindrical axis, while the extraordinary
refractive index corresponds to the polarization parallel to the cylindrical axis.
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Fig. 1a). Examples of such media are porous silicon, porous anodized aluminum oxide and 
porous germanium [18⁠–20]. With their adjustable porosity, these media can be the basis for 
creating functional materials with tunable optical properties [21⁠–24]. For example, a liquid 
confined in membranes with cylindrical pores can show extraordinary properties which are 
absent in the unconfined liquid [25]. Generally, the pores are parametrized by the pore diameter 
d, the interpore distance a and the porosity p. Due to the parallel pore alignment, such a porous 
medium is optically anisotropic with the optic axis along the pores. The ordinary refractive 
index is equal to the one for the orthogonal direction of polarization relative to the cylindrical 
axis, while the extraordinary refractive index corresponds to the polarization parallel to the 
cylindrical axis. 

Fig. 1. a) Schematic of the top and side view of a membrane of thickness l, with a periodic arrangement 
of cylindrical pores of diameter d, and lattice constant a; b) First photonic band of a hexagonal lattice of 
air pores in silicon with porosity 0.5 along the ΓM and ΓK directions with the electric field orthogonal to 
the cylindrical axis; inset shows the Brillouin zone of this structure with the directions of the k-vector 
indicated

Here, we consider the application of the Maxwell Garnett effective medium model in the 
long-wavelength regime to structures with a high density of cylindrical pores. Our focus is on 
air pores in silicon; however, it can be applied to other material combinations as well. We 
consider the polarization orthogonal to the cylinders, which is typically assessed by excitation 
normal to the surface. As the model considers a single cylinder to be in a constant electric field, 
it is generally expected that the Maxwell Garnett model fails if the cylinders are close to each 
other. Consequently, the Bruggeman model is the usual method of choice to analyze structures 
of high porosity [26⁠–28]. However, it is known from numerical and analytical approximations 
that the Maxwell Garnett model is robust also for high filling fractions up to the point of 
touching spherical [29⁠,30] or cylindrical inclusions [31⁠,32].

In this paper, we analyze different effective medium models for media with cylindrical 
pores for the case of orthogonal polarization and compare them to simulations with an 
eigenmode solver. We demonstrate the superiority of the Maxwell Garnett effective medium 
model over the Bruggeman model, even for high porosity. Additionally, we show 
experimentally determined the effective permittivity for orthogonal polarization from porous 
silicon membranes which correspond well to these numerical results. 

M K
0

0.1

0.2

a/
2 c

M
K

d

a

l

a) b)

Γ

M K

Fig. 1. a) Schematic of the top and side view of a membrane of thickness l, with a periodic
arrangement of cylindrical pores of diameter d, and lattice constant a; b) First photonic
band of a hexagonal lattice of air pores in silicon with porosity 0.5 along the ΓM and ΓK
directions with the electric field orthogonal to the cylindrical axis; inset shows the Brillouin
zone of this structure with the directions of the k-vector indicated.

Here, we consider the application of the Maxwell Garnett effective medium model in the
long-wavelength regime to structures with a high density of cylindrical pores. Our focus is
on air pores in silicon; however, it can be applied to other material combinations as well. We
consider the polarization orthogonal to the cylinders, which is typically assessed by excitation
normal to the surface. As the model considers a single cylinder to be in a constant electric field,
it is generally expected that the Maxwell Garnett model fails if the cylinders are close to each
other. Consequently, the Bruggeman model is the usual method of choice to analyze structures of
high porosity [26–28]. However, it is known from numerical and analytical approximations that
the Maxwell Garnett model is robust also for high filling fractions up to the point of touching
spherical [29,30] or cylindrical inclusions [31,32].

In this paper, we analyze different effective medium models for media with cylindrical pores
for the case of orthogonal polarization and compare them to simulations with an eigenmode
solver. We demonstrate the superiority of the Maxwell Garnett effective medium model over the
Bruggeman model, even for high porosity. Additionally, we show experimentally determined
the effective permittivity for orthogonal polarization from porous silicon membranes which
correspond well to these numerical results.
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2. Effective medium models and simulation

One way to derive an effective medium model of a composite is to identify the electric and
displacement field average over its volume. When the volume under consideration is much
smaller than the wavelength of the incident light, then a quasistatic approximation can be used
where the volume is placed in a constant external electric field. In some cases, the average
internal fields in each of the constituents can be obtained analytically. The internal electric
field is related to an external electric field by a geometry-dependent factor A, which we refer to
as the field enhancement factor. From the volume-averaged displacement field divided by the
volume-averaged electric field, the effective permittivity can be retrieved using Eq. (1):

εeff =
Aair p εair + ASi(1 − p)εSi

Aair p + ASi(1 − p)
(1)

shown exemplarily for an air-silicon composite with p being the filling fraction of air and εair and
εSi being the permittivity of air and silicon, respectively.

For cylindrical particles in a medium two electric field polarizations must be distinguished:
the polarization orthogonal and the polarization parallel to the cylindrical axis. In case the
electric field is polarized parallel to the cylindrical axis, the field enhancement factors are
A = Aair = ASi = 1 such that the internal electric field is equal to the external field. As this is true
regardless of further assumptions, the parallel effective permittivity is equal in both Maxwell
Garnett and Bruggeman models. Equation (2) denotes the permittivity for this polarization
direction:

εeff,∥ = p εair + (1 − p)εSi (2)

For the polarization perpendicular to the cylinder axis, the two models give different effective
permittivities. In the scope of the Maxwell Garnett model, a composite consists of inclusions
inside a host medium. The particles are fully surrounded by the host medium and do not interact
with each other. For the case that the electric field is polarized orthogonal to the cylindrical axis,
the field enhancement factors are Aair = 2εSi/(εair + εSi) and ASi = 1 [33]. Equation (3) shows the
effective permittivity for this case:

εeff,⊥ = εSi
(1 − p)εSi + (1 + p)εair
(1 + p)εSi + (1 − p)εair

(3)

In contrast, Bruggeman’s effective medium model presumes shape equality between the
individual components of the composite. Each component, in our case air and silicon, is assumed
to be surrounded by the effective medium itself. This approach is expected to account for the
interactions between the inclusions. The model considers all components to have the same shape
and, thus, cylindrical field enhancement factors of Aair = 2εeff,⊥/(εair + εeff,⊥) for the air pores,
and ASi = 2εeff,⊥/(εSi + εeff,⊥) for silicon. As a consequence, this model is fully symmetric with
respect to an interchange of permittivity and porosity. The geometrical assumption of cylindrical
shape, however, is clearly not fulfilled for the silicon part of the structure.

Equation (4a) is the Bruggeman equation of the orthogonal permittivity, presented in a form
analogous to that of Eq. (3). It facilitates the identification of the field enhancement factors. In the
literature, the Bruggeman equation is often given in the form of Eq. (4b), which is equivalent to
Eq. (4a). Both equations are implicit. To simplify the calculation, we give an explicit expression
for the orthogonal effective permittivity in Eq. (4c).

εeff,⊥ =
pεair(εSi + εeff,⊥) + (1 − p)εSi(εair + εeff,⊥)

p(εSi + εeff,⊥) + (1 − p)(εair + εeff,⊥)
(4a)

εSi − εeff,⊥

εSi + εeff,⊥
(1 − p) +

εair − εeff,⊥

εair + εeff,⊥
p = 0 (4b)
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εeff,⊥ =
1
2

[︃
(1 − 2p)(εSi − εair) +

√︂
(1 − 2p)2(εSi − εair)

2 + 4εSiεair

]︃
(4c)

In porous media, the cylindrical pores can form a hexagonal lattice with lattice constant a
(Fig. 1(a)). Electromagnetic modes in a periodic medium can be described as Bloch modes, with
a dispersion relation defined as a set of frequencies ω which can propagate through the lattice
with a particular wavevector k. Such a dispersion relation or band structure of a photonic crystal
can be calculated numerically. We used the eigenmode solver “MIT Photonic Bands (MPB)” [34].
In Fig. 1(b) we show the first photonic band of the hexagonal arrangement of air pores in silicon
along the directions of high symmetry ΓM and ΓK. The electric field is polarized orthogonal
to the cylindrical axis and the respective permittivity values are εSi = 12.25 and εair = 1. The
inset of Fig. 1(b) shows the Brillouin-zone of the lattice and these points of high symmetry. At
k-values small as compared to 2π/a, ω is directly proportional to k and the curves coincide as
straight lines in all directions. The ratio of ω to k has the meaning of the phase velocity in the
medium, from which we obtain the effective refractive index of the porous membrane. Since
silicon is non-magnetic, it holds for the effective permittivity that εeff = n2

eff.
We have calculated the effective permittivity of porous silicon for the case where the incident

polarization is orthogonal to the cylindrical axis. The permittivity along the ΓM and ΓK directions
are equal apart from numerical noise. The porosity is derived from the geometry of a single pore
with pore diameter d in the hexagonal unit cell. If d = a or larger, the cylinders would touch
or overlap and the membrane would lose connectivity, thus, collapse. The highest physically
obtainable porosity for these membranes is pmax =π/2

√
3.
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Fig. 2. The effective permittivity for orthogonal polarization calculated from the Maxwell Garnett and the 
Bruggeman model, as well as from simulations. The insets show the simulated absolute value of the x-
component of the electric field inside the structure

3. Experiments

To confirm the applicability of the Maxwell Garnett model to media with a high density 
of cylindrical pores, we experimentally study two sample systems of porous silicon: 
macroporous and mesoporous silicon. The macroporous silicon membrane (purchased from 
SmartMembranes GmbH) is fabricated by photoelectrochemical etching of a prepatterned 
n-type silicon wafer; this method is described elsewhere [35]. The pore diameter, interpore 
distance and membrane thickness are verified by scanning electron microscopy to be d = 
1.1 µm, a = 1.5 µm and l = 46 µm, correspondingly. The image of the top surface (Fig. 3a)) 
shows a square-shaped pore entrance, which results from the prepatterning with the mask, but 
this shape transitions into a cylindrical pore within approximately 1 µm, as can be seen from 
the side view (Fig. 3d)). The pores at the bottom surface are widened due to the lift-off 
procedure [36] (Fig. 3b). This widening is, however, limited to a few micrometers while the 
pore remains cylindrical (Fig. 3e). Despite this structural difference to the assumptions made 
within the effective medium models, we believe that the experimentally measured permittivity 
should still match the theoretical one calculated with the with the average porosity. This 
porosity is determined gravimetrically to be p = 0.41.

Two mesoporous silicon membranes are fabricated by electrochemical anodization of 
single crystalline (100), p-doped silicon wafers (boron doped, 10-20 mΩcm, purchased from 
Si-Mat) in a volumetric 2:3 mixture of 48% hydrofluoric acid (HF) solution and ethanol. During 
the self-organized growth of the nanometer sized pores, a depletion of charge carriers, known 
as the quantum wire effect [37], limits a further dissolution of the pore wall material. However, 
there is a finite increase in porosity for longer etching times. For samples thicker than 10 μm, 
the etching time scales linearly with the sample thickness. Two samples were prepared. 
Sample 1 was synthesized by applying a constant current density of 12.5 mA/cm2 for 25.5 min. 
To obtain a free-standing porous membrane from the wafer, the current density was increased 
to 400 mA/cm2 and applied for 20 s. Sample 2 was fabricated with a pulsed etching technique: 
the fabrication started with 0 mA/cm2 for 6 min followed by pulsed etching with alternating 
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Fig. 2. The effective permittivity for orthogonal polarization calculated from the Maxwell
Garnett and the Bruggeman model, as well as from simulations. The insets show the
simulated absolute value of the x-component of the electric field inside the structure

Figure 2 shows the effective permittivity of porous silicon in air for the polarization orthogonal
to the cylindrical axis as a function of porosity. The effective permittivity is calculated using
both the Maxwell Garnett (solid blue line) and Bruggeman (solid red line) models, as well as
numerical simulations (dashed yellow line). Remarkably, we see an almost perfect match between
the result from the Maxwell Garnett model and the one from the simulations, even up to high
porosity values. For porosities higher than 0.3, the Bruggeman model returns a significantly
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lower effective permittivity. This deviation can be explained by the wrong assumption on the field
enhancement in silicon and the overestimation of the influence the pores have on one another.

Additionally, in the inset of Fig. 2 we show the absolute value of the x-component of the
electric field at two different porosities: for p= 0.5 and for p= 0.85. At p= 0.5, the electric field
is constant within each pore and is not influenced by the neighboring pores. At p= 0.85, on the
other hand, the behavior is notably different: overall, the pores are much closer to each other, we
can see strong field enhancements in the areas where the pores are close, and the magnitude of
the average electric field is only slightly larger than in the case of small pores. Thus, the deviation
from the Maxwell Garnett model is only moderate.

3. Experiments

To confirm the applicability of the Maxwell Garnett model to media with a high density of
cylindrical pores, we experimentally study two sample systems of porous silicon: macroporous
and mesoporous silicon. The macroporous silicon membrane (purchased from SmartMembranes
GmbH) is fabricated by photoelectrochemical etching of a prepatterned n-type silicon wafer;
this method is described elsewhere [35]. The pore diameter, interpore distance and membrane
thickness are verified by scanning electron microscopy to be d = 1.1 µm, a= 1.5 µm and l= 46 µm,
correspondingly. The image of the top surface (Fig. 3(a)) shows a square-shaped pore entrance,
which results from the prepatterning with the mask, but this shape transitions into a cylindrical
pore within approximately 1 µm, as can be seen from the side view (Fig. 3(d)). The pores at
the bottom surface are widened due to the lift-off procedure [36] (Fig. 3(b)). This widening is,
however, limited to a few micrometers while the pore remains cylindrical (Fig. 3(e)). Despite this
structural difference to the assumptions made within the effective medium models, we believe
that the experimentally measured permittivity should still match the theoretical one calculated
with the with the average porosity. This porosity is determined gravimetrically to be p= 0.41.
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current densities of 0 mA/cm2 and 12.5 mA/cm2 applied for 1 s each. In total, a current density 
of 12.5 mA/cm2 was applied for 53 min. For the detachment, the etching solution was 
exchanged for a 9:29 mixture of HF (48%): ethanol. A constant current density of 6 mA/cm2 
was applied for 240 s. 

Fig. 3. Macroporous silicon (a) top view; b) bottom view; d) side view from top area, e) side view from 
bottom area) and mesoporous silicon (c) top view; f) side view) imaged with a scanning electron 
microscope

We chose a different synthesis procedure for sample 2 to reduce pore widening which 
occurs at a longer etching time. It should be noted that in mesoporous silicon membranes, the 
pores are, in fact, not periodically aligned (Fig. 3c)) nor are perfectly cylindrical (Fig. 3f)). 
Rather, the pores only have a short-range order which can be characterized by an average 
interpore distance. Additionally, the pores are slightly conical [38] and show dendritic 
branching [39]. 

We retrieve the effective permittivity of these porous silicon membranes from 
spectrometric measurements with light being incident normal to the surface. The membrane can 
be considered a Fabry-Pérot resonator with a free spectral range Δ𝜈. From the condition of 
constructive interference, the effective refractive index can be approximated as the group 
refractive index and from this, the effective permittivity is calculated:

𝜀eff,⊥ = 𝑛2
eff,⊥ ≈

𝑐
2𝑙Δ𝜈

2
(5)

The specular transmission spectrum of the macroporous silicon membrane was recorded 
with an FTIR spectrometer (Vertex70, Bruker Optics) in the wavelength range λ = 10 - 20 µm; 
the transmission spectra of the mesoporous silicon samples were obtained using a UV-Vis-NIR 
spectrometer (Lambda 1050, Perkin Elmer) in the wavelength range λ = 1.4 - 2.2 µm. We have 
chosen frequency ranges where the dispersion of silicon is weak and the material loss is as small 
as 1.8 cm-1 in the MIR [41] and 3.5∙10-8 cm-1 in the NIR [42] frequency range, and therefore, 
negligible over the membrane thickness. Additionally, we simulated the transmission spectrum 
of the macroporous silicon membrane with the frequency domain solver from the CST Studio 
Suite package [40]. For this, we implemented the structure and the parameters of the 
macroporous silicon sample (d = 1.1 µm, a = 1.5 µm and l = 46 µm) and we set the permittivity 
to εSi,MIR = 11.70 for silicon for the MIR frequency range. Fig. 4a) shows the experimentally 
recorded transmission spectra of the mesoporous silicon sample. For the macroporous silicon 
sample 1, we plot the transmission spectrum in Fig. 4b) and the corresponding simulated 
transmission spectrum in Fig. 4c). All curves show well-defined Fabry-Pérot oscillations. The 
maxima in the experimental results do not reach unity due to losses from diffuse scattering. 

Fig. 3. Macroporous silicon (a) top view; b) bottom view; d) side view from top area, e)
side view from bottom area) and mesoporous silicon (c) top view; f) side view) imaged with
a scanning electron microscope.

Two mesoporous silicon membranes are fabricated by electrochemical anodization of single
crystalline (100), p-doped silicon wafers (boron doped, 10-20 mWcm, purchased from Si-Mat)
in a volumetric 2:3 mixture of 48% hydrofluoric acid (HF) solution and ethanol. During the
self-organized growth of the nanometer sized pores, a depletion of charge carriers, known as
the quantum wire effect [37], limits a further dissolution of the pore wall material. However,
there is a finite increase in porosity for longer etching times. For samples thicker than 10 µm, the
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etching time scales linearly with the sample thickness. Two samples were prepared. Sample 1
was synthesized by applying a constant current density of 12.5 mA/cm2 for 25.5 min. To obtain a
free-standing porous membrane from the wafer, the current density was increased to 400 mA/cm2

and applied for 20 s. Sample 2 was fabricated with a pulsed etching technique: the fabrication
started with 0 mA/cm2 for 6 min followed by pulsed etching with alternating current densities of
0 mA/cm2 and 12.5 mA/cm2 applied for 1 s each. In total, a current density of 12.5 mA/cm2 was
applied for 53 min. For the detachment, the etching solution was exchanged for a 9:29 mixture of
HF (48%): ethanol. A constant current density of 6 mA/cm2 was applied for 240 s.

We chose a different synthesis procedure for sample 2 to reduce pore widening which occurs
at a longer etching time. It should be noted that in mesoporous silicon membranes, the pores are,
in fact, not periodically aligned (Fig. 3(c)) nor are perfectly cylindrical (Fig. 3(f)). Rather, the
pores only have a short-range order which can be characterized by an average interpore distance.
Additionally, the pores are slightly conical [38] and show dendritic branching [39].

We retrieve the effective permittivity of these porous silicon membranes from spectrometric
measurements with light being incident normal to the surface. The membrane can be considered
a Fabry-Pérot resonator with a free spectral range ∆ν. From the condition of constructive
interference, the effective refractive index can be approximated as the group refractive index and
from this, the effective permittivity is calculated:

εeff,⊥ = n2
eff,⊥ ≈

(︂ c
2l∆ν

)︂2
(5)
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Fig. 4. Experimental transmission spectra of a) the mesoporous silicon sample 1 of porosity 0.55 and 
53 µm thickness, and b) the macroporous silicon membrane of porosity 0.41 and 46 µm thickness; c) 
Simulated transmission spectrum of the macroporous silicon membrane

The experimental effective permittivity was calculated from an average Δ𝜈 between the 
maxima of the oscillation using equation (5). We considered a permittivity of εSi,IR = 12.08 and 
of εSi,MIR = 11.70 for the effective medium calculation for the respective NIR [42] and MIR [41] 
frequency ranges. The experimental and effective medium results are listed in Table 1. The 
experimental results match well with the values from the Maxwell Garnett model, while 
deviating more than 20% from the Bruggeman model. Although the mesoporous membrane 
shows a rather three-dimensional porous network instead of straight cylindrical pores, there is 
still a cylindrical preferential direction with circular holes in the polar plane which leads to the 
good agreement with the Maxwell Garnett model. The effective permittivity obtained from the 
simulation of the porous silicon membrane is 5.62, which is close to the Maxwell Garnett 
model, as well. 

Table 1: Effective permittivity for the polarization orthogonal to the pore
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Sample Experimental result Maxwell Garnett 
Model Bruggeman Model

Macroporous Si
0.41 porosity 
46 µm thickness

5.86 5.66 4.49

Mesoporous Si 1
0.55 porosity 
53 µm thickness

4.33 4.37 2.96

Mesoporous Si 2
0.47 porosity
22 µm thickness

5.19 5.15 3.80

Fig. 4. Experimental transmission spectra of a) the mesoporous silicon sample 1 of porosity
0.55 and 53 µm thickness, and b) the macroporous silicon membrane of porosity 0.41 and
46 µm thickness; c) Simulated transmission spectrum of the macroporous silicon membrane.

The specular transmission spectrum of the macroporous silicon membrane was recorded with
an FTIR spectrometer (Vertex70, Bruker Optics) in the wavelength range λ = 10 − 20 µm; the
transmission spectra of the mesoporous silicon samples were obtained using a UV-Vis-NIR
spectrometer (Lambda 1050, Perkin Elmer) in the wavelength range λ = 1.4 − 2.2 µm. We
have chosen frequency ranges where the dispersion of silicon is weak and the material loss is
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as small as 1.8 cm−1 in the MIR [41] and 3.5·10−8 cm−1 in the NIR [42] frequency range, and
therefore, negligible over the membrane thickness. Additionally, we simulated the transmission
spectrum of the macroporous silicon membrane with the frequency domain solver from the CST
Studio Suite package [40]. For this, we implemented the structure and the parameters of the
macroporous silicon sample (d = 1.1 µm, a= 1.5 µm and l= 46 µm) and we set the permittivity
to εSi,MIR = 11.70 for silicon for the MIR frequency range. Figure 4(a) shows the experimentally
recorded transmission spectra of the mesoporous silicon sample. For the macroporous silicon
sample 1, we plot the transmission spectrum in Fig. 4(b) and the corresponding simulated
transmission spectrum in Fig. 4(c). All curves show well-defined Fabry-Pérot oscillations. The
maxima in the experimental results do not reach unity due to losses from diffuse scattering.

The experimental effective permittivity was calculated from an average ∆ν between the
maxima of the oscillation using Eq. (5). We considered a permittivity of εSi,IR = 12.08 and of
εSi,MIR = 11.70 for the effective medium calculation for the respective NIR [42] and MIR [41]
frequency ranges. The experimental and effective medium results are listed in Table 1. The
experimental results match well with the values from the Maxwell Garnett model, while deviating
more than 20% from the Bruggeman model. Although the mesoporous membrane shows a rather
three-dimensional porous network instead of straight cylindrical pores, there is still a cylindrical
preferential direction with circular holes in the polar plane which leads to the good agreement
with the Maxwell Garnett model. The effective permittivity obtained from the simulation of the
porous silicon membrane is 5.62, which is close to the Maxwell Garnett model, as well.

Table 1. Effective permittivity for the polarization orthogonal to the pore

Sample Experimental result Maxwell Garnett Model Bruggeman Model

Macroporous Si
5.86 5.66 4.490.41 porosity

46 µm thickness

Mesoporous Si 1
4.33 4.37 2.960.55 porosity

53 µm thickness

Mesoporous Si 2
5.19 5.15 3.800.47 porosity

22 µm thickness

4. Conclusion

Our work has demonstrated that the effective permittivity of media with cylindrical pores retrieved
from simulations for the case of orthogonal polarization match the Maxwell Garnett model with
remarkably high accuracy. By contrast, and likely because of an overestimation of the influence
the pores have on each other, the results of the Bruggeman model largely deviate from those
of the simulations. Experimental results with macroporous and mesoporous silicon also agree
very well with the Maxwell Garnett model. Based on this outcome, we argue for the application
of the Maxwell Garnett model over the Bruggeman model for media with cylindrical pores at
low and high porosity. With this work, we hope to resolve a long-standing misconception in the
application of the Maxwell Garnett and the Bruggeman models to these systems and provide a
simple solution.
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