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Porous silicon based rugate filters are emerging as interesting functionalized optical components in Micro-Opto-Electro-Mechanical
Systems due to their specific nanostructures and superior optical properties. In this work, a cost-effective approach to generate a porous
silicon based rugate filter wheel containing nine filter segments in the visible wavelength range suitable for multispectral imaging
systems is presented. The filter wheel segments are patterned on a silicon wafer using silicon nitride insulating masks and generated
using the anodization technique. Specific characteristics of filter segments are adjusted by the current squeezing effect during the
anodization through the geometrical size of the filter segments, which results in local current redistributions and consequently porous
silicon formation rate and porosity modifications. A finite element model made in COMSOL Multiphysics is also presented to study
redistributions of the current density and the current squeezing effect during the anodization for the proposed filter wheel. The
proposed filter wheel can be miniaturized and integrated into a portable multispectral imaging system.
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Due to its optical and electrical properties, porous silicon (PSi)
has become an interesting and superior candidate for chemical and
biological sensing applications.1–3 The adsorption of chemical or biological substances into the pores changes the electrical4 and optical5
properties of PSi, allowing convenient and sensitive measurement of
concentrations of liquids or gases.2 The high internal surface area
(> 500 m2 /cm3 )6 of PSi can provide a suitable immobilization of an
increased amount of various biomolecules, such as enzymes,7 DNA
fragments,8 and antibodies9 in a relatively small area.
Several types of optical biosensors operating with PSi-based optical elements, such as Fabry-Perot layers,10 Bragg reflectors,11 rugate filters,12 microcavities,13 waveguides,14 photonic crystals,15 and
diffraction gratings16 have been so far reported. Among them, rugate
filters are a class of optical filters, which are characterized by a sinusoidal continuous variation of the refractive index in a direction
perpendicular to the plane of the filter.17 The reflectance spectrum of
a rugate filter shows a high reflectivity around a filter specific wavelength and a very low reflectivity elsewhere.
One of the recent applications of PSi rugate filters is the use of such
filters in spectral imaging systems.18 Spectral imaging is an emerging
non-invasive, non-destructive, and contact-free analysis technique that
provides spatially-resolved spectral information on a target in the form
of a 3D data set.19 Public health is one of the fields where spectral
imaging can play a vital role; as a tool for early detection of diseases
and rapid medical diagnosis20 and for monitoring of the safety and
quality of food products.21 To reveal this potential, a portable lowcost spectral imaging system is needed to allow physicians to detect
diseases in their clinics, or patients to self-monitor their conditions,
and consumers to maintain healthy food intakes. However, the large
size, high instrumentation effort, and high costs continue to prevent
the wide scale adoption of spectral imaging.
In this work, we present a cost-effective approach to generate a
PSi rugate filter wheel containing nine filter segments in the visible wavelength range (570–820 nm) suitable for wavelength scanning
multispectral imaging systems.22 In this approach, the filter wheel segments are patterned on a Si wafer covered by thin silicon nitride isolation layers and generated using the anodization technique. Specific
characteristics of filter segments are adjusted by the current squeezing
effect during the anodization through the geometrical size of the filter
segments.23–25 A finite element model developed in COMSOL Multiphysics is also presented to study the influence of a filter segment size
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(opening area) and its surrounding masking area on redistribution of
the current density, and the current squeezing during the anodization
for the proposed filter wheel. The approach can also be adapted to
create miniaturized rugate filter wheels convenient for portable multispectral imaging systems since PSi properties, especially the formation
rates, are defined by the applied current densities (current divided by
the anodization area) for a specific wafer resistivity range and type,
and electrolyte used. Hence, down scaling of the filter wheel can be
performed by adjusting the current. By downscaling and thinning, the
filter chip can be integrated into a portable multispectral imaging system.

Theory
A rugate filter is essentially a Distributed Bragg Reflector (DBR)
in which the refractive index of the material is sinusoidally varied in
a direction perpendicular to plane of the filter.26 The refractive index
profile (n(x)) of a rugate filter centered at resonance peak wavelength
(λ0 ) is classically written as:17,27,28
n (x) = n0 +



4πx
n
sin
2
λ0

[1]

where x is the distance from the filter surface (optical path length), n0 is
the average refractive index, and n = nH − nL is the refractive index
contrast between two successive layers with high refractive index (nH )
and low refractive index (nL ).
In general, the resonance peak wavelength (λ0 ) of a rugate filter is
analogous to a quarter-wave stack DBR and is usually approximated
by:28,29
λ0
= nH dH = nL dL
4

[2]

where dH and dL are thicknesses of high and low refractive index
layers, respectively.
The difference between a rugate filter and a DBR is the bandgap
of the filter, which is slightly narrower (by a factor of π/4) than the
bandwidth of a quarter-wave stack DBR.28 Additionally, higher harmonics can be completely suppressed in rugate filters if the condition
(nH dH = nL dL ) is held. The reflectance (R) of a rugate filter at the resonance peak wavelength is dependent on number of filter stack (layer)
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Figure 2. Calculated refractive index of PSi as a function of its porosity using
the Bruggeman two media approximation.

Figure 1. 2D schematic of anodic etching of silicon in a HF based electrolyte
in a double cell anodization tank.

and usually estimated by:30

 1 − ( nH ) mπ
2

nL
R≈
mπ
 1 + ( nH ) 2
nL

2


 × 100 %


[3]

where m is the number of layers (periods).
The refractive index spectrum of a rugate filter (Eq. 2) shows smallamplitude higher-order harmonic peaks. However, to completely suppress these higher-order harmonics, the logarithm of the refractive
index profile needs to be modulated sinusoidally as follows:28,31
log(nH ) + log(nL )
log(nH ) − log(nL )
4πx
)
+
sin(
2
2
λ0
[4]
When the difference between nH and nL is very small, Eq. 4 tends to
Eq. 1, and such a sinusoidal profile results in a reflection spectrum
showing a single stop-band at λ0 .28 However, because of the sharp
truncation of the refractive index modulation at the boundaries of the
filter, this simple sinusoidal index profile additionally produces side
lobes on both sides of the stop-band.17 These undesired side lobes
can be suppressed by employing additional processes such as index
matching and apodization.17,28,32
A rugate filter based on porous silicon can be typically fabricated
by applying a sinusoidal current density profile during the anodization process.33–35 This results in a continuous variation of the porosity
of the generated PSi, and consequently a continuous variation of the
refractive index. A PSi is typically made by electrochemical etching
(anodization) of a crystalline silicon (Si) in a hydrofluoric acid (HF)
based solution in a double cell anodization tank (see Fig. 1).36 The
anodization current density, doping level of Si, and concentration of
HF determine the porosity and pore size of the PSi.37 The higher the
porosity, the lower is the refractive index of the PSi (see Fig. 2).38
The corresponding effective refractive index (nPSi ) of a PSi layer can
be typically estimated through the Bruggeman effective medium approximation relationship given in the case of a two media approach
by:39–41
log[n(x)] =

PPSi

nSi 2 − nPSi 2
nair 2 − nPSi 2
+ (1 − PPSi ) 2
=0
2
2
nair + 2nPSi
nSi + 2nPSi 2

It should be noted that Eq. 5 holds only for freshly produced PSi.
However, due to the aging effect (oxidation), the impact of silicon
dioxide (nSiO2 ) must also be considered (three media approach).2
Since an already formed PSi layer is unaffected by further electrochemical etching,42 fabrication of a multilayer PSi with a variety
of refractive index profiles (one-dimensional photonic structures) is
possible.
Fabrication and Characterization of the Filter Wheel
Design of the filter wheel.—Using a structured masking layer
such as silicon nitride (Si3 N4 ) and a very thin highly doped p-Si layer
as the back electrode of a wafer, the current density provided through
the back electrode into the p-Si wafer during the anodization can be
locally adjusted by geometrical size and areal density of holes in the
insulating Si3 N4 layer on the top face of the wafer.43 This approach
can be employed to design a PSi based rugate filter wheel consisting
of nine filter segments with different resonance peak wavelengths on
a single wafer. For this purpose, 9 rectangular blocks (S1 – S9) with
similar lengths (13.5 mm), but with different widths in a range of 1–
3 mm with a step size of 0.25 mm were arranged in a circular format
with a total diameter of 38 mm (see Fig. 3); the centerlines of the
rectangular blocks through the origin point had angles of ± 42.2° in
respect to their adjacent blocks. In this way, each filter segment (e.g.,
S1) possesses a specific anodization or opening area (A1) and a specific
effective surrounding masking area (M1 + M9) in which the effective

[5]

Here, nair , nSi , and nPSi are respectively the refractive indexes of air
(pores), silicon and porous silicon, and PPSi is the porosity of the PSi
layer.

Figure 3. Designed filter wheel, consiting of nine filter segments arranged in
a circular format with a diameter of 38 mm. S stands for filter segment and
M stands for effective masking area. Dashed circles define the inner and outer
boundaries of the filter segments and the effective masking areas.
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Figure 4. Cross-sectional view of etch fronts at different times for a structured
Si wafer with different opening sizes (A1-A3) during anodization (the current
squeezing effect).

masking areas follow the following relation: M1 > M2 > … > M8
and M1 > M9 > M8. Thereby, the local current density which applies
to each filter segment and consequently, formation rate and porosity
of the PSi layers on each filter segment is locally altered depending on
the area of the filter segment and its total surrounding masking area.
The idea is based on the current squeezing effect (see Fig. 4).23,24 In
other words, a higher current density flows through a smaller opening
in a structured wafer with different opening sizes. The higher current
density results in a larger formation rate and consequently, a thicker
and higher porosity (lower refractive index) for a PSi layer.29,36 In this
way, the resonance peak wavelength of a filter segment is varied since
it is directly related to refractive index and thickness of its PSi layer
(see Eq. 2).
Simulation of current density redistribution and current
squeezing.—The local current density which affects a specific filter
segment during the anodization for the designed filter wheel was investigated through an FEM model built in the COMSOL Multiphysics
using the electric current interface of its AC/DC module. For this purpose, a double cell anodization tank (PSB4) from the Advance Micromachining Tools (AMMT) GmbH containing a 4-inch structured
silicon nitride (Si3 N4 ) wafer was considered as the wet etching system (see Fig. 5). The physical components, electrolyte, the structured
silicon nitride wafer, and two platinum (Pt) electrodes were created
according to their real physical dimensions and specifications. The

Figure 5. 3D schematic of the wet etching system modelled in COMSOL
Multiphysics.
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Figure 6. Used positive masks to simulate and fabricate the designed rugate
filterwheel on a wafer covered with silicon nitride layers: a) frontside mask, b)
back side mask.

geometry of the electrolyte bath was drawn based on the internal dimension (180 × 150 × 180 mm3 ) of the PSB4 tank. The electrolyte
was divided into two equal cells by the structured Si3 N4 wafer with a
thickness of 500 μm. The electrolyte was defined as a nonsolid material with a relative permittivity of 11.7 and an electrical conductivity of
28.5 S/m, equivalent to the electrical property of 1:1 v/v % HF:Ethanol
solution at a temperature of 18°C. Temperature of the bath was coupled
to the electrical conductivity of the electrolyte since ionic conductivity
of the electrolyte is related to its temperature.44 Two circular plates
each with a diameter of 98 mm and a thickness of 1 mm, which were
symmetrically arranged to the symmetry axes of the Si wafer and were
located 80 mm away from it on each cell were considered as the Pt
electrodes. The electrodes were defined as solid materials with relative permittivities of 1 and electrical conductivities of 8.9 ×106 S/m,
equivalent to the electrical properties of Pt. A circular plate with a
diameter of 100 mm and a thickness of 500 μm containing a centric
circular opening with a diameter of 38 mm on its back side and the
filter wheel segments opening on its front side (see Fig. 6) was used
to represent the structured Si3 N4 wafer. The Si wafer was considered
as a solid material with a relative permittivity of 11.7 and an electrical
conductivity of 6.7 ×103 S/m, equivalent to electrical properties of
highly doped Si. The Si3 N4 masking layers were considered as void
space without any physical definition in the model.
The Pt electrode, which faced the rear of the wafer (containing
the circular opening) was grounded and the other one, which faced
to the front of the wafer (containing the filter segments) was set as
the terminal source providing a constant current of 10 A (equivalent
to 8.81 × 105 A/m2 for the designed filter wheel). The simulation
results clearly showed redistribution and intensity of the current density flowing through each filter segment during the anodization step
(see Fig. 7). The current squeezing which is responsible for the edge
effects (pronounced etch rate near the mask edges)45,46 and its intensity with respect to size of the masking area, can be clearly seen in
Figures 8 and 9. For instance, for the filter segment S9, the intensity
of current density is higher at a side which has a higher masking area
(M1) compared to the side with lower masking area (M9) due to current squeezing. This relation can be seen in other filter segments as
well. The dependency of effective local current densities to the size
of filter segments for the designed filter wheel during the anodization process is shown in Figure 9. The local current density entering
a filter segment is highly dependent on the size of the filter segment.
Increasing the width (since all segment have the same length) of filter
segments results in a decrease in local current densities entering the
filter segments.
It should be noted that the simulation neglects any influence of diffusion since a relatively thin PSi layer is assumed. However, diffusion
effects must be considered in the case of thick PSi layers.25
Fabrication of the filter wheel.—A 4-inch boron-doped <100>
Czochralski (CZ) 10 – 20 / p-type Si wafer with a back side
sheet resistance of 18.3 ± 0.4 cm (achieved by doping using a
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Figure 7. Redistribution and intensity of the current density during the anodization of a 4-inch structured Si wafer with the mask shown in Fig. 5, in a double cell
anodization tank.

BN- thermal diffusion method) was patterned using Si3 N4 masking
layers and direct laser writing lithography on both sides of the wafer
to achieve defined and separated areas of filter segments. The thickness of the Si3 N4 masking layer was chosen to be around 180 nm in
order to resist the hydrofluoric solution for at least 10 minutes47 and to
suppress the building up of residual stress in the crystalline silicon.48
The structures shown in Fig. 6 were patterned on the front face and
the rear face of the wafer to allow the passage of electrical current
though the wafer during anodization. Anodic etching of the filter segments was then carried out in a double cell anodization tank (PSB4
by AMMT) by applying a sinusoidal current profile in 1.7 liter of 1:1
v/v % HF/Ethanol solution with a constant temperature of 18.7°C. A
global peak resonance wavelength of 720 nm was considered to create

Current density (X105 A/m2)

12

the sinusoidal current profile, and its required parameters ( nH = 1.41,
nL = 1.27, n = 0.14, dH = 127.65 nm, and dL = 141.73 nm) were
obtained using Eq. 2. The sinusoidal current was oscillating between
20 mA/cm2 and 70 mA/cm2 with a frequency of 91.2 mHz to gradually
decrease the refractive index of the PSi layer from 1.41 to 1.27. The
sinusoidal current profile was repeated 32 times (cycles) in order to
generate a filter stack with 32 layers and to increase reflectance of the
filters to about 99.5% (Eq. 3).
Filter wheel characterization results.—The actual view of the
fabricated filter wheel exposed to ambient light and cross-sectional
SEM images of filter segments 1 (the narrowest filter segment) and
9 (the widest filter segment) are shown in Figure 10. Since a crosssection was manually obtained by a diamond scriber, the cut did not
go through the same plane for all 32 filter layers. Hence, the cross

S1
S2
S3
S4
S5
S6
S7
S8
S9

10

8

6

4

2

0
-2

-1

0

1

2

Filter segment width (mm)

Figure 8. Simulated local current density impinging on each filter segment
during the anodization. The origin defines the middle of the filter segments and
the current density peaks occur at the edges of a specific filter segment.

Figure 9. Simulated local current densities impinging on the center of each
filter segment (position 0 in Fig. 8) as a function of the width of the filter
segments. Inset: normalized current densities with respect to filter segment
width. Normalized current densities were obtained by normalizing the current
densities with respect to the maximum current density (the current density
applied to the S1 segment).
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Figure 10. Fabricated rugate filter wheel: a) actual view of the filter wheel exposed to ambient light, b) cross-sectional SEM image of the filter segment 1 (the
narrowest segment), and c) cross-sectional SEM image of the filter segment 9 (the widest segment).

The narrowest filter segment (S1, 1 mm wide) resulted in the thickest
PSi (13.8 μm thick), and the widest filter segment (S9, 3 mm wide)
resulted in the thinnest PSi (9.7 μm thick); these characteristics can
be also seen in Figures 10b and 10c. Hence, this design allows the
relative variation of the anodization rate of about 25%.
Multispectral imaging system.—The PSi rugate filter wheel presented above can be used to enable a multispectral imaging system
based on the wavelength scanning method. Using this method, the
3D data cube containing the spatial and spectral information can be
constructed by stacking 2D images of the target, where each image
is acquired at a different wavelength. Figure 14 shows a schematic
representation of how this can be realized using the PSi filter wheel.
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section is not a continuous plane, and cut planes show slight steps
between the filter layers. Filter segment colors at their central points
are gradually altered from dark red to light green by increasing the
width of the filter segments. The reflection spectrum of the filter wheel
was measured by an AvaSpec ULS3648 spectrometer with a spot size
of 1.5 mm and an integration time of 20 ms. A spectrum was taken
from the central point (half length) of each filter segment in order
to compare the results and exclude the radial and edge effects of the
anodization process on the filters’ characteristics. For this purpose,
a specially designed characterization setup consisting of a motorized
rotary stage with a resolution of 0.05 degree and an adjustable x-y-z
axis fiber optic holder was used. The fabricated filter wheel provides
a reflection spectrum with reflectance of 66 - 27% in a wavelength
range of 570–820 nm (see Fig. 11). A filter segment’s resonance peak
wavelength shows a 2nd degree polynomial relation to the width of the
filter segment as is shown in Figure 12. Increasing the size of a filter
segment resulted in a decrease in the reflecting wavelength of the filter
segment. Additionally, it resulted in an increment in reflectance of the
filter segment.
To determine the local anodization depths, the PSi layers were
completely etched away in a 3% KOH :H2 O solution at room temperature for a duration of 1 minute. The etch depth, which represents
the PSi thickness in a specific segment, was measured for each filter
segment using a Dektak 150 surface profiler from Veeco Instruments
Inc. Measurements were done by line scans over the width of a filter segment (measuring position: half length). Topographical scans of
all etched cavities showed a convex shape with sharp minima where
the etch depth increased from the center of a structure to its borders
(see Fig. 13 inset). However, the etch depths were deeper at those
sides which had higher masking areas (see Fig. 3). The maximum
etch depths were considered and plotted as a function of the width of
the filter segments (see Fig. 13). Results show that the PSi thickness
is moderately decreasing with increasing width of a filter segment.
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Figure 11. Reflectance of the filter wheel segments as a function of
wavelength.
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Figure 12. Resonance peak wavelength as a function of filter segment width,
measured at the center of each segment. Inset: reflectivity of a filter segment
as a function of filter segment width.

The incoming light from the target is focused on a filter segment of
the wheel. The image reflected from the filter carries the spectral information for the wavelength associated with the filter segment. The
image is projected on the imaging sensor by collimating and imaging
lenses, and then recorded as one plane of the data cube. By rotating the
filter wheel to scan across the filter segments, an image of the target is
recorded at each wavelength and the data cube is constructed. Miniaturization and integration of the developed filter wheel into a portable
MOEMS system will be later discussed in a separate paper.
Discussion
The simulation results and experimental results of the filter wheel
agree well with the theory and confirm the feasibility of the proposed
approach and thus the possibility of breaking the symmetry of the anodization process. Simulation results show that a local current density
which applies on a filter segment during the anodization is proportionally related to the opening size (opening area) of the filter segment.
In the proposed filter wheel where all filter segments have the same
length, areas of filter segments are altered by their widths. In this case,
local current densities impinging on filter segments decrease proportionally with increasing width of the filter segments. Since porosity
and formation rate of a PSi layer is defined by the amplitude of applied current density, a decrement in local current density results in a
decrease in porosity and formation rate of PSi.49–51 This results in a
slight increment in refractive index, and a slight decrement in thickness of the PSi layer and consequently, a shift in reflecting resonance
peak wavelengths of the filter segments.
Although a global peak resonance wavelength of 720 nm was considered to create the initial sinusoidal current profile (in which the current was sinusoidally oscillated between 20 mA/cm2 and 70 mA/cm2
with a frequency of 91.2 mHz during anodization), the fabricated filter
wheel provided a reflection spectrum in a wavelength range of 570–

Figure 14. Concept of multispectral imaging system based on wavelength
scanning using a rotating filter wheel.

820 nm with different reflectance peak values in the range of 66 - 27%.
This confirms that the local current density impinging on an individual
filter segment did not follow the initial set current density profile due
to the filter wheel pattern. The peak-to-peak amplitude of local oscillating current densities exceeded the initial set current density in the
filter segments S1 - S3 (providing wavelengths of 820 – 750 nm) and
was diminished in the filter segments S4 - S9 (providing wavelengths
of 700 – 570 nm), while their frequencies (91.2 mHz) had been maintained constant. The effect can be explained well when considering a
uniform charge flow over the sample area coming from the rear of the
wafer. The localization of an applied current density with a front face
insulating layer makes the charge flow to squeeze through the limited
opening regions. The smaller the opening regions, the more concentration of the charge is achieved, resulting in a higher current density, and
hence etch rate. The dependence of local current density to size (area)
of an opening (filter segment) indicates that there is indeed redistribution of current density between the openings. This is either due to an
increase in the electrical resistance of the diffuse ionic layer in the electrolyte or due to a decrease in the electrical resistance in the substrate
for deeper structures.25 Indeed, the locally modified current density
had altered dH , dL , and the ratio between nH and nL of the PSi layer in
each filter segment. This disrupted the nH dH = nL dL condition in every filter segment and resulted in a relative shift in the peak resonance
wavelength and a non-linear change in the resolution and reflectance
of the filter segments. The non-linearity in the resolution of the filter
wheel in respect to the filter segment width can be due to resistivity
range of the wafer (10–20 cm) since the radial and axial resistivity
variations on the wafer can create different etch rates at different regions of the wafer. Using highly doped silicon wafers (e.g., 0.01–0.02
cm) can improve the nonlinearity in resolution since the radial and
axial resistivity variations in such wafers are very small. However, the
non-linearity in reflectance can be suppressed by increasing number
of filter stack according to Eq. 3.
The preliminary results show that the proposed approach can be
employed to adjust a filter wheel with a defined peak resonance wavelength range and resolution by adjusting the size and number of the
filter segments and the initial current density profile. The approach
can be used to provide low cost filter wheels suitable for wavelength
scanning multispectral imaging systems. Miniaturization of the filter
wheel is also possible since the down scaling can be done by current
density adjustment for a specific wafer resistivity range and type of
electrolyte used.
Conclusions

Figure 13. PSi thickness as a function of filter segment width measured by line
scans over the width of the filter segments (measuring position: half length).
Inset: line scan results over the width of filter segments S1 and S9 obtained by
a Dektak surface profiler.

A porous silicon based rugate filter wheel containing nine filter segments in the visible wavelength range (520–820 nm) suitable
for multispectral imaging systems was presented. The filter wheel
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segments were structured on a low doped p-type silicon wafer covered with insulating silicon nitride layers and fabricated using the
anodization technique. Specific characteristics of each filter segment
was altered by varying of a local current density flowing through each
filter segment through the patterned and surrounded masking areas
(the current squeezing effect). A finite element model made in COMSOL Multiphysics was also presented to study the redistribution of
current density and the current squeezing during the anodization.
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