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In this paper, porous silicon photonic crystals were simulated and fabricated as distributed Bragg
reflectors (DBRs), graded DBRs and Fabry-Perot (FP) filters. The transfer matrix method (TMM) was
used to model the propagation of light in the photonic crystal. The porous silicon photonic crystals
were fabricated by electrochemically etching p-type (100) silicon in 12% hydrofluoric acid solution.
Applied currents of 20mA and 120mA were used to produce the varying refractive indices of the
layers. Distributed Bragg reflectors were tuned to have their central wavelength at 650nm, 700nm, and
800nm while the FP filter optical cavity was tuned to 650nm. Results show the effective formation of
uniform and graded DBR with maximum gradation of 300nm. Simulation of DBR and FP reflectivity
yielded a maximum of 2.51% and 0.37% deviation from the simulated values. Results show that the
experimental data was in good agreement with the simulated reflectivity at the different central
wavelengths. The paper has shown the ease and versatility in the fabrication of porous silicon as
photonic crystals.

Keywords: Porous silicon, Electrochemical etching, Transfer Matrix Method, Distributed Bragg
Reflector, Fabry-Perot filter, Photonic crystal.

1. INTRODUCTION

Porous silicon is a composite material composed of crystalline silicon and air. It is made by
electrochemically etching the surface of silicon in a hydrofluoric acid solution. It trumps other
fabrication techniques due to the abundance of silicon and the simplicity of fabrication. Due to its
variable porosity, porous silicon was found to have optical applications in solar cells [1]; light emitting
diodes [2]; interferometry sensors [3]; vertical cavity surface emitting lasers [4]; Rugate [5] and Fabry-
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Perot filters [6]; and chemical and gas sensors [7]. One of the most useful and yet versatile products of
porous silicon are photonic crystals.

Photonic crystals act as waveguides for light. In one dimension, these are called DBRs. They
are multilayered structures made up of layers with varying thickness and index of refraction. These
layers, when tuned properly, can reflect light at selected regions of wavelengths. Since the fabrication
parameters of porous silicon dictate its film thickness and porosity, its refractive index per layer can be
chosen or tuned. Bragg reflectors are used widely in optics as optical filters, detectors, or reflectors in
solar cells and lasers. DBRs can also be modified to absorb a much narrower set of wavelengths by
adding a spacer layer or an optical cavity between two DBR stacks. Such a device is called a Fabry-
Perot filter and is used similarly for detection and absorption. These photonic crystals can be fabricated
to be uniform or graded depending on the application with the latter having colorimetric applications
through integrated devices such as photometers [8].

The most common technique in characterizing porous silicon is by obtaining its reflectivity
spectrum [9]. Through the spectral reflectivity of the porous silicon, its refractive index can be
calculated. After doing so, multilayers can now be fabricated using these parameters. The reflectivity
of porous silicon was simulated using the TMM. In this paper, we present the reflectivity simulation of
DBRs and FP based on the TMM and the electrochemical formation of uniform and graded distributed
Bragg reflectors, as well as Fabry-Perot filters.

2. EXPERIMENTAL DETAILS

Prior to the experiment, p-type silicon (100) wafers with resistivity of 0.01-10.0 Qecm, were
subjected to standard degreasing procedures. These samples were then subjected to varying anodic
currents and etch times to be able to find the relation between the anodization parameters (etch time
and current) with the porosity and thickness of the porous silicon layers. The calibration details of
which can be found in a paper published in this journal: [10]. The etchant used was composed of 12%
HF solution mixed with equal parts of absolute ethanol. The current source used in the experiment was
a Tektronix programmable power supply. A silver plate was used as the counter electrode of the setup.
The samples were dried by rinsing it with ethanol and allowing it to dry in ambient air. Afterwards,
cross section scanning electron microscope measurements were done to verify the thickness of each
calibration layer, while reflectance measurement was done to obtain the effective refractive index of
the samples.

The propagation of light through porous silicon and its consequent reflection on the sample was
simulated by using the TMM. Since light is an electromagnetic wave, one can use vectors in order to
analyze its propagation through a medium. The TMM offers a simple yet approximate prediction of the
behavior of light in any kind of medium. Using the simulation, three different DBRs were tuned to
650nm, 700nm, and 800nm peak wavelengths. The etching parameters are summarized in Table 1. The
DBRs were fabricated by changing the applied current with respect to time. Each DBR were designed
to have 5 stacking pairs.
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Table 1. Parameters for DBR centered at 650nm, 700nm, and 800nm.

Color Layer  Anodic current (mA) Etch time (s)
Red Ny 20 24
(650 nm) n, 120 12
Near Infrared Ny 20 34
(700 nm) Ny 120 16
Infrared Ny 20 51
(800 nm) Ny 120 21

Normal incidence reflectance spectroscopy was done to obtain the reflectance of all the
samples from 400nm to 1100nm. A 100W tungsten halogen lamp was used as the light source of a
SPEX 100M single grating monochromator. A series of lenses was used to focus the reflected light
from the sample into a silicon photodiode. The photodiode was then connected to an SR-380 lock-in
amplifier for standard lock-in signal acquisition. All samples were normalized to a reference aluminum
mirror to obtain the reflectance of the sample. Figure 1 shows the schematic of the setup used for
optical reflectivity.
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Figure 1. Schematic diagram of optical reflectivity
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Table 2. Etching parameters for graded DBR fabrication

DBR Color Layer Anodic current (mA) Etc?s;lme
Yellow Ny 20 39
(570-590 nm) Ny 120 17
Green Ny 20 34
(495-570 nm) Ny 120 15
Red Ny 20 45
(620-750 nm) Ny 120 20

Graded DBR samples were also etched with similar parameters but at a 20° anode angle from
the usual parallel. This was done to maximize the variation in porosity produced by the difference in
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the potential at the top and bottom of the sample [11]. The etching parameters are found in Table 2.
The graded DBRs were fabricated to have 5 stacking pairs.

For the FP samples, a spacer layer was added in between two DBR with a 5 stacking pairs
structure in order to form an optical cavity in the reflectivity spectrum [12]. This would vary the
reflectance spectrum of a typical DBR by incorporating a narrow bandpass in the peak reflectance
region of the DBR. The etching parameters of the FP filter are shown in Table 3.

Table 3. Parameters for Fabry-Perot filter fabrication

Layer Anodic current (mA) Etch time (s)

Ny 20 28
Ny 120 14
spacer 40 28

3. RESULTS AND DISCUSSION

3.1. Single layer Porous Silicon

In order to tune the Distributed Bragg reflectors, single layer porous silicon were first
fabricated. Shown in Figure 2 are the top and cross section SEM images of the porous silicon single
layers. These samples were also characterized through reflectance spectroscopy. Shown in Figure 3a
are the reflectivity of two different layers of porous silicon etched at 20mA and 120mA respectively.
From the thickness and reflectivity, the index of refraction of the respective porous silicon single
layers was obtained. This was done by fitting the indices of refraction based on consecutive reflectivity
peaks, with a Sellmeier fit as shown in Equation 1. The Sellmeier fit of the refractive index is shown in
Figure 3b. The 20mA current was observed to have a higher index of refraction compared to 120mA as
seen in the figure. This difference was due to the difference in the porosity of porous silicon with
higher current producing higher porosity and consequently lower refractive index [10, 13]. This
variation of refractive index with changing anodization current was then used to design and simulate
the various porous silicon multilayers.
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Figure 2. Cross section and top view SEM images of single layer porous silicon.
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Figure 3. The (a) reflectivity of porous silicon with different refractive indices and (b) the calculated
Sellmeier refractive index.

3.2. Design and Simulation of DBR

The ability of a DBR to reflect a certain range of wavelength comes from its unique structure.
Since it is a periodic multilayer thin film, the reflection of light at each interface also varies
periodically. A quarter wave stack is formed because the product of the index of refraction and

thickness of each layer is equal to one fourth of the desired central wavelength as shown in Equation 2.
A

nd, = 2 (2)

Constructive interference occurs at these conditions and the light is highly reflected at the
desired wavelength. This is exhibited by a peak in the reflectivity spectrum of the sample. The TMM is
a technique that can be used to investigate the propagation of light in different media. It is a
mathematical technique used to obtain the state of electromagnetic wave propagating in a multilayered
structure [13]. This technique was also implemented on simulation studies for reflectivity spectrum of
DBRs [14-15]. The general formula for this is given by Equation 3.

+ ik.z + iki 1z
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The variable S is called the transfer matrix for each media j = 1, 2, 3... N where N is the

number of interfaces between the different media. The phase of the wave is given by 5, =k;d,, where

k is the wavenumber and d is the thickness of the media. Included in the transfer matrix are the
reflection and transmission coefficients given by equations 5 and 6.
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From these equations, the generalized reflection intensity is given by Equation 7.
2
S

S

These equations were used to simulate the reflectivity of the.

o (7)
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3.3. Uniformity of the DBRs
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Figure 5. Position dependent reflectivity of DBR centered on (a) 700nm and (b) 800nm with sample
inset.

Figure 4 shows the cross section SEM image of a DBR that was tuned to have a central
wavelength at 650nm. It can be seen that the thickness of each layer periodically varies together with
its porosity and consequently its refractive index in the in-plane direction. In Figure 5 the position
dependent reflectivity of the DBR fabricated to have central wavelengths at 700nm and 800nm is
shown. The reflectivity of the multilayers minimally varies as indicated by the closeness of the
position dependent scans. The bandwidth shift was observed to be present only at the top of the sample
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which is attributed to the existing potential difference in the air-solution interface during anodization.
Successive positions show that uniform bandwidth and peak positions were obtained throughout the
sample. These plots show that uniform porous silicon DBRs can be fabricated easily with this
configuration and is in agreement with [16]. The next part compares the simulated and experimental
reflectivity obtained in the experiment.

3.4. DBR Reflectivity Simulation

Shown in Figure 6 are the simulated and experimental reflectivity plots of the DBR tuned at
center wavelengths of 650nm, 700nm, and 800nm. From the plot, it can be observed that the peak
reflectivity coincides with the simulated reflectivity. However the central wavelengths for all the DBR
were shifted to shorter wavelengths. This could have been due to the averaging error from computing
the index of refraction from the extremum values of the reflectivity spectrum. The values for the
simulated and experimental central wavelengths are summarized in Table 4. The %deviation of each
DBR is also included. The maximum deviation obtained was 2.50% corresponding to the DBR tuned

at 800nm.
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Figure 6. Simulated and Experimental data of DBR centered at (a) 650nm, (b) 700nm, and (c) 800nm.

Table 4. Simulated and experimental central wavelength along with their corresponding % deviation.

Simulated (nm) Experimental (nm) % Deviation

800 780 2.50
700 685 2.14
650 635 2.31

3.5. Graded Distributed Bragg Reflectors

The reflectivity spectra of the graded DBRs are shown in Figure 7 along with their sample
images. Optical materials that have graded properties such as these are helpful in fabrication of
colorimetric devices such as photometers as mentioned above. It is noticeable that compared to the
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uniform DBR produced previously, these samples exhibit controlled variation of central wavelength
position as observed from the shifting central wavelength compared to that of grin lenses produced in a
single cell setup[17]. These samples were found to have as much as 300nm shift in their central
wavelength as shown by the colorful sample image inlayed in the plots. This shift in reflectance was
also observed from other methods of producing graded multilayered structures [18-19].
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Figure 7. Position dependent reflectivity for graded porous silicon DBR in the (a) green, (b) yellow,
and (c) red range of wavelengths.
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3.6. Fabry-Perot Filter

The fabricated FP filters were created by introducing a spacer layer in between the two
successive DBR stacks. This structure can be used to reflect a wide range of wavelength leaving but a

small region transmitted.
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Figure 8. (a) Simulated and Experimental reflectivity of a Fabry-Perot filter with an optical cavity
centered at 650nm. (b) Schematic diagram of the Fabry-Perot filter.

This mechanism is helpful in optics as light filters or partial reflectors. Shown in Figure 8
below is the manifestation layer as a cavity in the DBR reflectivity along with the structure of the FP
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filter. This cavity acts as a region where certain wavelengths are absorbed or transmitted in porous
silicon as shown by the dip in peak wavelength of the DBR. The result was found to agree with other
papers such as [12]. The simulated and experimental peak reflectivity as well as its % deviation is
shown in Table 5. The % deviation obtain from the FP filter was found to be 0.37% showing very good
agreement with the simulated value. However, the decrease and loss in the intensity in Fabry Perot is
due to identical losses in each of the layers [20]

Table 5. Simulated and Experimental cavity position of the FP filter centered at 650nm.

Simulated (nm) Experimental (nm) % Deviation
650 647.5 0.37

4. CONCLUSION

Porous silicon photonic crystals were successfully electrochemically etched from crystalline
silicon. The fabricated DBRs were found to have good uniformity with varying position in the sample.
The experimentally obtained reflectivity deviated from the simulated reflectivity with a maximum
value of 2.51% for the three DBRs fabricated. Furthermore, graded DBRs were also shown to have
maximum gradation of 300nm while the fabricated FP filter was shown to have only a 0.37% deviation
from the simulated reflectivity. The experiment has shown the ease and versatility in the fabrication of
porous silicon photonic crystals as uniform and graded DBRs and Fabry-Perot filter structures through
anodization.
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