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Thermo-optic coefficient of electrochemically etched porous silicon layer was measured through
temperature-dependent reflectance spectroscopy subjected to temperatures ranging from 302.15K to
594.15K. Porous silicon was fabricated via electrochemical etching of a p-type (100) silicon wafer in
an ethanol — HF solution with applied current densities of 2.5mA/cm? 5mA/cm? and 15mA/cm? to
form ~2um thick pSi layers. Using Cauchy’s dispersion equation and Bruggeman’s effective medium
approximation, refractive index and porosity of the samples were calculated respectively. A Fabry-
Perot filter derived from the pSi single layers was also fabricated. Normal incidence reflectance
spectroscopy was utilized to characterize the filter at different temperatures. The behavior of light in
the multilayered structure under different temperatures was modeled using Transfer Matrix Method.
The results show that the experimental data is in good agreement with the simulation model. From the
empirical data and the simulation results, optical tuning of the Fabry-Perot filter through temperature
can be done.

Keywords: Porous silicon, Thin film, Electrochemical etching, Thermo-optic effect, Thermo-optic
coefficient, Fabry-Perot filter, Thermo-optical tuning.

1. INTRODUCTION

Porous silicon (pSi) is a sponge-like structure of hydrogen — covered silicon (Si) [1]. It is
formed through electrochemical etching of crystalline Si in an ethanoic HF solution [1 and 2]. Porous
silicon is an interesting material for semiconductor device fabrication due to its visible luminescence
[3], large surface area [1 and 4], and tunable refractive index as a function of depth [2]. In addition, the
fabrication cost is cheap and the set — up can easily be done at room temperature.
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In the electrochemical etching process of Si, some of the fabrication parameters considered are
the electrolyte concentration; supplied anodic current; and etching time. Average pore sizes of the pSi
produced is strongly dependent on the electrolyte concentration. The thickness of pSi layer is
controllable with etching time. Furthermore, porosity of pSi is directly proportional on the supplied
anodic current. Varying the supplied current results to porosity variation and consequently, refractive
index tunability is possible [1].

Due to the tunable refractive index property of pSi, it can be fabricated into multilayered
structures such as anti-reflection coatings (ARC) [2], distributed Bragg reflectors (DBR) [5 and 6], and
Fabry-Perot (FP) filters [6]. However, the refractive index of pSi is not constant with temperature [7
and 8]. Since the wavelength dependence of these passive optical devices scales with the refractive
index, their operation varies at each given temperature. The phenomenon at which refractive index
varies with temperature is known as the thermo-optic effect (TOE) [9]. The Thermo-optic effect is
significant in the fabrication of optoelectronic devices such as optical switching, filter and laser tuning,
and sensing applications [10 and 11]. One way to quantify the TOE is through the measurement of the
thermo-optic coefficient (TOC) of a material. The thermo-optic coefficient is simply the change of
refractive index as a function of temperature [11].

This paper presents temperature-dependent reflectance of pSi with different porosities. Thermo-
optic coefficients were calculated from the reflectance data and were used to obtain an empirical fit for
FP filter fabrication. An FP filter was chosen because it reflects a long range of wavelength while
allowing transmission only at a certain wavelength. With this mechanism, optical tuning is possible.

Derived from the single layer pSi samples, an FP filter was fabricated and was subjected to
temperature-dependent reflectance spectroscopy. To model the light propagation in the multilayered FP
filter, the transfer matrix method (TMM) from Saplagio et. al [12] was used. The empirical data was in
good agreement with the simulation fit. With these results, thermo - optical tuning of an FP filter based
on pSi can be done.

2. METHODOLOGY

Boron doped crystalline Si (100) substrates, with resistivity 0.007-0.025 Q-cm, were cut into
dimensions of 1cm x 1.75cm. The substrates underwent standard degreasing procedure to remove
grease and unwanted particles on their surface. These were then dried using pressurized high purity
nitrogen gas. Substrates were then subjected to electrochemical etching in a lateral anodization cell set
— up. Figure 1 shows the schematic diagram of the anodization cell, where the Si substrate served as
the anode and a silver plate as the cathode. The electrolyte used in the anodization cell was composed
of 12% HF with equal parts of ethanol. Anodic current was supplied using a Tektronix PWS4721
Programmable DC power supply.
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Figure 1. Schematic diagram of lateral anodization cell set - up used for the Si electrochemical
etching.

Three single layer pSi films were fabricated and the etching parameters for each sample are
summarized in Table 1. The porous layers were fabricated each to have a thickness of 2um. For the FP
filter fabrication, etching parameters are shown in Table 2. The filter was tuned to 540nm. It was
composed of 2 DBR's with pSi2 as the optical cavity in between. Each DBR is composed of alternating
periodic layers of pSil and pSi3 by varying the etching current density with time. This structure
satisfies the Bragg condition given by Equation 1 where 1o, n, and d are the central wavelength,
refractive index, and thickness of the given porous layer, respectively. The calibration parameters used
for the single layers and FP filter fabrication are based on calibration experiments presented in this
journal: [13].
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Table 1. Etching parameters used for single layer pSi fabrication.

Etching current density ~ Etch time

(mA/cm?) (sec)
pSil 25 1000.2
pSi2 5 625.2
pSi3 15 2778

Table 2. Etching parameters used for the fabrication of pSi - based FP filter tuned to 540nm.

Etching current density ~ Etch time

(mA/cm?) (sec)
nl 5 20
n2 2.5 45

spacer 15 43
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For pore investigation and cross-sectional measurement, samples were characterized via
scanning electron microscopy using a Philips XL30 FESEM. Optical characterization was done via
temperature — dependent reflectance spectroscopy. Shown in Figure 2 is a schematic diagram of the
temperature — dependent reflectance spectroscopy set — up. The sample was mounted on a thermal
stage subjected to different temperature which ranges from 303.15K — 594.15K. Optical reflectance
was done using a SPEX 500 monochromator installed with 600 grooves/mm grating. The broadband
light source used was a 100W OSRAM tungsten — halogen lamp with Si photodiode as the detector.
The temperature setting of the thermal stage was allowed to stabilize first before reflectance
measurements were done.

B litt
. " ) Thermal stage
Monochromator
Tungsten
Lock in amplifier

Figure 2. Schematic diagram of temperature-dependent reflectance spectroscopy set-up.
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From the reflectance spectra of the samples at each given temperature, the refractive index was
calculated using Cauchy’s dispersion equation [14]. The calculated refractive index of the samples
subjected to room temperature was used to calculate the porosities using Bruggeman effective medium
approximation [15].

3. RESULTS AND DISCUSSION

3.1. Single layer pSi

Shown in Figure 3 are top view SEM images of pSi samples pSil, pSi2, and pSi3. The
presence of pores on the Si matrix can be observed from the samples' surface. Shown in Figure 4 are
the cross—sectional SEM images of the samples. From these micrographs, pore depth is considered as
the effective thickness of pSi. In this case, the fabricated pSi layers were measured to be ~2um thick,
same as intended film thickness. For the optical characterization of the samples, normal incidence
temperature — dependent reflectance spectroscopy was performed. From the measured thicknesses and
reflectance spectra of the samples, refractive indices were computed using Equation 2 [16]:

Ed(l 1)—D 2
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where d is the effective thickness of the layer and A, is the wavelength of the rth extrema
(shown in Figure 5).

Magn WD p—— 200 nm|Magn WD p——— 200nm JMagn WD |—— 200 nm
80000x 10.0 80000x 10.0 80000x 10.2

Figure 3. SEM images of the single layer pSi: (a) pSil, (b) pSi2, and (c) pSi3.
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Figure 4. Cross - sectional SEM images of the single layer pSi: (a) pSil, (b) pSi2, and (c) pSi3.
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Figure 5. Room temperature reflectance spectra of the samples showing the extrema of the single layer
pSi samples.

To characterize each sample according to their porosity, the computed refractive index of the
samples when subjected to room temperature was used in the Bruggeman's effective medium
approximation (equation 3) [15 and 17]:
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where ngs;i, Ns;, and nyr are the refractive indices of the pSi, Si, and air respectively. Values of
nsi and Ny, are given in references [18] and [19] respectively. Calculated porosities of the pSi samples
are shown in Table 3. It can be seen that samples etched at higher current densities result to higher
porosities. This linear relation between current density and porosity agrees with the result of [20].
Moreover, it can be stated that the porosity is inversely proportional to the refractive index. This is
because the pore volume of the pSi layer is relatively reduced with decreasing porosity, and vice versa.

Table 3. Calculated porosities of the pSi samples computed using the Bruggeman effective medium
approximation

Current density (mA/cm®) Porosity (%)

pSil 2.5 58.72
pSi2 5 67.29
pSi3 15 76.79

Figure 6 shows the reflectance spectra of pSil and its corresponding refractive index when it
was subjected to different temperatures. From Figure 6a, it can be noted that oscillations are present.
This is due to the presence of pSi layer which is considered to be a homogeneous layer or a thin film
[21]. Shifting of the reflectance spectra with respect to temperature can also be noticed. As stated
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before, this is because nys;i varies with different temperature and is shown in Figure 6b. To compute for
the TOC of the samples, the refractive index of each sample was plotted as a function of temperature.
Measurement of the TOC of the pSi samples were done by linear regression analysis of the
temperature — refractive index curve given in Figure 7 [22].
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Figure 6. Temperature-dependent (a) reflectance spectra and (b) refractive index dispersion of pSil.
The reflectance spectra show a shifting to longer wavelengths and values of refractive index are
increasing with higher temperature.
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Figure 7. Temperature - refractive index curve of pSi sample showing the TOC at 540nm. The curves
show a linear relation.

Figure 8 shows the TOC of each pSi with respect to the wavelength of the light incident to the
sample. It can be seen that the TOC of pSi is still dispersive, as in crystalline Si [23]. In addition, with
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increasing porosity of pSi, a decrease in the values of the TOC was observed. This is because TOC is
inversely related to porosity which is consistent with the results of Moretti et. al [8].
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Figure 8. Experimental data showing the TOC dispersion of the pSi samples with different porosities:
pSil, p =58.72%; pSi2, p = 67.29%; and pSi3, p = 76.79%.
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Figure 9. (a) Cross-section SEM image and (b) room temperature reflectance spectra with TMM
simulation of the fabricated FP filter. The dotted line in the reflectance spectra indicates the
optical cavity which is tuned to 540nm.

Shown in Figure 9a is the SEM image of the FP filter. An alternating bright and dark layer
signifies the presence of pSi with different porosities, and the thick layer in the middle is the spacer
which serves as the optical cavity. The bright layers in the image correspond to the layers with
relatively lower porosity (p;) and dark layers with higher porosity (py). This is because the p; layers is
relatively denser than the py layers. Beside the structure observation, optical reflectance of FP filter
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was investigated and is shown in Figure 9b together with its simulation model. Transfer Matrix
Method was used to model the behavior of light in the FP filter. However, the experimental result does
not perfectly fit with the model due to the identical losses which could be attributed to the change in
thickness and refractive index in each of the layers of the FP filter [24].
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Figure 10. (a) Reflectance spectra of the FP filter subjected to temperature—dependent reflectance
spectroscopy and (b) the TMM simulation model. The dotted line shows the optical cavity of
the filter at room temperature.

In Figure 10, reflectance spectra of the FP filter at different temperature and its corresponding
simulation were reported. It can be noted that both the experimental data and simulation model shift to
longer wavelengths. This wavelength shifting is due to the thermal variation of refractive index of the
FP filter. The redshift can be explained by the relation given in Equation 1 where the wavelength is a
function of the refractive index [25]. As the samples' temperature increases, refractive index also
increases which results to the shifting of the reflectance to longer wavelengths. A drop in the
reflectance intensity of the filter with respect to temperature was also observed which is due to the
increase in absorption of the FP filter as the temperature increases.

4. CONCLUSION

Thermo—optic coefficient of electrochemically etched porous silicon was calculated through
temperature—dependent reflectance spectroscopy. Refractive index and porosity were measured using
Cauchy’s empirical equation and Brugemann’s effective medium approximation respectively.
Fabrication of FP filter based on the single layer pSi was successfully done. The FP filter was also
subjected to temperature—dependent reflectance spectroscopy. A redshift of the reflectance of the filter
was observed which is due to the thermal variation of the refractive index. A drop of the reflectance
intensity of the FP filter at increasing temperature was also observed and was attributed to the increase



Int. J. Electrochem. Sci., Vol. 9, 2014 8088

in absorption of pSi at higher temperature. Simulation model of FP filter based on TMM does not
perfectly fit with the experimental result due to which could be attributed to the change in thickness
and refractive index in each of the layers of the FP filter. However, the experimental data is in good
agreement with the simulation model. With the empirical and simulation data, thermo — optical tuning
of a pSi-based FP filter can be done.
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