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ABSTRACT

The modeling, fabrication and characterization of PSi fabricated from both (110) and (100) surface oriented silicon for
optical sensing is thoroughly reported. First, based on the generalized Bruggeman method, the birefringence and
sensitivity of the fabricated membranes were calculated as a function of the fabrication parameters such as porosity and
pore sizes; and external effects, such as the pores surface oxidation. Thereafter we report on the fabrication of PSi
membranes from (110) and (100) surface oriented silicon with pore sizes in the range of 50 — 80 nm, and the
characterization of their birefringence using a polarimetric setup. Their sensitivities were determined by filling the pores
with several liquids having different refractive index. As a result, sensitivities as high as 1407 nm/RIU were obtained for
the (110) samples at a 1500 nm wavelength and 382 nm/RIU for the (100) samples at the same wavelength.
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1. INTRODUCTION

Nowadays there is an increasing need of developing biological sensors for medical, environmental monitoring, food
safety and research applications [1]. Porous Silicon (PSi) has unique properties for the development of these sensors
since its huge surface/volume ratio enables the capture of greater amounts of the target molecules that planar sensors.
Moreover, its porosity, thickness and pore diameters can be tuned by changing the etching conditions during the
fabrication process. Up to now, several interferometric schemes using PSi have been proposed for the realization of
chemical and biological sensors [2-5]. Other works [6-8] have demonstrated experimentally the possibility of using PSi
made from (110) wafer for sensing applications due to the fact that this orientation presents a very high birefringence,
being it possibly to detect different substances within its pores by means of the changes of this value. The use of this
anisotropic PSi together with optical polarimetric schemes for measurement of phase retardation therefore makes it an
ideal candidate for commercially viable highly sensitive optical sensors.

In this work, based on the theoretical approached developed previously in [9-10] the theoretical optical properties of
PSi fabricated from (110) and (100) silicon substrates is studied. For this purpose the binary Bruggeman model [16] is
extended by including an important external effect in PSi like silicon oxidation. Then, the measured birefringence values
for samples filled with several liquids are compared with the theoretical ones obtained using this extended model. Lastly
the measured birefringence and sensitivity for both type of samples (110) and (100) are evaluated and compared.
Thereafter we report on the fabrication of several PSi membranes from both types of substrates. Using two different
polarimetric setups the birefringence and sensitivity of the fabricated samples are determined; a bulk refractive index
sensitivity of 1407 nm/RIU comparable to the 1525 nm/RIU predicted by the theory is reported.
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2. THEORY

PSi prepared from (110) Si surface oriented substrates presents a high anisotropy due to pores grow preferentially along
the [100] and [010] crystallographic directions [12]. The orientation of the pores along those directions results in a
difference in the refractive indices along the [001] and the [110] directions [13]. In accounting for the anisotropic
microstructure of this type of PSi, the pores are modeled as ellipsoids of revolution with their axes of symmetry aligned
along the [001] direction and the [110] direction lying on the (110) surface plane. The depolarization tensor factors, L,
and L , describe the screening efficiency of external electromagnetic fields inside the ellipsoids, characterizing the
optical properties of the PSi layer. As the directions [100] and [010] form an angle of 50.77° with respect to the normal
plane (110) [14], the depolarization tensor factors are: L, equal to 0.2938 and L, equal to 0.4035.

For the case of PSi prepared from (100) surface oriented silicon, the pores are modeled as cylinders oriented in the

[100] direction. For cylindrical pores the depolarization factor tensors have values of L equal to 0.5 and L, equal to 0
[15].

Using the generalized Bruggeman model [16] the birefringence can be obtained as a function of the fabrication
parameters such as porosity and refractive index of the material that fills the pores. The only assumption made by this
model is the static electric field condition, which is satisfied when the wavelength of light is much longer than the pore
diameter. That is the case of the presented in this work, where the pore diameters are in the range of 50-80nm. The
Bruggeman model is described by:

=l + L, (P () -nl)

where f; is the volume fraction of the different materials that form the PSi membrane, #, (/1) the refractive indices, and
L, and L, the previously described depolarization tensor factors. The unknown n, and n, are the refractive indices
along the main axes of the pore and the birefringence is obtained by its difference An=mn, —n, . Then, solving Equation 1
with numerical methods we obtained the theoretical birefringence values as a function of the porosity considering
different pore refractive indexes. These results are depicted in Figure 1 for both (110) and (100) PSi samples.
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Figure 1. Birefringence as a function of the PSi layer porosity considering several refractive index of the material
that fills the pores for a (110) sample (a) and (100) sample (b).

Figure 1 shows that birefringence presents a maximum value for a porosity of 0.55 in the case of the (110) PSi and
0.45 for the (100) samples. Also, for both type of samples the birefringence decreases with the refractive index contrast
between the silicon and the material filling the pores. That is transducer mechanism of anisotropic porous silicon to be
used an optical sensor: variations in the refractive index of material filling the pores will modify the global birefringence
of the sample. From Figure 1, we can also see that the birefringence increase is optimized in the cases where when the
initial birefringence achieves its maximum value, so we can conclude that for having an efficient sensing mechanism the
birefringence should be as high as the fabrication process makes it possible.
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2.1 Effect of silicon oxidation

The internal pore surfaces of freshly prepared PSi are prone to oxidize under ambient conditions leaving a thin SiO,
layer over recently etched PSi pores. This oxidation process continues over time changing the optical properties of the
PSi, so a method to stabilize the pores surface is needed in order to avoid this change in the optical properties. One of the
simplest solutions for the surface stabilization is to purposely increase this silicon dioxide layer via a thermal oxidation
process [17]. The silicon dioxide need to be taken into account to give accurate prediction of the theoretical
birefringence and sensitivity values. This can be done by including the volume of the silicon dioxide layer in Equation 1.
Thus, a three component medium has now been formed consisting of silicon, silicon dioxide and pores. The bonding of
silicon with oxygen produces a 2.27 fold increase in volume over bulk silicon, so silicon oxidation produces a reduction
of pores and silicon volume fractions [18]. The new volume fractions of silicon and pores are related to the silicon
dioxide volume fraction by Equations. 2 and 3 respectively:

fSi = fSiD - J(SiO2 /227 ; fPoreS = fPoreSO _127/227f9102 (2)a (3)

where fS,.D and f, pores, denotes the volume fraction of the silicon and pores prior to oxidation. The effect that grown
silicon dioxide has over the birefringence is depicted in Figure 2. As can be seen, silicon dioxide reduces the
birefringence for both types of samples. This reduction in birefringence is attributed to the decrease of the index contrast
between the initial PSi layer, and the same layer after the oxidation process.
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Figure 2. Birefringence as a function of the PSi layer porosity for several silicon dioxide volume fractions for a
(110) sample (a) and (100) sample (b).

3. FABRICATION

The set of the fabricated samples from (110) surface oriented silicon consisted of mesoporous silicon etched into n-type
Si with resistivity of 0.01-0.001 Ohm/cm. Pores sizes were around 50 nanometers, as shown in Figure 3 (a). Samples
were prepared by electrochemical etching using a solution composed of HF:Ethanol=3:7 by volume, considering an
initial HF concentration of 48%. A current density of 25 mA/cm® was used during the etching.

The other set of samples, prepared from (100) surface oriented silicon, consisted of mesoporous silicon etched into p-
type Si with resistivity of 0.01-0.001 Ohm/cm. In this case the pore sizes were around 80 nanometers, as shown in
Figure 3 (b).

For subsequent optical characterization, porous membranes were detached from the bulk silicon layer that supports them
by applying a strong current burst at the end of the etching completely dissolving the bottom silicon layer that surrounds
the etched area. With this procedure the membrane can be transferred to another substrate. More details can be found
in [19].
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Figure 3. (a) Surface SEM image of the fabricated sample from (110) surface oriented silicon. Pore diameter is
around 50 nm. (b) Cross section SEM image of the fabricated sample from (100) surface oriented silicon. Pore
diameters are around 80 nm.

4. EXPERIMENTAL AND RESULTS

The optical anisotropy of the samples was determined by analyzing the state of polarization of the light transmitted
through them. Since the two types of samples have different properties, as it will be show in the next subsections, two
different polarimetric setups were employed to determine the birefringence and sensitivity.

4.1 PSi made from (110) substrate

For this type of samples, the birefringence was determined by using a tungsten halogen lamp and two spectrometers to
record the phase retardation as a function of the wavelength in the range from 600 nm to 1600 nm. The phase retardation
is related to the samples birefringence by means of:

A¢(X)=T-d«An(K) )

where A is the incident wavelength of light, d the PSi membrane thickness and AH(K) its birefringence.
The output light from a tungsten halogen lamp is collimated and then polarized linearly at 45° with respect to the
horizontal direction. The linearly polarized light passes through the anisotropic PSi sample which is oriented with its

[001] and [110] crystallographic directions parallel to the vertical and horizontal directions, respectively. The phase shift

is converted into an amplitude shift through traversing a second polarizer (usually called analyzer), which is then
recorded by the spectrometers. The analyzer is placed parallel and crossed with respect to the first polarizer, so the ratio
of the transmitted linearly polarizer light components, R(4), is obtained by dividing the spectrum measured when the
polarizers are crossed by the one obtained when the polarizers are placed in parallel. The relation between the phase
retardation and R(2) is given by:

T.(A) sin® (Ag(1)/2)

R(r)= T,()  cos’(Ad(1)/2)

®)

So, using the previously described method, R(4) were obtained for a 42 um sample thick when its pores were filled with
air, and then with different liquids such as water (ny,,, ~1.33), ethanol (7, ~1.36 ) and isopropanol (n,,, ~1.377).

Figure 4 (a) shows the values of R(4) recorded in the range of 600 nm — 1600 nm for the previously cited cases. A blue-
shift can clearly be seen from the sample filled when the pores are filled with liquids. From the position of the zeros and
poles of R(7), the birefringence values for the four cases were obtained as a function of the wavelength by using
Equations (5) and (6) to relate the position of the poles and zeros with the phase retardation, and consequently with the
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birefringence. Figure 4 (b) depicts the obtained values of the birefringence under the four different conditions of the
sample, voids pores (gray dots), pores filled with water (blue dots), ethanol (green line) and isopropanol (orange line).
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Figure 4. (a) Measured R(A) from a 42 um thick (110) PSi sample for: empty pores (gray line), pores filled with
water (blue line), ethanol (green line) and isopropanol (orange line). (b) Birefringence values obtained from the
position of the poles and ceros of R(L) for empty pores (gray), pores filled with water (blue), ethanol (green) and
isopropanol (orange).

As it was expected from the results shows in Section 2, a decrease in the birefringence is clearly seen when the refractive
index of the liquids that fills the pores increases. Also we can see that for larger wavelengths both the birefringence and
its change are smaller than the ones obtained at shorter wavelength, due to the fact that silicon refractive index decreases
with the wavelength. At a wavelength of 808 nm we measured birefringence values of 0.120, 0.084, 0.081, 0.079 for
pores filled with air, water, ethanol and isopropanol respectively. The sensitivity in terms of phase retardation is
35.47 rad/RIU corresponding to a blue-shift of 755 nm/RIU. At a wavelength of 1500 nm the birefringence values are
slightly smaller than the ones at 808 nm, 0.108, 0.074, 0.071 and 0.070. The sensitivity in terms of phase retardation is
17.89 corresponding to a blue-shift of 1407 nm/RIU.

4.2 PSi made from (100) substrate

In this type of samples the phase retardation at normal incidence is almost zero, In so another experimental setup
for obtaining the birefringence of the samples, different from the one used in the (110) PSi, has to be used. In this case
the phase retardation was measured as a function of the incidence angle of a monochromatic light source. Thus, the
output light from a laser is linearly polarized at 45° with respect to the horizontal direction. Then, the linearly polarized
light passes through the PSi sample which is mounted on a rotation stage that allows changing the incidence angle of the
light at the sample. When the linearly polarized light passes through the sample its main components experience a phase
shift that is converted into an amplitude shift by placing a second polarizer (analyzer). Finally, the light intensity is
measured by means of a photodiode. Again, similarly to the case of the (110) sample, the phase retardation is obtained
by measuring the ratio between the intensity of the light when the polarizer are placed crossed and parallel. The phase
retardation is related to the sample birefringence and the incidence angle by:

29(@) =2 (4, (@) n, (@)=, (@) 7, (@) ©

where A is the incident wavelength of light, and d,, d,, #., %, are given by the following equations:

d A (a) _ 1
sinfg sin® o . cos’ a
nl,(a) n’ n

e,0

d,,(ha)= ;on,(a)=n,; (1)4(8),9)

where d the PSi membrane thickness, o the rotation angle of the sample and ., n, the ordinary and extraordinary
refractive index.
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Using the previously described setup the phase retardation was measured as a function of the light incidence angle on the
sample first using a 808 nm laser and then using a 1500 nm laser. Figure 5 (a) shows the measured phase retardation at a
wavelength first cited wavelength and Figure 5 (b) depicts the results using a 1500 nm laser. In both cases the phase
retardation were measured when the pores were filled with air (gray lines), and after immersing the sample in the same
liquids that the (110) PSi sample was, that is water (blue lines), ethanol (green lines) and isopropanol (orange lines). The
birefringence were obtained by fitting the measured data with the theoretical ones given by Equation 6 having values of
0.044, 0.0201, 0.019,0.018 at 808 nm and 0.041, 0.020, 0.019, 0.017, at 1500 nm for the sample being filled with air,
water, ethanol and isopropanol respectively. The sensitivity in terms of phase retardation at 808 nm for an incidence
angle of light of 45° is 9.62 rad/RIU corresponding to a blue-shift of 204 nm/RIU. At a wavelength of 1500 nm the
sensitivity value is 4.86 rad/RIU corresponding to a blue-shift of 382 nm/RIU.
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Figure 5. (a) Phase retardation as a function of the light incidence angle for pores filled with air (gray line), water
(blue line), ethanol (green line) and isopropanol (orange line) at the wavelengths of 808 nm (a) and 1500 nm (b).

4.3 Comparison

Lastly, we compared the birefringence and sensitivity of the both type of samples at the wavelengths of 808 nm and
1500 nm. Beginning with the values of birefringence, we obtained that the theoretical values of the birefringence were
higher in the (100) sample. On the contrary, the experimental results show the opposite behavior: higher birefringence
for the (110) samples. These results comes from the ideal modeling of the (100) structure and its difference with the real
structure of the fabricated samples where branches of the pores are observed which contributed to homogenize the
sample and so to reduce the birefringence. The changes in the phase retardation as a result of filling both types of
samples with liquids having different refractive index are shown in Figure 6. We can observe that the higher
birefringence change (and so higher sensitivity) were obtained with the (110) samples due to its highest birefringence.
On the other hand, since the phase retardation is proportional to the inverse of the wavelength we see that always the
phase retardation change is always higher at shorter wavelengths. So we can conclude that to achieve the highest
sensitivities using porous silicon as an optical sensor shorter wavelengths are better if one measures the phase retardation
shift; on the contrary if the measure the blue-shift in the spectra, longer wavelengths give better sensitivities.
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Figure 6. Phase retardation shift as a function of the material that fills the pores for the following cases: PSi
sample fabricated from (110) surface oriented silicon at the wavelengths of 1500 nm (green line) and at 808 nm
(blue line); PSi sample fabricated from (100) surface oriented silicon at the wavelengths of 1500 nm (orange line)
and at 808 nm (red line).

S. CONCLUSION

The modeling, fabrication and characterization of PSi membranes from both (110) and (100) silicon was reported. Based
on the Bruggeman model the theoretical birefringence and sensitivity was obtained as a function of the porosity and
wavelength, with both values have a maximum shown for porosities around 0.5. The impact that the oxidation of pore
walls has on birefringence and sensitivity was also studied theoretically. Thereafter a set of PSi samples from different
oriented substrates fabricated and characterized. Porous silicon made from (110) shown to be higher values of
birefringence than the ones obtained from a (100) surface oriented silicon. Due to the highest birefringence, also the
better sensitivity is found in the (110) samples, measuring a value as high as 1407 nm/RIU at a wavelength of 1500 nm.
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