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Abstract

Optical form birefringence property of porous silicon is used in a compact polarization interferometer to demonstrate a novel optical
transduction mechanism for vapor or gas sensing applications. This technique uses high interferometric sensitivity of polarization interference
intensity when the porous silicon sample is exposed to solvent vapors. We experimentally demonstrate that the relative variation in the
polarization interference intensity at a fixed incidence angle provides means to quantify the detected concentration of solvent vapors.
Examples of detecting heptane and ethanol vapors indicate good potential of the novel transduction mechanism for other chemical and

biological sensing applications.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Inrecent years, porous silicon has attracted much attention
in the field of sensor technology due to its diverse applications
for detection of different analytes. Unique properties that
make porous silicon attractive for these applications include
significantly increased surface interaction area, simplicity and
repeatability of fabrication, and compatibility with well
established silicon microfabrication technology. The sensing
mechanism is based on a change in the physical properties of
porous silicon when it is exposed to analytes. The early
attempts to use porous silicon in sensing applications were
based on variations of its electrical properties such as capa-
citance [1] and conductivity [2]. Recently, optical properties
of porous silicon have been exploited for chemical and
biological sensing due to their fast response time and relative
safety for operation in hazardous environments such as
flammable vapors or gases. The most popular optical techni-
ques are based on the change in optical reflectivity [3-7],
photoluminescence [8—11], birefringence [12,13], and the
properties of optical waveguides [14].

It is well known that silicon is an isotropic optical material
due to its cubic structural symmetry. Isotropic optical materi-
als can be made anisotropic by simply introducing a geometric
nanostructure producing a form birefringence effect [15-17].
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Porous silicon is an example of such an artificial birefringent
material [18-26]. This is largely due to its morphological
anisotropy (the preferential aligned nano-scale pores in the
direction perpendicular to the wafer surface) that leads to a
difference in average dielectric properties depending on the
direction of propagation and the polarization of the optical
field. In this paper, we exploit the polarization interference
caused by the optical anisotropy in porous silicon to detect
heptane and ethanol vapors, providing characteristics in
selectivity and quantitative measurement of the technique.

2. Experimental details
2.1. Principle of operation

We assume that a porous silicon sample obtained from
etching p type (1 00) silicon wafer consists of uniformly
distributed pores in the direction of the surface normal. We
further consider that due to the in-plane rotational symmetry,
our form-birefringent porous silicon sample acts as a posi-
tive uniaxial anisotropic material (see Fig. 1) with its optic
axis normal to the wafer surface [21]. The sample is rotated
in the x—z plane such that its surface normal is oriented at
angle o with respect to the z-axis. Consider an optical wave
polarized in the x—y plane at 45° with an incident angle o
propagating in the anisotropic porous silicon sample. It will
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Fig. 1. Schematic diagram for characterization of optical anisotropy in
porous silicon samples.

produce two linearly polarized components oscillating in the
x—z plane and perpendicular to the x—z plane, corresponding
to extraordinary and ordinary polarized light components,
respectively. At the output of the porous silicon sample the
ordinary and the extraordinary polarized light components
will acquire a relative phase shift depending on sample’s
birefringence:

Ap(s) = 2;—” e (o)l (2) — ol ()], 0

L

where 1 is the wavelength of the optical field, n.(2) and n,
are the effective refractive index for extraordinary and
ordinary polarized light components, respectively, [.(o)
and /(o) represent the geometric path lengths inside the
sample for extraordinary and ordinary polarized light com-
ponents, respectively.

An output analyzer A (see Fig. 1), oriented at 90°
with respect to the direction of the polarizer P, produces
interference between projections of the ordinary and extra-
ordinary polarized light components, yielding the output
intensity:

Iin
E )
where a and b are the amplitude transmittances of the porous
silicon sample for the extraordinary and ordinary polarized
light components, respectively, and [;, is the input intensity
on the porous silicon sample. Eq. (2) shows that the output
interference intensity depends on the relative phase shift
between the ordinary and extraordinary polarized light
components at the output, which in turn depends on the
angle of incidence .

Next we consider exposing the porous silicon sample to
gases or vapors. The absorption of gases or vapors to the
sample surface changes the effective refractive indices for
both extraordinary and ordinary polarized light components.
With the same incidence angle, the induced phase shift leads
to a change in the polarization interference intensity. Over a
certain range of incidence angles, these variations in the
ordinary and extraordinary refractive indices result in a
simple shift of polarization interference pattern, thereby,
polarization interferometry offers a new transduction
mechanism for optical sensing of vapors and gases.

(o) = [a* 4 b* + 2ab cos(Ad(a))] (2)

2.2. Experimental apparatus

For experimental characterization of the porous silicon
optical sensor based on polarization interferometry, we
prepared a porous silicon sample by anodic etching of a p
type (100) silicon wafer with resistivity of about
0.001 Q cm in a solution of aqueous HF (49%) with ethanol
in the ratio of 3:1 at room temperature. After etching for
90 min at a current density of 75 mA/cm?, we performed an
electropolishing process in order to lift-off the porous silicon
membrane by applying a current density of 50 mA/cm? for
30 s in 3.3 wt.% HF solution. While kept in the etching cell,
the sample was carefully rinsed with ethanol to remove the
etchant. Then the sample was transferred to an aluminum
tray and immersed in pentane. The aluminum tray was
tapped gently to release the freestanding porous silicon
membrane from silicon substrate. The silicon substrate
was moved away and the freestanding porous silicon mem-
brane was left to dry in the air. The porous silicon sample
was inspected by atomic-force microscope, showing an
average pore size of less than 20 nm in diameter. The
porosity was determined to be 82% using gravimetric
method applied to test samples prepared with the same
etching condition.

The optical anisotropy of porous silicon sample was
evaluated experimentally using a set-up shown schemati-
cally in Fig. 1. To operate the silicon-based sensor in
transmission configuration with minimal loss (i.e. photon
energy below silicon bandgap), we use an external-cavity
tunable diode laser (New Focus Inc., Model 6427) operat-
ing at 1.52 pym. A pair of crossed Glan—-Thompson-type
polarizers was orientated at £45° in the transverse plane
x—y (see Fig. 1). The freestanding porous silicon sample
was attached to a plastic sample holder with a 4 mmXx
8 mm transmission window in the center. Normally the
size of our porous silicon samples was about 10-13 mm in
diameter to match the dimension of the transmission
window. The sample was placed between the pair of
polarizers and was mounted on a motorized rotation stage
(Polytec PI, Model M-037.PD). The resolution of the
rotation stage is 8.75 prad, which enables us to accurately
control and record the incidence angle of the input light on
the sample. A Ge photodetector (Newport Inc., Model 818-
IR) was used to measure the output transmitted light
intensity.

For testing the sensor characteristics, the porous silicon
sample was placed in a custom-made glass flow cell for
exposure to solvent vapors and the flow cell was connected
to a gas-mixer/mass-flow controller (Cole-Parmer). A nitro-
gen carrier gas was saturated with solvent vapor by passing
through a bubbler containing the solvent under study. The
saturated vapor was then diluted with a second nitrogen
stream in the mixer. At a constant total flow rate, it is
possible to obtain different concentration of the solvent
vapor by adjusting the flow of carrying nitrogen and satu-
rated vapor.
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Fig. 2. Transmitted intensity at the output of the polarization interferom-
eter as a function of the incidence angle on the porous silicon sample.

3. Experimental results and discussion

The measured polarization interference intensity versus
the incidence angle for the fabricated porous silicon sample
is illustrated in Fig. 2. The uneven oscillation in polarization
interference intensity indicates a nonlinear dependence
between the incidence angle and the phase shift between
the extraordinary and ordinary polarized light components.
It is evident that the oscillation frequency of polarization
interference intensity increases with the increase of inci-
dence angle, which in turn increases the relative phase shift
for extraordinary and ordinary polarized light components
(see Eq. (1)).

For characterization of the new sensing transduction
mechanism, we used heptane and ethanol vapors. Fig. 3(a)
shows the detected polarization interference intensity in air
(solid line) and after exposed to heptane with concentration
of 2.0% (dashed line) at the incidence angle varied from 40°
to 50°. Fig. 3(b) shows the shift in polarization interference
pattern when the porous silicon sample is exposed to ethanol
with concentration of 2.0%. We use large incidence angles to
access high sensitive region of the polarization interference
intensity. It is noticeable from comparing Fig. 3(a) and (b)
that there is a larger shift in polarization interference pattern
when porous silicon sample is exposed to heptane than to
ethanol. This occurs because the freshly prepared porous
silicon sample is hydrophobic and it adsorbs heptane more
efficiently as compared to ethanol, resulting in a larger
change in refractive indices and consequently in the polar-
ization interference intensity. It should be noted that we used
the same sample to test the shift of polarization interference
pattern in Fig. 3(a) and (b). After we finished the first
experiment with heptane, we evacuated and flushed the flow
cell with pure nitrogen until the polarization interference
intensity back to the initial conditions, i.e. when the sample
was exposed to air. Then we performed the second test with
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Fig. 3. Transmitted intensity at the output of the polarization
interferometer when the porous silicon sample is exposed to air and
vapors of heptane and ethanol. (a) Solid line: air; dashed line: heptane
with concentration of 2.0%. (b) Solid line: air; dashed line: ethanol with
concentration of 2.0%.

ethanol. The data shown in Fig. 3 was reproduced within 3%
accuracy (when we used the same sample). However,
although the shift of polarization interference pattern is
comparable from sample to sample, the sensor needs to
be recalibrated to compensate for changes due to sample
variations, sample alignment, etc.

It can be easily seen from Fig. 3 that at a fixed incidence
angle the relatively large change in polarization interference
intensity can be used to provide quantitative detection of
vapor concentration. Fig. 4 shows the polarization interfer-
ence intensity versus heptane concentration at fixed angles.
As heptane concentration varies from 342 ppm to 2.0%, the
polarization interference intensity increases and decreases
monotonically at the incidence angles of 46.1° and 48.1°,
respectively. It should be noted that this study does not
contain any optimization of the sample (pore size, pore
distribution and porosity) that may further improve the
sensitivity of this novel detection transduction mechanism.
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Fig. 4. Transmitted intensity at the output of the polarization interferom-
eter as a function of heptane concentration in unit of part per thousand at
fixed angles of 46.1 and 48.1°.

We also investigate the performance of our proposed
optical sensor when exposed to a mixed solution of ethanol
and heptane. Fig. 5 shows the different responses of polar-
ization interference intensities at a fixed incident angle of
41.8° to the vapors of pure heptane, pure ethanol, and a
mixture of these two solvents in a ratio of 1:1. It clearly
indicates that the transduction mechanism in our sensor is
capable of distinguishing between two different solvents, as
well as their mixtures. According to Egs. (1) and (2), the
polarization interference intensity at a fixed angle depends
on the refractive indices of extraordinary and ordinary
polarized light components as well as the resulting different
geometric path lengths. While the porous silicon sample is
exposed to a solvent vapor, the absorption of vapor to the
sample surface changes the effective refractive indices for
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Fig. 5. Transmitted intensity at the output of the polarization interferom-

eter when the porous silicon sample was exposed to pure heptane, the
mixture of heptane and ethanol, and pure ethanol, respectively.
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Fig. 6. Reversibility of the porous sensor vapor sensor upon switching
heptane off and on.

both extraordinary and ordinary polarized light components.
These changes are subject to the refractive index of solvent
and the efficiency of the absorption. It is evident that the
refractive index for the mixture is between the individual
refractive index of ethanol (1.3611) and heptane (1.3878)
[27] and the absorption efficiency of the mixture is also a
trade-off between that of ethanol and heptane. We believe
this is the reason for the distinguished behavior of the
mixture from that of ethanol and heptane. As for other
solvent vapors and gases with different refractive indices
and unique absorption properties, the proposed scheme
could be a good candidate for these sensing applications.

Reversibility of the detection process has also been tested
by switching the concentration of heptane between zero and
2.0%, shown in Fig. 6. The polarization interference inten-
sity of each stage could be repeated, indicating that our
sensing process is reversible, as it does not involve any
chemical reactions.

4. Conclusions

We demonstrate a novel optical transduction mechanism
for vapor or gas sensing by using the optical form birefrin-
gence property of porous silicon in a compact polarization
interferometer. This technique utilizes high interferometric
sensitivity of polarization interference intensity. The validity
and selectivity of the optical sensor are proven by exposing
our fabricated freestanding porous silicon sample to heptane
and ethanol vapors. We also experimentally demonstrate a
method of quantitative detection of vapor concentration by
monitoring the relative change in the polarization interfer-
ence intensity at a fixed incidence angle using pure heptane,
pure ethanol, and the mixture of these two solvents. The
experimental results of detecting heptane and ethanol vapors
indicate great potential of this novel transduction mechan-
ism for other applications of chemical and biological sen-
sing.
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