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Abstract

We report on the design and fabrication of porous silicon based rugate filters. We have achieved narrow line-width, high reflectivity
optical filters made entirely from silicon by continuously varying of the refractive index of Si and apodizing the index profile of the

structure.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Rugate filters are a class of optical filters that contain a
continuous variation of the refractive index, usually sinusoi-
dal, in the direction perpendicular to the plane of the filter
[1-3]. The reflectance of such a filter shows a high reflectiv-
ity “stop-band” around a characteristic wavelength, A,
and very low reflectivity elsewhere. Such filters can be used,
for example as single line stop-band filters, in various sen-
sor applications, etc. Rugate filters are often preferred over
conventional step-index multilayer filters because they do
not display higher order harmonics. In addition, by com-
bining several different sinusoidal refractive index distribu-
tions, rugate filters can be made to reproduce unusual or
difficult optical response functions which are not possible
using simple step-index profiles [1]. On the other hand,
such filters are difficult to fabricate because the continuous
refractive index profile necessitates continuous variation in
the density and/or composition of the filter material. Sev-
eral techniques have been tried in the past, including evap-
oration, reactive sputtering, and plasma-enhanced vapour
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deposition [4-6]. Although rugate filters can be, and have
been made using these techniques, such methods require
complex equipment and are time-consuming. Berger et al.
[7] reported a simpler and quicker method for the fabrica-
tion of rugate filters using electrochemical etching of sili-
con. These types of filters were recently discussed in
detail by Lorenzo et al. [8]. During electrochemical etching
of silicon, the density of the generated porous silicon can be
continuously varied, making it possible to generate contin-
uously varying refractive index distributions in the direc-
tion perpendicular to the plane of the filter. In these
types of filters the layers are etched into the substrate
rather than being deposited on top of it. If necessary, the
filters can be detached (lifted off) from the substrate during
the final stages of the electrochemical etching process, to
become a free-standing thin film filter or can be attached
to a glass substrate. In addition to being inexpensive and
relatively easy to make, porous silicon based devices have
the added advantage of being compatible with silicon opto-
electronics and could be part of future Si integrated optical
system [9-12].

The rugate filters described by Berger et al. [7] and Lore-
nzo et al. [8] had relatively large stop-bands. While stop-
bands of several hundred nanometers are adequate or even
desirable in some applications, our interest in optical sens-
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ing necessitated the development of narrow line-width
rugate filters that could be used to detect small changes
in the refractive index of the filter. In this study, therefore
we describe our approach and our results in making nar-
row line-width rugate filters operating in the sub 1 pm spec-
tral region using porous silicon.

2. Theory

Rugate filters were made by sinusoidally varying the
refractive index of the material in the direction perpendic-
ular to the plane of the filter. The refractive index profile,
n(x), of a rugate filter centered on Jo can be written in
the following form:

n(x) = ny + An/2sin(4nx/ %)

where x is the perpendicular distance into the plane of the
filter, ng is the average refractive index, and An is the refrac-
tive index contrast [1,13,14]. For small index contrast, such
a sinusoidal profile would result in the reflection spectrum
displaying a single stop-band at Ay, the bandwidth of which
is a function of An. However, as a result of the sharp trun-
cation of the refractive index modulation at the boundaries
of the filter, a simple sinusoidal index profile would also
generate interference oscillations appearing on both sides
of the stop-band (“‘side lobes’’). To suppress these unneces-
sary side lobes, the abrupt termination of the index profile
has to be faded out or apodized with a smooth envelope
function so as to reduce the index contrast to zero at the
two boundaries of the filter. Of the various types of enve-
lope functions that can be used for apodization, we chose
to use a Gaussian function which resulted in the significant
reduction of the side lobes while at the same time not affect-
ing the optical properties of the stop-band. However, there
is another reason for the existence of side lobes. The whole
filter can be considered as a single layer with an average
refractive index and an effective thickness, and will there-
fore produce interference oscillations corresponding to
such a layer. To minimize this effect, the refractive indexes
at the front and back of the filter have to be matched to air
and the Si substrate respectively, to compensate for the
mismatch between the average index of the filter and the
surrounding media. This can be achieved by growing two
additional continuously varying refractive layers that
match the refractive indexes of the surface and the
substrate.

A graphical illustration of the refractive index profile is
shown in Fig. 1. The index profile includes the amplitude
modulated sinusoidal refractive index (using Gaussian apo-
dization) and two third-order polynomial index matching
layers at the front and substrate end of the filter. In the
example to be discussed below, the filter included 40 sinu-
soidal periods with an index contrast of An=0.028
(nyy = 2.122 and np o = 2.094). The index matching layer
at the surface was designed to have a thickness of
450 nm, and the refractive index that smoothly decreased
from 2.094 to 1.471 (which is the lowest refractive index
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Fig. 1. Refractive index distribution of our filters, having amplitude
modulated (apodized) sinusoidal refractive index with index matching
layers at the front and the substrate end of the filter. The inserts show the
apodization of the index, and the sinusoidal variation as a function of
depth.

value we could achieve). The index matching layer at the
Si substrate side was 675 nm thick, and the refractive index
increased from n=2.094 to n=3.5 as a third-order
polynomial.

The reflectivity spectrum of a filter having an index pro-
file as shown in Fig. 1 was calculated using the characteris-
tic matrix method [14,15], and is shown in Fig. 2. As can be
seen, the chosen conditions lead to a stop-band at 850 nm
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Fig. 2. Calculated reflectivity spectrum of a rugate filter assuming 40
sinusoidally varying refractive index layers, Gaussian apodization and
index matching layers at the surface and substrate ends.
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with a FWHM of approximately 5 nm, and a maximum
reflectivity of 65%. The reflectivity outside the stop-band
is predicted to be less than 10%. A porous silicon filter with
these qualities is eminently suitable for biosensing
applications.

3. Experimental results

Porous silicon (PSi) is a versatile material with a number
of valuable optical properties. Although attention to nano-
structured PSi originated with the discovery of visible room
temperature photoluminescence [16], so far the most inter-
esting applications of PSi are associated with passive mul-
tilayer optical devices. The refractive index of porous
silicon is a function of the porosity of the material which,
in turn is a function of the current density applied during
formation of PSi. It is possible to fabricate intricate pho-
tonic structures on Si wafers just by varying the etching
current during PSi formation. Using this method, a range
of valuable optical devices have been made from PSi, such
as optical microcavities, Bragg mirrors and waveguides
[9,17]. Recently, we have used a low temperature fabrica-
tion technique to improve the optical quality of the PSi lay-
ers, and have made high quality optical devices, including
omnidirectional mirrors, laser mirrors and sub-nanometre
line-width optical cavities [10,11]. At low temperatures, a
decrease in the ion mobility causes a higher rate of electro-
polishing, which tends to smooth out the inhomogeneities
at the interfaces resulting in less scattering and hence better
optical quality devices [18,19].

The rugate filters described in this report were prepared
from highly boron doped p*-type (100) silicon wafers hav-
ing a resistivity of 0.07 Q cm. The Si substrate was electro-
chemically etched at room temperature in a solution of
25% HF. This etching solution was prepared by diluting
48% HF solution into ethanol. The current density was var-
ied between 2.205 mA/mm” and 2.256 mA/mm?. During
the etching process temporal breaks of 9s were used at
each sinusiodal period during the anodization to recover
the HF concentration at the dissolution front. After the
etching process, the samples were rinsed with ethanol, or
used pentane drying to minimize the effects of capillary
pressure within the porous structure.

To etch the required apodized sinusoidal index profile
into Si, the etching current was computer controlled via
the power supply (Keithley Source Meter 2400). We
designed a small program based on National Instrument

LabVIEW 6.1 such that each sinusiodal period was
approximated by a number of step-functions, as shown in
Fig. 3(a). Although the number of steps could be varied,
we typically used 16 steps per period. Fig. 3(b) shows the
current profile against time. The etch breaks are also shown
in the figure (e.g. t2-t3). Increasing the number of steps up
to 32 did not affect the outcome. The same computer pro-
gram could also simulate the expected reflectivity spectra
produced under the specific etching conditions.

The reflectivity spectrum of the filter described in Fig. 1
is shown in Fig. 4. The reflectivity was measured at normal
incidence using a Spex 0.22 m spectrometer and Si detector.
The reflectivity measurements were taken over an area of
0.5 mm?, with a collection angle of 2.7°. As can be seen,
the agreement between the calculated and measured spec-
tra is very good. The measured spectrum has a stop-band
at 848 nm, maximum reflectivity 63%, line-width 11 nm.
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Fig. 4. Measured reflectivity spectrum of a filter having a refractive index
profile shown in Fig. 1.
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Fig. 3. Step-functions used to approximate the sinusoidal variation of refractive index.
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Fig. 5. The measured reflectivity spectrum of a filter having a refractive
index profile similar to that shown in Fig. 1 and containing 100
sinusoidally varying refractive index layers.

The reflectivity outside the stop-band is less than 10%.
These value are very similar those predicted by the theory.

There are two noteworthy differences between the mea-
sured and the calculated spectra: a slight increase in the
line-width (from 5 nm to 11 nm), and exponentially decay-
ing oscillations below approximately 800 nm. The
increased line-width is most likely caused by small fluctua-
tions in the porosity of the layers. The 5 nm line width was
calculated assuming an index contrast of An = 0.028 which
corresponds to a 1% variation in the porosity of the high
and low index layers. Such small variations in porosity
are difficult to maintain, and most likely the porosity vari-
ations are somewhat larger in the filter. The exponentially
decaying interference oscillations below 800 nm are the
result of the absorption of light in PSi, which was not taken
into account in the calculations.

Another advantage of the PSi technology is the ease
with which the number of layers can be increased. Increas-
ing the number of layers from 40 to 100 is simple and only
adds a few minutes to the overall fabrication time. Fig. 5
shows the measured reflectivity of a filter with the same
index contrast (An = 0.028) but with 100 apodized sinusoi-
dal layers. The peak reflectivity of this sample increased to

83%, and the average background reflectivity stayed below
10%, in agreement with theoretical predictions. The
FWHM of the stop-band increased to 14nm (from
11 nm) due to the slight variations in the porosity of the
layers as discussed above.

When we kept the number of periods 100 but increased
the porosity difference to 4%, which corresponds to a
refractive index contrast of An = 0.11, the reflectivity max-
imum increased to over 99% with only a 4 nm increase in
the line-width.

4. Conclusion

We have designed and fabricated narrow line-width por-
ous silicon rugate filters that included continuously varying
apodized refractive index profiles and index matching lay-
ers. The high reflectivity and narrow line-width of these fil-
ters make them ideal for sensor or line filter applications.
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