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In this study we present two different ways — direct spectra calculation via transfer matrix method (TMM) and structure
reconstruction via optimization technique — for analysing a porous silicon Fabry—Perot resonator. As-prepared and aged cases
of the structure are considered. The models used account for oxidation and dispersion of materials. Obtained fits are also

demonstrated and discussed.
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Porous silicon multilayered structures [1, 2] or Bragg
gratings are appealing devices for their potential ap-
plication as chemical detectors, since optical charac-
teristics like reflectance spectra are highly sensible to
chemical impact [3—5]. More sophisticated applica-
tions include second harmonic generation [6], improve-
ment of porous silicon emission properties [7]. Be-
ing sponge-like material porous silicon also undergoes
spontaneous degradation process, with oxidation pre-
dominating. Mostly porous silicon multilayers are anal-
ysed as prepared, while aged case is rather poorly stud-
ied. On the other hand, considering applications of such
structures the degradation processes should be consid-
ered, whether they should be avoided or they should be
thoroughly analysed. In other publications porous sil-
icon is considered as a non-dispersive material. In the
present work we reconstruct porous silicon 1D photonic
crystal’s composition by modelling its reflectance spec-
trum. We have taken into account porous silicon dis-
persion and spontaneous oxidation. Modelling is per-
formed using the transfer matrix method (TMM) and
a commercial software package Optilayer. This can be
an effective way of evaluating ageing processes in every
particular case.

In our case we deal with porous silicon Fabry—Perot
resonator, the scanning electron microscopy (SEM) mi-
crophotograph of which is shown in Fig. 1. Layers
with different porosity can be clearly distinguished.
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Fig. 1. SEM micrograph of porous silicon multilayered structure.

The porosity alternation gives the periodic change of
medium effective refractive index. Spectral character-
ization (Fig. 2) of the sample shows blue shift of the
whole spectrum comparing the as-prepared to aged con-
dition. Also a cavity resonance, observed inside the
“forbidden” band, becomes less expressed and wider.
For numerical analysis of the structure we have cho-
sen transfer matrix method [8, 9], which is mostly used
for solving one-dimensional photonic problems. The
idea is to describe each layer with a 2x2 matrix, which
comes from boundary conditions for electromagnetic
field. The product of matrices can be considered as an
operator describing the effect of the whole structure on
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Fig. 2. Measured spectral characteristics of porous silicon Fabry—
Perot resonator. As-prepared and aged states.

electromagnetic field. In the case of one layer we will
have:
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where ny, n1, nt are refractive indices of media through
which passes incident, in-layer, and transmitted radia-
tion, respectively. FE denotes an electric field in cor-
responding media, k is a wave number, d is the thick-
ness of the layer, and A is a wavelenght at which the
reflectance is calculated. The 2x2 matrix shown above
is the transfer matrix of the ith layer, later it will be de-
noted as M;. Now in the case of multilayered structure
we will have M = My - My -. . .- My, which is transfer
matrix of the whole structure. After introducing the re-
flection and transmission coefficients r and ¢, it can be

written:
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Table 1. Refractive indices calculated in non-dispersive
case using the Bruggemann equation.

€ em d,nm f Eeff n

93 0.505 4.71  2.17

1282 1 173 0.795 1.80 1.34

Finally, the reflectance R is given by R = |r|2. The
relation between porosity and the effective dielectric
function can be approximately described by the Brugge-
mann equation:

€ — Eeff

EM — Eeff
_ — =0 4
€ + 2€cff “)

EM + 2€eff

where the quantity f indicates the volumetric fraction,
€ and ey are the dielectric functions of Si and of the
embedding medium (air), whereas e.¢ is the effective
dielectric function of porous silicon.

Initially we analysed the as-prepared case. Know-
ing the porosity of each layer we calculated refractive
indices (Table 1) according to the Bruggemann equa-
tion and later the reflectance spectrum. The problem
was simplified by taking only real part of the complex
indices of refraction (/¢ = n* = n and k = 0).

We examined both the dispersive and non-dispersive
case (Fig. 3). Porous silicon dispersive properties were
assumed to be brought about only by silicon. The dis-
persion of silicon was assumed to have an exponential
form. There is almost no difference between both men-
tioned cases at longer wavelengths. However, on the
blue side of spectrum discrepancies are much larger, as
dispersion curve begins to steepen. In the dispersive
case the position of the calculated resonance peak is in
good coincidence with the measured one.

The blue shift observed in the aged structure’s spec-
trum is explained as a feature of oxidation of silicon
(Fig. 1). It is notable that layers possessing higher
porosity oxidize more [10], since higher porosity means
a larger internal surface as well, thus leading to higher
chemical reactivity. The oxidation process seems to be
homogenous, as it has been indicated by RBS (Ruther-
ford backscattering spectroscopy) characterization per-
formed on similar structures [11]. The oxide has lower
refractive index than pure silicon. Thus the oxidation
process changes the effective refractive index of each
layer. In order to account for the influence of silicon
dioxide, we have to consider porous media made of
three materials: silicon, silica, and air. In this case the
Bruggemann equation is

€ — Eeff
€ + 2¢ett

EM — Eeff
EM + 2¢eeff

€int — Eeff
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Fit expression:

n(A) = 3.50 + 6.15 exp(- 1/ 226.34)
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Fig. 3. Spectrum fits made with TMM using non-dispersive and

dispersive models of as-prepared structure. Experimental silicon

dispersion curve [14] (top) and its best fit (expression given in in-
sert).

fH M+ fim=1. (5)

Obviously, volumetric fractions of silicon and air are
lower than initial ones. Mostly the silicon volumet-
ric fraction is changed; porosity (or fraction of air) is
also slightly decreased due to expansion caused by ox-
idation. These two changes have opposite impact on
the spectrum shifting, as the refractive index of sili-
con dioxide is between those of silicon and air. Still,
the blue shift, which occurs due to silicon replacement
with silicon dioxide, is predominating. Taking this into
account in our modelling we analysed only reduction
of silicon volumetric fraction (Fig. 4). The best fits
were obtained by assuming oxide volumetric fraction
for high index layers 0.010, and for low index layers
0.065; for resonant layer it was 0.015. Oxidation of low
index layers affects more the left-hand side of the spec-
trum, while high index layers are more responsible for
the right-hand side of the spectrum. Of course, the reso-
nance peak is mostly susceptible to the refractive index
of resonant layer. Despite large discrepancies on both
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Fig. 4. Degraded multilayer’s spectrum fits made using TMM. Non-

dispersive (above) and dispersive (below) cases. Expression of dis-
persion the same as in Fig. 3.

sides of band gap, the fringes of measured spectrum and
modelled one looks similar.

There is an alternative way of solving such inverse
problems, i.e. the structure reconstruction from mea-
sured scattering data. Several algorithms are currently
developed [12,13]. All of them rely on optimization
methods. The idea is to comprise a function dependent
on measured reflectance and one that has to be calcu-
lated. By searching for a global minimum the structure
is reconstructed, i.e. the refractive index and thick-
ness of each layer can be obtained. There are high
chances to fall into a local minimum during optimiza-
tion procedure as the optimized function depends on
many variable parameters. Such methods still require
good knowledge of initial conditions (assumed refrac-
tive indices and thicknesses) in order to obtain reli-
able results. As an example we have tried commercial
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Optilayer package, where a program designed for anal-
ysis of multilayered structures is included.

First we assumed that thicknesses of layers are as-
grown. In this case, no acceptable fit was obtained. The
modelling results were close to measured ones when
discrepancies in thickness, dispersion of refractive in-
dices were taken (Fig. 5). It can be seen that fringes
coincide except for the resonance peak. The fit can
be regarded as having reliable physical meaning. High
porosity layers undergo greater changes than those of
low porosity. Physically such great changes in thick-
ness could not be expected. Of course, optical proper-
ties of the structure are defined through the layer’s opti-
cal path which is a combination of the refractive index
and physical length (i. e. the thickness). As the model
made on Optilayer was restricted to variation of only
two values of refractive index (for high and low poros-
ity), the optimization algorithm had to change thick-
nesses in order to obtain a better fit of spectrum. We
have made the above-mentioned restrictions to avoid
falling into a local minimum, as allowing the indepen-
dent reconstruction of all layers most often leads to lo-
cal minima and meaningless solutions.

In conclusion, we have demonstrated two different
ways of porous silicon multilayer spectral analysis. It
was shown that a more comprehensive model could
be obtained, once dispersion included. The observed
structure’s ageing was successfully explained by partial
silicon oxidation. By fitting a measured spectrum of
aged structure, we evaluated the oxidation degree of our
structure. Higher porosity layers became more oxidized
than low porosity ones, as expected. Distribution of lay-
ers’ thicknesses obtained solving optimization problem
implies randomness, which stems either from prepara-
tion process or oxidation.
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AKYTO SILICIO VIENMACIO FOTONINIO KRISTALO ATSPINDZIO MODELIAVIMAS
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spektra. Nagrinéti ir kg tik pagaminto, ir oksidavusio darinio atve-
jai. Modeliuojant buvo jvertinta dispersijos itaka atspindZio savy-
béms, parodyta, kad oksidacija spar¢iau vyksta labiau akytame si-
licyje. Oksidacija taip pat lemia atspindZio spektro poslinkj i trum-
pesniy bangos ilgiy sriti.

Santrauka

Pateikti du matematiniai modeliai, skirti tirti vienmacio fotoni-
nio kristalo optines savybes: pernasos matricos metodas ir optimi-
zavimo algoritmas. Jie taikyti nustatant tiriamo fotoninio kristalo
sluoksniy storius ir jy ldZio rodiklius pagal iSmatuota atspindZio



