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Abstract — Integrated optical and millimetric circuits
produced by standard thin film-based technology suffer
from manufacturing imperfections resulting in degradation
of the absorption/diffraction response. Deposition through
rf-bias sputtering is of particular interest in order to design
an optical multilayered (Si and SiO2) filter. Geometrical
imperfections like roughness at layer boundaries however
gradually increase with the number of deposited layers. The
low-pass filter specifications present high sensitivity to the
errors of the exact values of ideal thickness and of ideal
refractive indices. In this contribution, we evaluate the
sensitivity of the specifications with respect to deviation
from the exact values of refractive indices and thicknesses.

I. INTRODUCTION
In optical filtering applications it is very important to
determine the exact fabrication conditions.We analyze a
low-pass filter multilayered structure presenting both i) a
high refractive index nH; ii) a low refractive index nL (see
Fig.2) as reported in [1]-[3]. Due to deviations in the
fabrication process (deposition technique, Fig.1), the
frequency characteristics can be significantly affected. It
possible to reduce the amplitude of roughness below 0.3
nm through the use of rf-bias sputtering[1], but for a high
number of layers the last few layers may present
problems, whereas it is known that low-pass multilayered
(Si and SiO2) filters are very sensitive to the parameters
of the layers (refractive index and layer thickness). The
goal of the present contribution is the analysis of the
actual response of a multilayer (see Fig.2) filter originally
designed from a Chebyshev prototype polynomials in
order to fullfill low-pass specifications (Fig.3); for
simplicity of analysis, we assume that all the refractive
indices are non-absorbing and that the electrical length și
are equal. After this prototype analysis, we perform a 3D
full-wave simulation by using the Transmission Line
Matrix-Integral Equation (TLMIE) method [5-6], where
we vary the refractive index and estimate the Q factor
sensitivity.
II. THEORY
The low-pass filter of Fig. 2 was designed according to
Chebyshev prototype in order to yield the squared
magnitude response of the form
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where TN(x) is the Nth-order (number of layers)
Chebyshev (Fig. 3) polynomial defined by
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Ȧc is the cutoff angular frequency. The filter
specifications for the magnitude response in the passband
and in the stopband are respectively:
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The Chebyshev polynomials (2) can be generated
recursively by:
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Since TN(x)=1 for any N, the squared magnitude response
at cutoff equals 1/(1+h2), and h2 is thus determined from
the passband ripple į1 as
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where the ripple factor has been established [4] for the
ideally terminated multilayer. The required value of N for
given stopband specifications is obtained from (1)-(4) as:
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We observe that the number of the layers depends on the
exact values of the refractive indices of the multilayer, so
it is very important for the sputtering system to define the
exact deposition condition[1] (oxygen-flow rate,
temperature of substrate, total gas flow-rate, total gas
pressure). In Fig.6 we show the variation of N: (a) for a
substrate with a refractive index near the value of Si, (b)
for a layer with a refractive index near the value nL(SiO2).
In the sensitivity of the number of layers we assume
equal optical lengths: nHtH=nLtL, where tH is the thickness
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of the layer with a high refractive index, and tL the
thickness of the layer with a low refractive index. In
Fig.5 we report the variation of the order N with tL by
varying the thickness of tH of 1nm and 0.4 nm, in
accordance with the roughness of the rf-sputtering
technique. By fixing tL more layers are necessary in order
to satisfy the same specifications, in the case of variation
of the thickness tH. Hence, , it is now possible first i) to
evaluate the number of layers N, for a given
specification, and then ii) the exact number N considering
the roughness error. In Fig.7 we report the shift of the
Chebyshev poles for a variation of tH of 1 nm; it is seen
that when the thickness tH increases up to 226 nm, the
minimum number of layers that can satisfy the
specifications increases from N=7 to N=8.
It is also possible to analyze the effect of the sensitivity
by utilizing the ray model[5]: For a multilayer of
homogeneous layers of alternately low and high
refractive indices n3 and n2 and of thickness h3 and h2,
placed between two homogeneous media of refractive
indices n0 and nsub, if we assume P=1 and set (TE
analysis)
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where ș is the ray-angle in the dielectric layers.
The characteristic matrix of one period (t=dh+dL) is
M2 t
pL
i
i
ª
º
 cos E2 sin E3  sin E2 cos E3 »
« cos E2 cos E3  p sin E2 sin E3
p
p
H
L
H
«
».
pH
«
»
cos E2 cos E3  sin E2 sin E3 »
«ipH sin E2 cos E3  ipL cos E2 sin E3
p
¬
¼
L



psub
2 po
po ( M 11  M 12 p sub ) po  ( M 21  M 22 p sub )

2

(13)

In Fig.8,9,10 is shown the sensitivity of the reflectivity
for different values of refractive indices and thicknesses
(normal incidence, no=nsub=1).
III. TLMIE RESULTS
In the TLMIE method the physical structure is enclosed
in a imaginary (rectangular) “box”, whose sides are the
boundaries for the TLM-region (inside) and for the
homogeneous regions (free-space/bulk region), [7]. This
naturally leads to define the cavity-domain for the
calculation of the Q-factor as the aforementioned “box”.
We have:
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where Ȧ0 is the work angular frequency, U is the energy
stored in the multilayered structure integrated on a
period, and WL is the dissipated power given by
Poynting vector Py(x,y,z;t)=EzHx-ExHz.
We observe that the Poynting vector is taken by starting
from a reference plane (Fig.4), and in this case, in order
to evaluate the Q factor for each frequency, we use a
sinusoidal excitations of angular frequency Ȧ0. The
stored energy is evaluated by integrating the density
(E2x+E2z) in the period of excitation and by using the
Boundary Oriented Field-Mapping (BOFM) [6]
approach. In Fig.11 we report the variation of Q factor
and power losses in the case of a seven (Si and SiO2)
layer low-pass filter; it is clear that in the transition band
(middle region) the Q factor shows high sensitivity with
respect to the refractive index (as shown in Fig.6).
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In this contribution we deal with a real problems widely
present in the realization of thin film layer optical filters:
i) the effect of roughness at layer boundaries, ii)
deviations from the exact values of the refractive indices
and thickness, showing how these affect the realization
of optical (Si and SiO2) filters. By using the accurate fullwave TLMIE method we investigate the behaviour Q
factor as a function of optical parameters.
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where UN(x) are the Chebyshev Polynomials of the
second kind. We observe that for the general case the
reflectivity and the transmissivity are given by [5]
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Fig. 1. Cross-sectional photographs in the vicinity of (a) the
substrate and (b) the top surface.
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Fig. 2. Schematic representation of a low-pass multilayer filter
with roughness of amplitude ǻ and n0=1(air).

Fig.3. Classical low-pass filter specifications for the magnitude
response and Type-I Chebyshev magnitude response of order N.

Fig.6. Variation of number of layers N1=N with nsub (a) using
ȜC=1.55 µm, Ȝr=0.08 µm, nH=3.24, nL=1.45, į2=0.20, with nL
(b) using ȜC=1.55 µm, Ȝr=0.009 µm, nH=3.45, nsub =1.45, į2
=0.15.

Fig.4. TLMIE simulated optical low pass filter.

Fig.7: Variation of position of Chebyshev poles for a multilayer
of 7 layers (sufficient to satisfy the specifications). A is the
vector of poles for thickness tL=100nm, th=225nm ȜC=1.565
µm, Ȝr=0.09 µm, nsub=3, nH=3.24, nL=1.44, į2=0.15, į1=0.047;
B is the pole vector related to a variation of tH of 1nm(tH=226
nm).

Fig.5. Variation of number of layers with the thickness tL for
ȜC=1.55 µm, Ȝr=0.09 µm, nsub=3.3, nL =1.45, į2=0.15 (N1 for
th=240 nm, N2 for th=230 nm, and N3 for th=239.6 nm).
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Fig.8. Reflectivity using four Si/SiO2 layers with nH=3.45,
tH=0.4 µm, tL=0.26 µm (R for nL=2, R1 for nL=1.46, and R2 for
nL=2.2).

Fig.11. TLMIE method- Q factor (above) and normalized
power lost (below) of a simulated low-pass optical
multilayered (7 layers) filter. a) tL=100nm, th=225nm, ,
nsub=3, nH=3.24, nL =1.4,b) tL=100nm, th=225nm, nsub=3,
nH=3.24, nL =1.44, c) tL=100nm, th=225nm, , nsub=3,5,
nH=3.34, nL=1.5.
Fig.9. Reflectivity using four Si/SiO2 layers with nH=3.45, nL=2,
tH=0.4 µm, (R for tL=0. 260 µm, R1 for tL=0.266 µm, and R2
for tL=0.27 µm).

Fig.10. Reflectivity using four Si/SiO2 layers with, tL=0.26 µm,
tH=0.4 µm, nL=2 (R for nH=3.45, R1 for nH=3.50, and R2 for
nH=3.40).
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