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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 SiO,) 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.

1. 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 ny; ii) a low refractive index ng (see
Fig.2) as reported in [1]-[3]. Due to deviations in the
fabrication process (deposition technique, Fig.l), 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 Si0,) 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 6;
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

H(jeo)f = :
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where Tyn(x) is the Nth-order (number of layers)
Chebyshev (Fig. 3) polynomial defined by

T, (x) = cos(N cos™'(x) = cosh(N cosh™'(x))  (2)

®. 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:

Ty (x) =2xT (x) =T}y, (x)
&)
Since Tn(x)=1 for any N, the squared magnitude response

at cutoff equals 1/(1+h%), and h” is thus determined from
the passband ripple 9, 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 n; (SiO5).
In the sensitivity of the number of layers we assume
equal optical lengths: nyty=n; t;, where ty is the thickness
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of the layer with a high refractive index, and t; the
thickness of the layer with a low refractive index. In
Fig.5 we report the variation of the order N with t; by
varying the thickness of ty of Inm and 0.4 nm, in
accordance with the roughness of the rf-sputtering
technique. By fixing t; more layers are necessary in order
to satisfy the same specifications, in the case of variation
of the thickness tj. Hence, , it is now possible first 1) 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 ty of 1 nm; it is seen
that when the thickness ty 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 n; and n, and of thickness h; and h,,
placed between two homogenecous media of refractive
indices ny and ng, if we assume p=1 and set (TE
analysis)

2z
B, = TanH cosby, > B, :27ﬂ-nLdL cos@,> Py =ny, coso,
’pL = nL Cos QL’ psub,o = \/ gsub,o /lu - COs Hsub,a (8)

where 0 is the ray-angle in the dielectric layers.
The characteristic matrix of one period (t=dy+dy) is
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For 2N films we have

M,, (Nt)= [M”
M,,
where
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where Up(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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In Fig.8,9,10 is shown the sensitivity of the reflectivity
for different values of refractive indices and thicknesses
(normal incidence, ny=ng;,=1).

S:

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:
0- a,U
W,

(14)

where o, is the work angular frequency, U is the energy
stored in the multilayered structure integrated on a
period, and W_ is the dissipated power given by
Poynting vector Py(x,y,z;t)=E,H,-EH,.

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 ®, The
stored energy is evaluated by integrating the density
(E*+E%) 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 (S; and S;O,)
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).

IV. CONCLUSION

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 SiO,) filters. By using the accurate full-
wave TLMIE method we investigate the behaviour Q
factor as a function of optical parameters.
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Fig. 1. CI’OSS-SCCtiOIl?lIal photographs in the vicinity of (a) the
substrate and (b) the top surface.

108 12th GAAS® Symposium - Amsterdam, 2004

1 [um]



-p
) 230
g Ny ny e —— n Ny Mgub 510 225
200
175
150
Hl(nsub) 123
I—H +—ﬁ—-" - ——a +E_— ) 1?2
) 30
(a) 25
)
Fig. 2. Schematic representation of a low-pass multilayer filter B 29 I 2% 302 305 3m 31l 34 3@
with roughness of amplitude A and n0=1(air). 288 LY
Eil
ol T = 50
T I i T RSN s
16l . : : 40
TRANSITION EASD
N‘? 35
TS 30
N=8 Hl{nL) a5
e - ~ >
i 15
10
s !
R 0039, g
| | | | | ) ‘_“7__‘—‘:“—_ 0% 092 14 116 128 14 151 164 176 138 2
"y 0z 04 0.6 03 1 12 L4 Lf 0 2
- a K . 1 L
Qi iy
Fig.3. Classical low-pass filter specifications for the magnitude Fig.6. Variation of number of layers N1=N with nsub (a) using
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Fig.11. TLMIE method- Q factor (above) and normalized
power lost (below) of a simulated low-pass optical
\ . multilayered (7 layers) filter. a) t;=100nm, t,=225nm, ,
=3, ny=3.24, n; =1.4,b) t;=100nm, t,=225nm, ny,=3,
ny=3.24, np =1.44, c¢) t;=100nm, t,=225nm, , ny;,=3,5,
ng=3.34, n;=1.5.

Fig.9. Reflectivity using four S;/S;0, layers with ny=3.45, n;=2,

ty=0.4 um, (R for t;=0. 260 um, R1 for t;=0.266 um, and R2 REFERENCES
for t,=0.27 pm).

[1] T. Sato, T. Sasaki, K.Tsuchida, K.Shiraishi, S. Kawakami,

“Scattering mechanism and reduction of insertion losses in

08 03 FEFLECTIVITY a laminated polarization splitter”, Applied Optics, Vol. 33
pp- 6925-6934, October 1994

[2] Rhong-Chung Tyan ,Pang Chen Sun, Axel Scherer, and
Yesha Yahu Fainman, “Polarizing beam splitter based on
the anisotropic spectral reflectivity characteristic of form-
birefringent multilayer gratings”, Optics Letters vol.21,
no.10/May 15 pp. 761-763.

[3] A. Massaro, A. Di Donato, T.Rozzi, “Negative uniaxial
optical behaviour of laminated polarization beam-
splitters” GaAs2002 Conference, Milan, pp.133.

[4] T.C. Chen, “Optimised design of odd-order optical
lowpass and highpass multilayer filters by method of
coefficient matching”, [EE Proceedings, Vol.135,No.2,
April 1988.

[5] M. Born and E. Wolf, Principles of Optics, 6th ed., Ed.:

Cambridge University Press, 1980.
v ; [6] J. Rebel, “On the foundations of the Transmission Line
1910 1esp10 " Laa ot 2ose” 200200 2351107 2™ 2ot 2aee” 2550 2a 0 2™t 2p” Matrix Method”, Ph.D Thesis, Technische Univ.
E = P Muenchen. December1999.
[71 L. Pierantoni, S. Lindenmeier and P. Russer, “A
Combination of Integral Equation Method and FD/TLM
Method for Efficient Solution of EMC Problems”, 27%

0.64

0.16

PORPEIIEIE 200 3¢ W20k BN e a0

Fig.10. Reflectivity using four S;/S;0, layers with, t;=0.26 pm, European Microwave Conf. (EuMC), Jerusalem, Israel, 8-
ty=0.4 pm, n; =2 (R for ny=3.45, R1 for ny=3.50, and R2 for 12 September, 1997, pp. 93
ny=3.40).

110 12th GAAS® Symposium - Amsterdam, 2004



	Welcome Page
	Hub Page
	Table of Contents Entry of this Manuscript
	Brief Author Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Y
	Z

	Detailed Author Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Y
	Z

	------------------------------
	Abstracts Book
	Abstracts Card for this Manuscript
	------------------------------
	Next Manuscript
	Preceding Manuscript
	------------------------------
	Previous View
	------------------------------
	Search
	------------------------------
	No Other Manuscripts by the Authors
	------------------------------

	pagenumber107: 107
	pagenumber108: 108
	blhs: 
	pagenumber109: 109
	pagenumber110: 110


