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Abstract. A coupled thenno-optic multilayer model is introduced to simulate the 
static intensity and polarization response of interference filters with an anisotropic 
central layer. The behaviour of various multilayer structures is investigated under 
different thermal conditions. The numerical predictions show good agreement 
with experimental data. 

1. Introduction 

Multilayer structures have always played an important role in optics. In particular, 
the research towards a digital optical processor has been strongly influenced by the 
investigation of semiconductor interference filters [1-6]. Different filter constrnctions 
as bandpass filters [1, 2], filters with absorbed transmissio11 - BEAT [3] and W-filters 
have been examined [6]. In each of these structures an amount of the incident light 
is absorbed which generates a temperature rise inside the filter and modulates the 
optical constants of the thermo-optic nonlinear layers. To simulate the filter behaviour 
thenno-optic models were introduced [7-9] just considering the transverse heat flow 
approximating a filt~r as a very thin single thermal layer deposited on a substrate 
[7, 8] or as a single self-sustained layer [9]. Good agreement was observed between 
exgeriment and theory [7] although an uncertainty arose due to the speculations about 
the layer parameters. Even filter optimization with respect to the switching parameters 
was reported using a single thennal layer approximation [5, 6]. 
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To incorporate the longitudinal heat flow, multilayer thennal models were introduced 
[IO] as the accuracy of the single layer approximation decreases when considering 
thicker multi- or even monolayer structures. In this way the influence was studied of 
the relative thermal conductivities of the stack layers and of the number of stack layers 
on the temperature rise in spacer [11]. It was assumed that no absorption nor nonlinear 
effects occurred in the stacks as the light intensity was higher in the spacer and as the 
stack layers were thinner than the spacer layers. In all models which have been reported 
up to now only t~1e thermal single thin-layer model was connected to an optical model. 

Although power consumption and speed considerations have pushed the digital opti
cal computing community to the use of fast hybrid devices [12-14] there still remains 
a lot of potentials for multilaycred structures like interference filters. They remain, 
indeed, excellent workhorses in alternative optical processing schemes, e. g. of po
larization based logic. Moreover, modeling the heat dissipation issue in multilayered 
structures will always remain crncial in the design of practical optical components. 

It is the aim of this paper to present a coupled thenno-optic multilayer model which 
co1mects simultaneously an optical anisotropic - i. e. polarization sensitive, multilayer 
model with ·a thermal one. No constraints are imposed on the strncture of the filter 
so that the nonlinearity and the absorption are no longer restricted to the spacer layer. 
The optical part computes the intensity and polarization response taking into account 
the changes of the indices of refraction and of the thicknesses of the filter layers 
during heating. The thermal part calculates the transverse and longitudinal temperature 
distribution inside the filter for structures deposited on a thick substrate acting as a heat 
sink or for self-sustained filters taking convective coollng through outer boundaries 
into account. As an illustration, we simulate the response of interference filters built 
up by an anisotropic mica layer and an isotropic ZnSe layer in the spacer. We will 
also show that the thermo-optic response of an anisotropic resonator gives rise both to 
intensity and polarization bistable loops. Quantitative comparison of these numerical 
simulations with the experimental data have confinned the necessity of considering the 
three dimensional temperature distribution inside the filters, moreover the layers of the 
filter have to be split into a number of thermal sublayers to obtain a correct description 
of the thenno-optic nonlinearity. Finally, our numerical predictions will be compared 
with the experimental results, showing a very good agreement. 

2. The Coupled Thermo-Optic 'Model 

The aim of this paper is to introduce a thenno-optic model that describes the exper
imental observed behaviour of interference filters with an anisotropic central layer. 
Depending upon the thermal parameters and the heat generation in each layer due to 
absorption, a temperature distribution is built up inside the multilayer structure. In a 
similar way a power distribution is created depending upon the optical constants and the 
modulation of these constants due to the thermo-optic effect. These two distributions 
are connected as the absorption is determined by the power distribution and the modu
lation of the optical constants is determined by the temperature distribution. Although 
this results in a similar kind of switching behaviour as for dispersive bistable devices 
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[2, 7], the modulation of the optical constants will not simply be proportional to the 
power flux inside that nonlinear layer. For a multilayer stmcture, this also depends on 
the power flux in the other layers as they detennine the internal heat flow inside the 
whole structure. For this reason the switching behaviour changes dramatically if for 
instance the thermal conductivity of the substrate is changed or if a thennally insulating 
layer is placed in the structure. This means that both the optical response (Maxwell's 
equations) ang the thermal heat flow inside the filter (Poisson's equation) are strongly 
connected and must be treated simultaneously in order to obtain a correct description 
of the filter response. The stationary intensity (polarization) response is found by calcu
lating the transmitted or reflected light for different incident intensities (polarizations) 
while keeping the incident polarization (intensity) fixed. 

To this aim we start by choosing a certain incident intensity and polarization state and 
by assuming that the temperature in each layer is equal to the ambient temperature. 
With a temperature distribution we derive the values of the temperature dependent 
optical constants which allows us to determine the power distribution inside the filter. 
Hence the amount of light absorption in each layer is deduced and the temperature 
distribution can be calculated. This iterative procedure continues as long as both the 
heat flow and the optical response converge to a final steady state. 

In the following sections we introduce an optical and a thermal model to describe 
the stationary intensity and heat flow inside an anisotropic filter. Hereafter we introduce 
different boundary conditions into our thennal model to consider filters deposited on 
a thick glass substrate or self-sustained filters. 

3. The Power Distribution 

The theoretical investigation of the optical properties of bandpass interference filters 
is based on the 2 x 2 Abeles matrix method for the isotropic layers [15] and on the 
4 x 4 matrix method for the anisotropic layers [16]. As the monoclinic mica is cleaved 
according to (001 ), One of the main axes lies perpendicular to the layers of the filter 
[17] (Fig. 1). This means that when the light is addressed nonnally to the filter, both 
the linearly polarized modes within mica propagate along this axis causing a maximum 
overlap between the forward and backward waves in the resonator. As the modes are 
orthogonal, each ·optical beam can be decomposed into two components with the same 
polarization states as the modes . .Doing so allows us to introduce the polarization angle 
\It which describes the polarization dependence of an anisotropic resonator. This angle 
is defined through the ratio of the modules of the orthogonal polarized electric field 
amplitudes: 

IExl 
tan (\It) = jEyj (1) 

The x and y components of the electric and magnetic fields at the boundaries of the 
anisotropic layer are connected by a 4 x 4 matrix Lij which elements depend upon the 
angle of incidence e, the incident polarization state and the 'temperature through the 
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refractive indices and thickness of the layer [18]. This matrix is expressed as [16]: 

L ,/, I: -A/tM ,i,-1 
ij = '!'ikVkle 'l'lj , i,j,k,l=l, ... ,4 (2) 

where tM represents the thickness of the mica sheet, Okl the unit rµatrix and </Jij a 
matrix of which columns are the eigenvectors corresponding to the eigenvalues Ai(i = 
1, ... , 4) of the characteristic matrix Lij found from the biquadratic equation: 

y 

-ZnS 
CJ Cryolit 

~ ZnSe ~ Glass 
E3 MICA ~Substrate 

filter 

type I 

type JI 

z 

type Ill 

Fig. 1. Schematic presentation of the three types of multilayer structures discussed 

The angular dependence is situated in 71 = 1 - n5 sin 2 
( 8) where no represents 

the refractive index of the medium in front of the multilayer, whereas the polarization 
dependence is located in the components of tne pennittivity tensor: en = ni co:;

2 
( <p) +

n~ sin2 (<p), c:22 = ni cos2 (cp)+nf sin2 (<p), c:12 = c21 =sin (<p) cos (cp)(n§-nf); where 
ni, i = 1, 2, 3 represents the main refractive indices of mica and <pis the angle between 
X -axes of the main coordinate system of mica X'Y' Z and the coordinate system XY Z 
connected with the plane of incidence - Fig. 1. The optical nonlinearity is expressed 

dn . 1 (dd.;) . h l by - for the linear thermo-optic effect and f3i = - - for the lmear t erma 
dTi di dT 

expansion (Ti is the temperature rise in layer i): 

dn; 
ni(Ti) = n~l(T=O) + dT Ti 

di(Ti) = ~l(T=O)(l + f3iTi) · 

(4) 
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Here i = 1, 2, .. ., n - 1, where n - 1 is the number of the last layer in the multilayer 
structure and n stays for the semi-infinite medium behind the filter - Fig. 1. Thermal 
expansion ((J = 8 x 10-6 K- 1) is taken into account hereafter only for the mica layer 
[17]. 

This way of calculating the Lij matrix of mica layer in combination with the 2 x 2 
matrix method for isotropic multilayer simplifies the computation very much because 
there is no need of solving numerically the eigenvalue-eigenvector problem. Never
theless, if some absorption is taken into account for the anisotropic mica layer this 
problem could not _be avoided, moreover, in this case the characteristic Eq. (3) should 
be solved in the complex space (a system of two coupled 4th-power equations). 

From the matrix method the optical powers Pi at the entrance (z = Zi-l) and Pi+l 

at the output (z = Zi) of the i 1h layer of thickness ti = .Zi - Zi-l are straightforward 
deduced: 

(5) 

where Eg, and E~ are the electric field components at entrance z = z0 of the multilayer, 

composite of incident and reflected fields. This enables us to evaluate the absorption 
in our thennal model for a Gaussian beam with a radial halfwidth of w: 

(6) 

The z-dependence of the radial halfwidth is neglected as the multilayer structures 
are thin compared to the depth of focus of the incident beam. 

4. The Thermal Distribution 

Our description of the stationary thermal flow is based on an analytical expression of 
Lax for the temperature distribution inside a layer when heated by a source with a 
transverse Gaussian profile [8, 10, 11]. Considering cylindrical symmetry and intro
ducing dimensionless cylindricaT coordinates R = r/w and Z = z/w relative to the 
radial halfwidth of the beam w, Poisson's equation becomes: 

fJ2T(R, Z) 1 8T(R, Z) cJ2T(R, Z) R2 
8R2 + R 8R + 8Z2 = Bie-

where the coefficient Bi is defined as 

Piewiz;_, 
Bi=----

1r KiW 

(7) 

(8) 

The heat flow in the ith layer is described by the thennal conductivity Ki, whereas 
the heat generation is expressed by the product of the attenuation factor and the radial 
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halfwidth of the beam 1-Vi = aiw. Following Calder and Sue [10) the z-dependence of 
the mean attenuation factor CTi is approximated by an exponential function 

(9) 

Lax in [8] obtained an analytical solution of (7) describing the temperature distri
bution inside a single layer as 

CX) [ 

>,2/4 
T:(r z) = j e->-Zc·(.A) + e>-zH·(.A) - B TV·e-wiz.c.__] Jo(.AR).Ad,\ 

i , i i i i 2 w2 _ .x2 
0 i 

(10) 

where Jo is the Bessel-function of order 0. This means that the temperature distribution 
can be found by a straightforward integration when the unknown functions Gi(.A) and 
Hi(,\) are determined by the continuity conditions of temperature and heat flow at the 
interfaces Zi for each .A: 

Following Calder and Sue [10) we introduce new parameters: 

ki = Ki.A/(Wl- .A2
), 

Ti= exp(.AZi), 

(11) 

(12) 

(13) 

(14) 

bi= (ki-1Bi-1Wl-1e-Wi-tZi-l - kiBilVle-WiZi- 1 )F(.A)' (15) 

Ci= (kiBiWie-wizi - ki+1Bi+i Wi+1e-Wi+iZi)F(.A). (16) 

From this point on we shall consider two different thennal situations: self-sustained 
multilayers and multilayers deposited on a thick substrate. These will result in different 
values for Gi(,\) and Hi(,\) in Eq. (10) which we shall deduce in the following sections. 
To calculate the entire temperature distribution all the equations have to be solved in 
every layer. The media surrounding the filter (Fig. 1) are taken as semi-infinite, so that 
the index i in Eqs (11) and (12) changes from 2 up to n - 2 for a self-sustained filter 
and from 2 up to n - 1 for filter deposited on glass (the glass layer has index n - 1). 

4.1. Multilayer Deposited on Substrate 

In the case where a thick glass plate acts as a heat sink all the created heat is supposed 
to flow to the substrate whereas no heat flows through the outer boundaries (air-first 
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layer and substrate-air) [10]: 

J( 1 0T1 I = 0 ,· 
OZ Z=Z1 

(17) 

(18) 

Making use of (12) and (17), we obtain Ci, i = 1, . . . , n - 2 in terms of H;: 

i 

Ci= ~. L)kj(r]_ 1 - r])Hj - bjTj-l] + rL 1Ih 
i j=l 

(19) 

When we finally substitute Ci into the other boundary conditions (11) and (18) we 
obtain a set of n - 1 algebraic equations for determining Hi: 

4.2. Self-sustained :Multilayer 

In the case of filters without substrate no layer acts as a heat sink and the created 
heat diffuses due to convective cooling through the outer boundaries. The continuity 
conditions at the outer interfaces z1 , Zn-I (the boundaries air-first layer and the last 
layer-air) are 

8T1 I K1 OZ = hT1lz=z1 

Z=Z1 

OTn-11 -Kn-1 a;-
z=z,._, 

(21) 

(22) 

where h is the coefficient of thermal convection on the air-first (last) layer boundary 
(z = z 1,n_ 1). Using (12) and (21) we obtain Ci in terms of H( 

Ci = L { k1 ( qH
1
/ bi - riJii) 

(23) 



150 K. Panajotov, T Tenev, R. Peyeva et al. 

Substituting Gi in the rest of the boundary conditions (11) and (22) a set of n - 1 
algebraic equations is obtained to find I·h 

(24) 

In this way the temperature distribution inside a multilayer stmcture heated by its 
own absorption of a part of light from a Gaussian beam is found by an integration 
of Eq. (10), while finding at each step of integration through .A the quantities Gi(.A) 
and IIi(A) from Eqs (19) and (20) for multilayer deposited on a substrate, and from 
Eqs (23) and (24) for a self-sustained multilayer. 

5. Numerical Simulations 

To find the stationary response for an incident beam with power Po and polarization 
angle \ll 0 the iterative procedure explained in the first section is now straightforward 
applicable. This procedure has been executed on interference filters built up by two 
spacer layers surrounded by four pairs of quaterwave layers forming the reflecting 
mirrors with the following stmcture: (HL)4 ZnSeM (LH)4 . The spacer consists besides 
mica (M) of a ZnSe layer as the absorption coefficient of mica is too low for heating the 
filter sufficiently. The high reflection stacks are made of four pairs quarter wave layers 
ZnS (H) and Na3AlF6 or cryolite (L) evaporated for a wavelength of .A*= 0.735 /llTI. 

The optical and thennal constants of the filters are given in Table 1. Note that in the 
third row of Table l the three refractive indices for the mica layer are mica principal 
refractive indices (column 3), while the mica thicknesses (column 5) correspond to the 
three different filters. 

Table I. Optical and thermal constants of the filters sketched in Fig. 1 

Layer Material Refractive Absorption Thickness Temperature Thermooptic 
index conductivity coefficient 

(cm- 1) (pm) (W/cmK) (l/K) 104 

H ZnS 2.2 0 )..* /4n 0.19 0 
L Na3AIFG 1.35 0 >.*/4n 0.19 0 

Zn Se Zn Se 2.6 400 >.*/n 0.19 1.1 

M MlCA 1.596 15 10.0615 - Fl 0.0025 0.122 

1.591 15 23.028 - Fil 0.0025 0.122 

1.56 15 6.658 - Fill 0.0025 0.122 

G Glass 1.52 0 0.01 0 
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The coupled them10-optic model allows us to describe both the longitudinal and the 
transverse heat flow inside a multilayer strncture heated by a focused light beam. In 
Fig. 2 the temperature distribution T(z, r) inside the filter II is shown when addressed 
by a vertically polarized beam with a power of Po = 27 mW which biases the filter 
into the bistable region. In Fig. 2a the filter is in a low-transmission state (the lower 
branch of the bistable curve) and in Fig. 2b it is on the upper branch of the bistable 
loop (high transmission state). The peaks of the highest temperature in Figs 2a, 2b 
correspond to the layer of ZnSe where the absorption and therefore the heating takes 
place. The rapid decrease of the temperature behind the ZnSe layer is due to the heat 
flow to the glass substrate through the thin high-reflection stack. In front of the ZnSe 
layer, where the mica layer is situated the temperature decreases even in a steeper way. 
This is due to the much lower value of the temperature conductivity coefficient of mica 
than the one of glass, i. e. mica acts as a thermal insulator. We also observe that the 
longitudinal temperature profile varies significantly over the filter which implies that a 
two dimensional temperature .distribution has to be considered to obtain correct results. 
For this reason we are not able to apply the analytical expressions of the maximum 
temperature rise in the beam center for filters deposited on glass [7, 8] and self-sustained 
filters [9] derived in approximation of the whole multilayer structure as a single very 
thin themial layer. The mica sheet is rather thick with a low temperature conductivity, 
leading to a significant longitudinal change of its temperature, so that this layer can 
not be considered unifonn when taking into account its thermal nonlinearity (Eq. (4)). 
For proper description of the nonlinear optical properties of the mica layer it should 
be divided in a number of thennal sublayers. 
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Fig. 2. Stationary temperature distribution T(z, r) in filter II for input light power Po = 27 mW 

a) before switching; b) after switching 
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The influence of the number of thermal sublayers Nsub is shown in Fig. 3, where 
we see how the temperature of the ZnSe layer in filter II (after its up-switching -
Po= 25 mW) converges with increasing the number ofsublayers (Fig. 3a). Restricting 
Nsub will result in unstable solutions with our iterative procedure of solving the coupled 
multilayer thenno-optic problem. In Fig. 3b the calculated hysteresis loops are plotted 
for filter II for different number of mica thennal sublaycrs. Increasing the number of 
mica thennal sublayers leads to a shift of the calculated hysteresis loop to higher input 
powers. Convergence is reached at Nsub = 10. 

40 ~(a) 
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Fig. 3. a) Temperature rise T(r = 0) of the ZnSe layer in filter II for Po= 25 mW as a function 
of the number of mica thermal sublaycrs 
b) Intensity hysteresis loops for filter 11 calculated for different number of mica thennal sub layers: 
Nsub = 1, 2, 3 and 5 (dashed lines with growing length of dashes); N.sub = 10 (solid line) 

It should be noted here that the instabilities at the upper branch of the bistable 
curve are inherent to the iterative numerical scheme and the stationary treatment of the 
problem. At each step of the iteration the optical part provides the source of heating that 
is taken stationary and then the optical problem is solved again. Because of the large 
temperature diffusion time of all layers of the multilayer, including the substrate, the 
temperature response is much slower than the fast optical response. This is the reason 
why the numerical oscillations are not observed experimentally. In order to study the 
real dynamics of the thermo-optical flow one should solve the dynamic thermal problem 
introducing the time dependence in Eq. (7), which is beyond the scope of this paper. 

To keep the switching intensities as low as possible it is necessary to present such 
a multilayer structure that the temperature rise inside the cavity is maximum to cause 
maximum modulation of the optical parameters. In order to find out the influence of the 
different thermal conditions we have to compare self-sustained filters and filters glued 
to a glass thermal sink. As the amount of optical absorption in ZnSe layer is strongly 
influenced by the position of this layer we compare the same.filter (HL)4ZnSeM(LH)
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them1al convection in the case of a self-sustained filter (solid curves). It can be seen in 
Fig. 4, that in the self-sustained filter switching will appear for lower intensities (and 
they decrease with decreasing the coefficient of thermal convection h). 

Fig. 4. Intensity hysteresis loops for 
tilter with mica thickness of 20 µm 
calculated for different thermal con
ditions: self-sustained tilter (the two 
solid line curves corresponding to h = 
0.2 W/ em2 K and h = 0.02 W/ cm2 K); 
filter on a glass substrate (dashed line). 
The halfwidth of the Gaussian beam is 
w = 1.5 µm. Number of the mica ther
mal sublayers is taken to be N,,11 1i = 10 
in this and the following figures 
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When modulating the incident polarization while keeping the incident intensity fixed, 
a temperature rise can be obtained in a similar way as for intensity modulation when 
choosing the incident wavelength appropriately. These two ways of modulating the 
temperature and the nonlinear character of the cavity medium bring forward the phe
nomena of both intensity and polarization driven optical bistability. To demonstrate 
pure polarization switching we calculated the transmitted intensity and polarization for 
increasing incident polarization angles while keeping the incident intensity constant. 
In Fig. 5 one can see that both the transmitted intensity and the transmitted polar
ization angle switch at the same incident polarization angle. The intensity hysteresis 
loop (Fig. 5a) is traversed clockwise while the polarization hysteresis loop (Fig. Sb) is 
traversed anti-clockwise. 
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6. Verification of the Simulations 

Finally, our theoretical simulations of the intensity response obtained with the coupled 
thenno-optic multilayer model are compared quantitatively with the experimental data 
for the three different filters in Fig. 6. The thicknesses of the mica sheets, the working 
:vavelengths, the halfwidths of the Gaussian beam and the focusing lengths are given 
m Table 2. 
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0.06 

Fig. 6. Experimental intensity hystere
sis loops for the three filters (solid lines) 
and the corresponding calculated loops 
(dashed lines) 

Table 2. Experimentally observed thicknesses of the mica sheets, the working wavelengths, the 
haifwidths of the Gaussian beams and the focusing lengths for the three experimentally measured 
fi Iters 

Filter Mica 
thickness 

(µm) 

I 10.0615 ± 0.005 
II 23.028 ± 0.005 
Ill G.G58 ± 0.005 

Wavelength 

(nm) 

796.0 ± 0.1 
810.4 ± 0.1 
805.5 ± 0.1 

Gaussian 
halfwidth 

(µm) 

12 
12 
8 

·Focusing 
length 
(mm) 

500 
400 
150 

From Fig. 6, it can be seen that a very good agreement between theoretical and 
experimental bistable loops is obtained for all filters. 

7. Conclusion 
In this paper we have developed a coupled thermo-optic model to describe the behaviour 
of anisotropic multilayer structures. The thermal model allows for the description of 
the stationary heat flow inside such multilayers, i. e. interference filters, with different 
thermal boundary conditions. The heat distribution can be found by a straightforward 
integration after solving a linear set of algebraic equations. It has been shown nu
merically that the longitudinal dependence of the temperature distribution cannot be 
neglected for multilayer structure in general. Moreover, for proper description of the 
thermo-optic response thick layers must be divided in a number of sublayers. A matrix 
method was used to describe the optical response of an anisotropic multilayer struc
ture. The optical part was hence coupled to the thermal part to show how the stationary 
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temperature distribution varies with the Gaussian incident intensity as well as with the 
incident polarization angle. We demonstrated that the optical response of anisotropic 
interference filters is characterized by an intensity bistable loop as well as by a polariza
tion bistable loop. Finally, the model was verified by showing the excellent agreement 
between experimental data and the numerical simulations. This opens new perspectives 
to further investigation and optimization of anisotropic interference filters, focusing on 
the interesting phenomenon of polarization driven optical bistability [19]. Besides, the 
model can be used in the thennal engineering of many other active multilayer devices. 
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