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The article describes a design of an interference-absorption short-wave cut-off filter
which provides the minimum light transmission in the visible region of the spectrum from
0.65 to 0.78 um and the maximum light transmission in the range 2.0 um to 5.0 um. An
engineering technique for calculation of stressed state and strength of a layered light
filter element under local loading has been developed. Acceptable loadings for a layered
Si—SiO composition on sapphire substrate has been estimated.

Keywords: interference-absorption filter, layered coating, local loading, stresses,
strength.

Hanpysxkennii cran mapysaroro inrepdepenuiiino-adcopouiiinoro GpiapTpy iz JoKadb-
HEM HaBaHTaxeHHaMm. JI.J.Pon’ax, M.B.Marosiivyrx, III.IHayvrkui, I.M.IIpumyaxa,
J1.0.'punv, B.O.BenakoecvKuil.

Onucano KOHCTPYKILiO iHTepdepeHiiiino-a6copOuiiiHOro KOPOTKOXBUIBOIO Bigcikarmuoro
dineTpa, AKuil 3abesneuye MiHiMabHE IPOIYCKAHHSA CBiTJa y BUAUMIiNA objacTi ciieKTpa Bif
0.65 mo 0.78 um i makcumaasHe y GamkHil indpaueproniit obaacti Big 2 1o 5 um. Pospob-
JIeHO iHMKeHepHY MEeTOAUKY PO3PaxXyHKY HaIpy:KeHOr'o CTaHy Ta MiIlHOCTi 6araTolrapoBOro
ejleMeHTa CBiTJOQiNbTPa Tix [Ki€0 JOKAJBLHOTO MeXaHiIuHOTO HaBaHTaKeHHsA. I[IposemeHo
OIIHKY [JOIyCTHMHX HaBaHTa)eHb gaa mapysaroli Si—SiO rxommosunii ma candiposiit
migrgmagii.

Onucana KOHCTPYKIMA MHTeP(HEPEHIINOHHO-a6COPOIIMOHHOr0 KOPOTKOBOJIHOBOTO OTCEKAI0-
urero PUILTPa, KOTOPBIN obeclieunBaeT MUHMMAJbHOE IIPOIIyCKAHNE CBETA B BUIAMMOM obJac-
T crekTpa oT 0.65 mo 0.78 um u maxcumanbHOe — B OamixHel wHMPaAKPACHOH 06JacTH OT
2 mo 5 um. PaspabGorana mHXKeHePHAsA METOOUKA PacueTa HAIPAKEHHOI'O COCTOAHHS M IIPOU-
HOCTU MHOTOCJOMHOrO 3JeMeHTa CBeTOPUIbLTpa IIOJ AeicTBHeM JIOKAJLHOM MeXaHUUeCKoil
HATrPy3KHu. BEINOJIHEHA OIEHKA [ONYCTUMBIX HATPy30K Aas caouctoil Si—Si0 Kommosmuum HA
can()UpPoOBOil MOIJIOMKKE.
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1. Introduction

Interference-absorption short-wave cut-
off filters are used as optical elements for the
range 0.78 um—5.0 um and can be used in op-
tics and spectral studies. In addition, the
aforementioned filters can be also used as a
component of high-power optical devices to op-
erate in the given spectral range. In particular,
interference-absorbing short-wave cut-off fil-
ters serve as output windows of light-emitting
devices. Thereat, the filters adjust the emis-
sion spectra of broadband emitters by trans-
mitting light in the range 0.78 um—5.0 um
and absorbing (reflecting) visible emission.

The interference-absorption short-wave
cut-off filter developed by the authors of
the study [1] (Fig. 1) consists a single-crys-
talline sapphire substrate coated with a
transitional SiO layer. This layer, in its
turn, is covered with the required number
of alternating Si and SiO layers with A/4
optical thickness, and the upper SiO layer is
the thickest. The transparent substrate is
made of single-crystal optical sapphire with
a surface roughness Ra ranges from 8 to
12 nm. The thicknesses of the first and last
SiO layers ranges from 10 to 15 nm and
from 350 to 400 nm, respectively; Si film
layers have a high refractive index. As is
known, the reflection coefficient increases
with the increasing number of layers, and
the odd number of layers has a greater ef-
fect on the reflectivity of the interference
coating than an even number. Therefore,
the optimum number of the Si/SiO interfer-
ence coating layers which meets the require-
ments to the integral transmission coeffi-
cient in the working long-wavelength spec-
tral region ranges between 11 and 13.

The developed design of the interference-
absorption short-wave cut-off filter pro-
vides the integral transmission coefficient
in the visible spectral region (from 0.65 to
0.78 um) less than 2 %, the integral trans-
mission in the spectral region raged from 2
to 5 um on the level of 80 % and more, as
well as long lifetime in extreme conditions.
Moreover, due to high thermal conductivity
of sapphire, the filter for the infrared (IR)
spectrum region can quickly remove heat
from the heating zone, and makes the
height of secondary maxima (higher-order
harmonics) equal in the working IR region
of the spectrum with simultaneous increase
of the integral transmission coefficient in
this region. It also diminishes the integral
transmission coefficient in the visible re-
gion of the spectrum.
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Fig. 1. A fragment of the laminated filter
under local loading.

Al,O5 (sapphire)

Cut-off filtering coatings are designed
using special programs. However, mathe-
matical modelling cannot completely meet
all the required options of the coating.
Therefore, it is supplemented with experi-
mental data in the region of matching lay-
ers of the interference coating, which con-
tacts with a substrate and air. The specified
options of these layers enhance adhesion of
the coating to the substrate, raise the value
of optical transmission and smooth the secon-
dary maxima in the considered spectral re-
gion [2, 8]. Authors mostly focus on crystal-
lization processes of materials for filters [4,
5] and on optical properties of filter coatings
[6], but do not pay appropriate attention to
physic-mechanical properties of multi-layer
coatings used in extreme conditions including
high temperatures and mechanical loadings.
There are several studies of stress concentra-
tion in coated solids near crack-like damages
of coating [7] and substrate [8, 9], as well as
methods for solution of thermal conductivity
problems [10-12] and thermoelasticity [13—
15] for solids with multi-layer coatings.

The presented herein research aims at de-
veloping the engineering technique for cal-
culation of stressed state and strength of
the multi-layer film coating for interfer-
ence-absorption filter under local mechani-
cal loading. In order to obtaining results in
analytical form, the authors developed here
the method of one-dimensional analysis pro-
posed earlier for the two-layer compositions
[16-18].
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2. Modelling

Let us consider the structure element of
the interference-absorption filter (Fig. 1). It
consists of the crystalline sapphire sub-
strate and multi-layer film coating made of
alternating Si and SiO layers with the thick-
nesses hgj and hgjg, respectively. Thereat,
the lower (transitional) A,.-thick layer and
the upper (protective) h,.-thick layers are
made of SiO.

From the viewpoint, we
model upper protective SiO-layer as a bend-
ing plate. At the same time, the operational
compositional N-layer Si—SiO set meets the
Winkler’s hypothesis on proportionality of
stresses and elastic displacements. For sim-
plicity, the sapphire substrate is assumed
absolutely rigid, and the mechanical contact
between the components on the layer inter-
faces is ideal. This composition is loaded
with normal force P (N/m) evenly distrib-
uted along the line perpendicular to the
plane of the figure. Moreover, we assume
the flat deformation state (¢,=0). It should
be studied the stress distribution in the
layer composition of the filter structure and
specified the acceptable local loading.

Taking into account the mentioned above
assumptions, the equilibrium equation for
the coating on the elastic substrate has the
following form [19]:

mechanical

dtu (1)
Dd—xf + kyuy, = P3(x), x €(—o0,%).
Here u, is the component of elastic dis-

placement vector of the middle plate sur-
face; O8(x) is the Dirac function;
D=E_.3/(12(1 - v?)) is the bending rigid-
ity; ky is the coefficient of integral rigidity
for piecewise uniform substrate; E,. = Egq,
V. = Vgijo are the Young’s modulus and the

Poisson’s ratio of the coating material.
The stresses and moments vanish at in-

finity:
d2

” d3u (2)
T2 (5) = 0, D—l(Fes) = 0,
X

D
x

Let us define the coefficient of substrate
rigidity for the multi-layer depth-inhomo-
geneous filter as the value inversely propor-
tional to the total compliance of series-con-
nected layers:
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h/ 2+(N-1)(hgithg,) + hg;+ b, -1
b = dy

y E
110/2 (y)

_ 1 (hsi hsio) hsi,
N—lkESi Esio] Esi Esio

Thus, the boundary problem (1), (2) de-

scribes the required field of wvertical dis-

placements of the coating-substrate/plate on
the elastic layered substrate.

3. Results and discussion

The problem (1), (2) is solved in the fol-
lowing form

P .
w, (%) = Snge‘}‘yM(cos}»yx + sind Jx]), (3)

1/4
where }\y = (ky/ (4D) is the subgrade re-

action ratio” with the dimension inverse to
the length.

The bending moment in the coating cor-
responds to displacements (3):

P ;
M(x) = 4—>\ye‘7‘y‘x‘(cos7»yx — sind,Jx]).
In particular, for the stresses at the bot-

tom base of the coating (y = k./2) we obtain
the relation

5 _6M __3P
== h2 o,

e‘ky‘xkcos}»yx — sind,Jx]). 4

The stresses in the filter layers should
have the form

oy = —kyu, = —g}»ye‘kyhkcos}»yx + sind,lx)). 5

The strength of each layer can be esti-
mated in accordance with the von Mises cri-
terion. Therefore, the strength condition
for the plane deformed coating is as follows

Goq {(1 - v, + V302 + 62) - (6)

9 1/2
-(1+2v, - 2vc)0x0y} < [olsio

for the Winkler multi-layer it has the fol-
lowing form

Opy =0yl < min{[cs]Si, [c]Sio}. (7)
Here [olsgi, [0lsio, are the admissible

stresses for silicon and silicon oxide compo-
nents of the filter.
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Fig. 2. Distribution of normal loadings c, in the coating at the boundary of contacts between the

layers (y = h./2) and o, in laminated filter.
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Fig. 3. Distribution of equivalent stresses in the coating at

The obtained analytical results (4)—(7)
were analyzed for the composition contain-
ing the silicon oxide coating with the pa-
rameters: h, =400 nm, v, = vgjg = 0.17,
E.= Egio = 73 GPa, [0clgio = 110 MPa; the
silicon oxide transition layer with A, =
10 nm and the silicon layer with the pa-
rameters: hg; = 50 nm, Eg; = 131 GPa,
vgi = 0.266, [o]g; = 130 MPa; the silicon oxide
layer with the parameters: kg = 100 nm,
vgio = 0.17, Egio = 78 GPa, [0]5o = 110 MPa.
The number of bi-layers was N =11.

Fig. 2 shows the stressed state of the
composition. The most critical point is x = 0,
y = h/2 for the considered case.

The values of admissible loadings P, were
found from the conditions (6), (7) taking into
account, that maxcseq(x) = Geq(O). In particu-

X
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Yy = h./2 and in laminated filter.

lar, as Fig. 3 shows, 0,,~1.8P/h, for the
coating. Then the maximum permissible dis-
tributed load along the loading line should
have the value

[olsiof
Pi= 1.8
. 106 . . 109
_110-10°-400 - 10 = 94 44N/ m.
1.8
For the plate with the width &=

78.8 mm the total boundary force is F.

P.b = 24.44.78.8.1073 = 1.92=2N.
This value can be essentially increased

taking a wvalue close to the theoretical

strength of silicon oxide instead of [c]lgip =
110 MPa for the nano-layer.
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4. Conclusions

The developed the calculation technique
makes possible to determine analytically the
influence of the relation between geometric
and mechanical characteristics of nano-lay-

ers on the stressed state and the boundary
equilibrium of the interference-absorption
filter.

The principal point in the proposed tech-

niq

ue is the use of strength criteria for all

components of the piece-homogeneous lay-
ered coating.

=
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