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Polymer-crystalline structures
of cutoff type with homogeneous layers
of high refraction index
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Effect of design parameters on characteristics of cutoff and band polymer-crystalline
systems with layers thickness divisible by A/4 has been studied in detail. The polymer-ger-
manium systems have been shown to be of the greatest practical interest. A method has
been developed to smooth the secondary extremes in the transparence band of a quarter-
wave polymer-germanium cutoff filter by introduction of additional interference layers
made of polyethylene. The possibility to form a band type spectral characteristic has been
shown in experiment for polymer-germanium systems in far IR spectral region.

JeTanbHO MCCIETOBAHO BAUSAHNE KOHCTPYKTUBHBIX IIaPAMETDPOB HA XapPaKTEPUCTUKU OTPE-
3QI0IUX U [IO0JIOCOBBIX IOJUMEP-KPUCTAIINIECKUX CUCTEM CO cIoAMU KparHbsimu A/4. Iloka-
3aHO, UYTO HaAmMOOJBINUN NPAKTUUYECKUI WHTEPEC HPEACTaBISIOT CUCTEMbI MOJUMep-repMaHuii.
Paspaboran MeTO[ CriIakKMBaHWUA BTOPUYHBIX SKCTPEMYMOB B IIOJIOCE IIPO3PAUYHOCTU UeT-
BEPTHBOJIHOBOTO OTpe3ariiero GpuiabTpa HOJIUMep-FepMaHUi H00aBIEHUEM [JOIMOJHUTEJIbHBIX
nHTephEPEeHIMOHHBIX CJI0eB M3 IMOJUITHJIEeHA. JKCIePHUMEHTAJbHO [OKAa3aHa BO3MOYKHOCTH
(opMUpOBaHUS CHEKTPAJILHOM XapaKTEePUCTUKU II0JOCOBOTO THUIIA HA CHCTEMAaX IOJHMep-Tep-
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maHui B panexoit UK obsactu cmexrtpa.

A heightened interest in investigation in
long-wavelength infrared (IR) spectral re-
gion being observed today is due first of all
to wide possibilities of such studies in im-
proving understanding of structure for a
wide class of natural and synthetic objects
(such as gases, liquids, solids, plasma, as-
trophysical complexes). The progress in
those fields is defined to a great extent by
advances in perfection of spectral methods,
including the development of long-wave-
length range filters that are obligatory ele-
ments of many instruments such as spectro-
photometers with diffraction gratings and
Fourier spectrometers. Simplified spectral ana-
lyzers using such filters are developed, too.

Polymer-crystalline systems are among
multilayer systems of promise as long-wave-
length range filters. In those systems, poly-
mer films play a ternary part being inter-
ference layers with a low refraction index
(L layers), supports for high-refraction lay-
ers (H layers), and joining glues to provide

620

the optical contact in the multilayer struc-
ture. In this work, effect of design parame-
ters on characteristics of cutoff and band
polymer-crystalline systems with layers
thickness divisible by A/4 has been studied
in detail.

The most important design parameters
defining the spectral characteristics of cut-
off type multilayer interference structures
(MIS) include the refraction indices (RI) of
interference layers and the general number
of the layers [1]. As low-refracting materi-
als, polymer films of polyethylene (PE) and
poly(tetrafluoroethylene) (PTFE) were used
having RIs similar to one another and
amounting n=1.5 within a wide spectral
range including both long-wavelength and
short-wavelength regions [2]. As high-re-
fracting materials, KRS-5, LiF, and Ge were
used. KRS-5 was employed in the spectral
range A < 60 um. In the A =30 to 50 um,
the KRS-5 RI shows some dispersion but the
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change is still small within 40 to 50 um
region, so that the mean n value for KRS-5
in the wavelength interval 40 to 50 um can
be assumed to be of about 2.2.

For LiF, there is a somewhat different
situation. In short-wavelength spectral re-
gion, LiF has a low RI n =1.835 (A= 2 um)
and can be used in combination with high-
refracting materials. For the wavelength
range of 35 to 40 um (it is just the spectral
range where LiF is used in combination with
polymer films), the RI of LiF is high being
about 3. The third high-refracting material
used here is the semiconductor Ge. Some
modifications of that material are used suc-
cessfully within a wide range of IR spec-
trum [1]. Germanium has the highest RI
among the three materials mentioned (n = 4
at A =100 to 300 um) and is sufficiently
transparent in the long-wavelength IR re-
gion (A > 100 pum).

Thus, in combination with polymer
films, the RI ratio of H and L layers varies
from about 1.47 (for polymer-KRS-5 couple)
to about 2.67 (for polymer-Ge couple). In
the polymer-crystalline systems, there are
no massive substrates. Let the structures of
(HL)™H, (LH)™L, and (HL)™ be considered.
Such structures are sets of alternating
quarter-wave low-refracting and high-re-
fracting layers. The increasing RI ratio of
the materials used is known to result in a
broadened high-refraction band of an inter-
ference mirror as well as in an increased
steepness of the cutoff edge of an interfer-
ence filter, the number of layers being the
same.

Fig. 1 presents the spectral charac-
teristic of a quarter-wave KRS-5-PE system
with Aq = 45 pum consisting of seven bilayer
PE-KRS-5 components fused together. The
cutoff edge steepness x = 0.9. At smaller
number of layers, the KRS-5-PE system ex-
hibit a considerable residual transmission in
the high reflection region; that is why those
cannot be used to define the cutoff edge of
an interference filter. For LiF-PE couple,
the residual transmission in the 11-layer
system is less than 5 %. The cutoff edge
steepness is x = 0.85. For Ge-PE systems, a
high cutoff edge steepness ) = 0.85 within
the region of A > 110 um is attained al-
ready in a T7-layer system, the residual
transmission in the high reflection region is
<1 %. Thus, an RI increase of the H mate-
rial in a polymer-crystalline structure al-
lows to attain high wvalues of the cutoff
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Fig. 1. Transmission of a bilayered KRS-5-PE
interference component (1), about 7 um thick
PE film (2) and a 14-layered KRS-5-PE inter-
ference system (3) in the spectral range near
45 um.

edge steepness at smaller general number of
layers. Thus, there is a qualitative consis-
tence with the MIS formation regularities
[1]. As the RI ratio of H and L layers in-
creases, the high reflection band of a poly-
mer-crystalline filter becomes broadened.
For Ge-polymer system, AA/Ay = 0.5 at the
level of 0.1T7,,,, that is of great impor-
tance for the practical applications because
it is much easier to provide the cutoff of
background short-wavelength radiation.

The steep cutoff edge in the polymer-
crystalline filters is more difficult to attain
in experiment as the An of the materials
used increases. For example, while it is
rather easy to provide a PE-KRS-5 cutoff
filter with ¢ = 0.9 (to that end, it is suffi-
cient to prepare a 14- or 15-layered system),
it is essentially impossible to obtain % = 0.9
for the PE-Ge couple, although already 7-
layered system provides y = 0.85. Such re-
sults can be explained by that the require-
ments to local microscale homogeneity of
the optical thickness of the layers increase
considerably as the RI of the H layer rises.
When germanium is used, even minute local
inhomogeneities effect considerably the
multiray interference conditions. A local in-
homogeneity in the optical thickness of the
H layers may arise due to the high-refract-
ing coatings are deposited on a rough sub-
strate surface.

The known data on the metal coating
deposition onto rough substrates [3] show
that the surface of the layer may be
smoothed in the course of its growing.
When a MIS is formed by sequential deposi-
tion of the H and L layers onto a massive
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substrate in a single technologic cycle, even
if the substrate is rough, the interface
roughness may be reduced during applica-
tion of each next layer (of course provided
that the required technological regimen are
met). Thus, the number of rough interfaces
between high-refracting and low-refracting
layers will be limited and will no increase in
essence at increasing total number of
layers.

When multilayer polymer-crystalline in-
terference structures are prepared, each
high-refracting layer is deposited onto a
substrate, so the increasing total number of
layers results inevitably in an increased
number of rough interfaces. As the RI of
the layer material rises, the introduced
error should also rise, thus resulting in con-
siderable deviations when germanium is
combined with polymers. It is to note that
as the wavelength increases, the deviations
in the MIS optical characteristics due to the
surface roughness become smaller, since the
wavelength ratio to the inhomogeneity size
increases. As a result, it is much easier to
prepare polymer-crystalline interference
structures for the A > 100 um spectral re-
gion than for A < 100 um one.

It is expedient to draw some practical
conclusions from the above consideration.
First of all, it is unnecessary to increase
excessively the layer number, but it is to
proceed from specific requirements to the
spectral characteristics of a filter to be pre-
pared. For the polymer-germanium couples,
the cutoff edge steepness values of 3 = 0.85
at A= 100 um are attained in 7-layered sys-
tems. Such systems are effective elementary
components to define the ) values for fil-
ters in long-wavelength IR region. In some
cases, when the cutoff edge must not to be
very steep, even a 3-layered Ge-polymer-Ge
system where the residual transmission in
the high reflection region is T < 2 % can be
used successfully to solve practical prob-
lems.

Of highest practical interest are short-
wave cutoff filters, i.e., the systems having
a high transmission in the long-wavelength
region and a low one in the short-wave-
length range. In multilayer structures con-
sisting of alternating high-refracting and
low-refracting quarter-wave layers, there
are secondary extremes in the high tran-
sparence region. The spacing of those ex-
tremes depends on the total number of lay-
ers in the system and on the RI values of
the substrate and the second boundary me-
dium [4]. The extreme depth is defined by
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the RI relationship between the substrate
material and H and L layers. To smooth the
secondary extremes in the long-wavelength
region, the A/8 layers of high-refracting
materials are used. To improve the smooth-
ing, more sophisticated methods are em-
ployed, e.g., a series of layers with RI dif-
ferent from those of the H and L layers are
included in MIS [5].

In a polymer-crystalline cutoff filter,
there is no substrate, therefore, if the layer
thickness deviations are insignificant, the
secondary extreme depth depends on the RI
ratio (ny/ng;) of the materials used. When
the PE-KRS-5 combination is used, the at-
tenuation in the transparence region due to
the secondary extremes does not exceed
10 % in practice. As the ny/ny increases,
the extreme depth rises, so that for the
polymer-Ge system, there are valleys in the
operating range exceeding 30 or 40 %. This
is inadmissible in practical applications. It
is to note that in far IR region, those ex-
tremes occupy a rather wide spectral region
due to large A values. Therefore, to improve
the transparence within several (even at
least one) minima is of interest. As it is
just the polymer-Ge interference structures
that exhibit the optimal characteristics in
far IR range, let the potentialities of the
secondary extreme smoothing be considered
taking just those systems as examples.

The studies have shown that in a poly-
mer-Ge cutoff filter, the secondary ex-
tremes can be smoothed by adding framing
PE layers to the MIS. Even a 3-layer Ge-
polymer-Ge system can be used in some
cases as an elementary interference filter
defining the cutoff edge. In the 3-layered
system, one transmission minimum occupies
a range of about 2A;, where A, is the wave-
length for which the H and L layers are
quarter-wave ones. An improved transmis-
sion in the operating range for the above
system can be attained by adding two fram-
ing PE films having the optical thickness
A*/4 where A" is the wavelength correspond-
ing to the minimal transmission (see Fig.
2). Such framing can be added after the
3-layered system is prepared and its spec-
tral characteristic is recorded. The framing
PE films with a thickness different from
A*/4 smooth also in part the spectral char-
acteristic, but as small deviation from A*/4
as for example 10 % causes a considerable
drop of the cutoff edge slope

In a 7-layered polymer-Ge interference
system, several deep extremes exist within
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Fig. 2. Transmission of a 3-layered Ge-PE-Ge
interference system in the spectral range near
90 um (I) and of the same system provided by
framing PE layers of A*/4 thickness (2).

the operating spectral region. Those can be
also smoothed effectively by adding the
framing PE layers. Those films should have
the optical thickness of A**/4 where A" is
the wavelength of the second transmission
minimum, reading from the high-reflection
band (Fig. 3). The additional framing PE
layers in the 7-layered polymer-Ge interfer-
ence system make it possible to obtain a
cutoff filter for the far IR region with the
transmission of 70 to 80 % in the operating
range. The cutoff edge steepness is about
0.85, thus, these systems are of promise for
practical applications.

The physical mechanism of the extreme
smoothing in the spectral characteristic of a
multilayer interference filter due to fram-
ing PE films is associated with the "clarifi-
cation” of the system. A MIS in the high
transmission region can be presented as a
single layer with the equivalent RI, Negs
that can be calculated [6] as

, (N +Dng+ (N -1ng

= , @)
"ea = (N + Dng + N - Dng H'E

where N is the number of layers in the
system. At N — oo, n2 =ngnp. As the ngy
and n; values for Ge and PE in the far IR
(A =100 um) are 4 and 1.5 [2], respectively,
we obtain ng‘g) = 2.8 and ngg) = 2.6 for 3- and
7-layered Ge-PE systems, respectively. It is
known from the antireflecting practice that
the optimum results in reduced reflection loss
for a surface with the RI value n are attained
when coating films with RI n,, =vn are
used. In our case, the films with ng?(’l) =1.67
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Fig. 3. Transmission of a non-optimized
(HL)H polymer-Ge system (1) and of an opti-
mized one (2).

and ng) = 1.62 should be used to attain the

best results. It is known, however, that a
considerable reduction of reflection can be
provided also at RI values close to the opti-
mum ones; this is the case of additional PE
layers in the polymer-Ge systems.

It is to note in particular that the pro-
posed method of the secondary extreme
smoothing by additional framing PE layers
can be used also to correct the whole spec-
tral characteristic of a polymer-crystalline
cutoff filter. The MIS are very sensitive to
deviations in the layer thickness. In this
case (especially when materials with consid-
erably differing RI values are used) the val-
leys in the transparence region become more
pronounced and the spectral positions of the
secondary maxima may change, too. By add-
ing the framing PE layers performed taking
into account the actual arrangement of the
transmission minima (that can be deter-
mined precisely as the spectral charac-
teristic of the prepared quarter-wave sys-
tem is recorded), the error can be corrected
(partially compensated), thus reducing re-
jects in manufacture of the interference
components. This simplifies significantly
the preparation process of a polymer-crys-
talline cutoff filter, since it is not necessary
to study in detail the structure features of
PE films in order to provide reliable weld-
ing. Even if the elastic strain threshold is
exceeded and the optical thickness of the
PE layer is changed due to that fact, the
error introduced can be compensated in part
at the next preparation stage of the cutoff
filter.

The most important spectral charac-
teristics of a band interference filter in-
clude the maximum transmission in the
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transparence band, the transmission in the
background region within the short-wave-
length and long-wavelength ranges adjacent
to the transparence band. As to the back-
ground, of greatest interest is the width of
suppression bands and the residual trans-
mission in those bands of an elementary in-
terference system defining the spectral posi-
tion of the transmission band. As the sim-
plest band type structures, considered are
symmetrical polymer-crystalline structures
consisting of alternating quarter-wave H
and L layers separated by A/2 divisible
high-refracting or low-refracting layers.

Only systems where germanium is used
as the high-refracting material are of prac-
tical interest as band filters. Due to high RI
ratio of H and L layers, even a 3-layer Ge-
polymer-Ge system where the quarter-wave
Ga layers act as mirrors is suitable to be an
elementary one defining the spectral posi-
tion of the transmission band. The spectral
characteristic of a 3-layer Ge-PTFE-Ge in
the A = 120 um range is presented in Fig. 4.
In the transparence band maximum, the
transmission of that system is about 75 %,
the half-width AA/Ay = 0.1A,. Even in a 3-
layer Ge-polymer-Ge system, suppression
bands are formed in short-wavelength and
long-wavelength ranges adjacent to the
transparence band that are sufficient to
combine it with cutoff systems. The short-
wavelength band is about 0.3%, wide, the
long-wavelength one, about 0.24,, the resid-
ual transmission is about 5 % . The framing
mirror thickness deviations from A,/4 cause
an increased residual transmission in the
suppression bands and a reduced tran-
sparence maximum in the transparence
band.

A combination of short-wavelength and
long-wavelength cutoff filters may be an al-
ternative of good prospects in formation of
the band type spectral characteristic within
the long-wavelength IR region. In this case,
considerably advantages can be attained as
compared to systems containing central lay-
ers divisible by A/2. First, in this case, the
suppression bands in both short-wavelength
and long-wavelength bands adjacent to the
transparence one are broadened. Second, it
is possible to vary in a smooth manner the
transparence band half-width within wide
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Fig. 4. Transmission of a Ge-PTFE-Ge band
filter.

limits. This alternative makes it possible to
prepare both narrow-band and wide-band
systems.

Thus, the dependence of optical proper-
ties on design parameters has been studied
in experiment for cutoff type quarter-wave
polymer-crystalline structures. The poly-
mer-Ge systems have been shown to be of
the greatest practical interest. A method
has been developed to smooth the secondary
extremes in the transparence band of a cut-
off type quarter-wave polymer-Ge filter by
adding PE interference layers. The possibil-
ity to provide a band type spectral charac-
teristic in the far IR region has been dem-
onstrated in experiment on the polymer-Ge
systems.
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ITonimep-KpucCTANiYHI CTPYKTYPH BiIpi3arouoro THUILY
3 OJHOPITHUMH IIapaM¥M BMCOKOTO NOKAa3HHUKA
3aJOMJIEHHS

A.I.Bensesa, C.M.Konomieydw

JeTanbHO JOCJiKEeHO BIJIMB KOHCTPYKTUBHUX IapaMeTPiB Ha XapaKTePUCTUKMU Biapisa-
IOUMX i CMYTrOBHUX IOJiMeD-KPUCTAIIUHUX CHUCTeM i3 mapamu KpaTHumu A/4. IlokasaHo, 1mo
Ha#OiMIbIIUM IpaKTUYHUN iHTepec MpPeACTaBJIAITL CUCTEeMU MoJiMmep-repMmaHiii. Po3pobieHo
MeTOJ 3IJIaAKyBaHHA BTOPUHHHUX BKCTPEMYMiB y cMy3i mIpo30pocTi YBEPTHXBUJIHOBOTO
Bizmpisarouoro (isbTpa moaimep-repMaHiil fogaBaHHAM JOJATKOBUX iHTepepeHIiAHUX MmIapiB
3 moiieruyeHy. EKcIepuMeHTAJbHO IIOKA3aHO MOMKJIUBICTH (OpMyBaHHA CIEKTpaJbHOL
XapaKTepUCTUKU CMYTOBOTO THIY HA CHCTeMax IoJimMep-repmaHiii B gamekiit IY obGimacti
CIeKTpa.
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