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The smooth tuning possibility of the passband edge in an interference polymer-crystal-
line cutoff filter has been studied. This is attained by using the periodic polymer (L) —
germanium (H) structures of uneven optical thickness, i.e., the systems of the
[(HEC)(L+CT*(H*C) type where H and L are quarter-wave layers of high and low refractive
index, respectively; C in the thickness unequality parameter; &, an integer. The effect of
the C value variation from 0 to 0.3 H on the optical properties of polyethylene-germanium
interference structures have been studied theoretically and in experiment. A method has
been developed to smooth the secondary extremes in the uneven thickness polyethylene-
germanium systems by adding auxiliary polyethylene interference layers.

Hccnemopana BO3MOMKHOCTD ILJIABHON II€PECTPONKIM I'PAHUIILI OTPE3aHUA UHTEeP(hePeHIINOH-
HOI'0 IIOJHMMEp-KpHucTagdandeckoro ¢puiasrpa. OHa 3aKjJmo4yaercad B HCIOJb30BAHNM II€PUOIU-
YEeCKUX CTPYKTYP HePABHOM OIITHUECKON TOJNIIMHEI, T.e. cucreM Buma [(HEC)WLCIH(HLC), rone H
u L — ueTBepTLBOJHOBLIE CJIOM C BBICOKMM M HU3KHUM IIOKasaTejeM mpeaomienus, C —
mapaMeTp HEPaBHOTOJIUHHOCTH, B — Iiejioe uncjao. TeopeTHUeCcKM M SKCIePHUMeHTaILHO
nceJIeL0BaHO BINAHNE M3MeHeHMs mmapaMerpa HepapHoroumuuHoctTH C ot 0 mo 0.3 H na
ONITUYECKNE CBONCTBA MHTEP(PEPEHIINOHHLIX CTPYKTYP MOJUITUIEeH-FepManuii. PaspabGoTan
METOJ CTJIAKUBAHNS BTOPUUHLIX SKCTPEMYMOB B CHCTeMaX IOJUITUICH-TePMaHWil HepaBHOI
ONTUYECKON TOMIMUHLI Jo0aBIeHeM AOMOJHUTEILHBIX NHTep(epeHIINONHLIX CJI0EB M3 IIOJIHU-
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9THUJIEHA.

Theoretically, it is possible to prepare a
multilayer interference system (MIS) com-
prising alternating layers of materials hav-
ing high (H) and low (L) refractive index
(RI) adjusted to any wavelength within the
optical spectrum. This filter type differs fa-
vorably from other types, e.g., from absorb-
ing ones, where the smooth spectral tuning
is hindered in prineciple [1]. The cutoff in-
terference filters made by vacuum evapora-
tion of the H and L layers can be prepared
for any wavelength within UV, visible, near
IR, and intermediate IR ranges (limited
only by the transparence of the materials
used), since the quarter-wave H and L lay-
ers can be deposited for any wavelength.
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As to the polymer-crystalline interfer-
ence systems, the situation is more compli-
cated. Theoretically, there is no problem,
because any layer, including a polymer one,
can be prepared at any thickness. In prac-
tice, however, it is much more complicated
to realize, since the industrial polymer
films such as polyethylene, Teflon, nylon
ones, are produced in limited thickness set
defined by destination thereof [3, 4]. For
example, only 12 and 20 pm thick nylon
films are produced. Teflon films are avail-
able in a somewhat wider thickness set,
namely, 5, 6, 8, 10, 15, and 20 um. This
facilitates the work but also restricts sig-
nificantly the smooth tuning potential of
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the cutoff edge by using the quarter-wave
layers differing in thickness. The polyethyl-
ene films are produced in even wider thick-
ness assortment, but it is impossible to se-
lect the necessary film for each specific mul-
tilayer interference filter, when tenths and
even hundredths micrometer fractions are of
importance. As to filters for A < 100 um, the
polyethylene film thickness set is too re-
stricted at all [5].

A number of tasks can be attained using
even such a limited thickness set. In our
case, however, it is sufficient only to pro-
vide in principle a solution of the problem
concerning the preparation of a polymer-
crystalline filter (PCF). For a wide practical
application, it is necessary to have a possi-
bility to prepare a PCF for any wavelength;
otherwise, one of the fundamental MIS ad-
vantages over other filter types will be lost.

In this work, a fundamentally new ap-
proach to the smooth cutoff edge tuning of
an interference PCF is studied. It consists
in the use of a periodic structure of uneven
optical thickness [6], ie., a
[(H+C)(L+CI*(H+C) type system where H
and L are quarter-wave layers of high and
low RI, respectively; C is the thickness un-
equality parameter; k, an integer.

At present, the interference a periodic
structure of uneven optical thickness have
no wide practical application. Perhaps this
is due to the fact that such systems are of
a little interest for UV, visible, near and
intermediate IR spectral regions well mas-
tered to date. In the mentioned spectral re-
gions, the traditional quarter-wave systems
can be used to tune the cutoff edge, because
the interference layer of high and low re-
fractive indices can be prepared for any
wavelength in the course of deposition (ther-
mal, electron-beam, ete.). It is just the quar-
ter-wave systems that are best ones for the
formation of the cutoff filter spectral charac-
teristic [1]. Moreover, additional technical
difficulties in the preparation of structures
of uneven optical thickness (UOT) are associ-
ated with the necessity to control the non-
quarter-wave layer thickness [6].

For the far IR region, the preparation
process of the uneven optical thickness
structures becomes facilitated when poly-
mer films are used as the low-RI material.
When preparing the polymer-crystalline in-
terference structures, there is no difference
in practice between the control of the UOT
structures and the quarter-wave ones due to
separated thickness control of the H and L
layers, since in both cases, such a wave-
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length can be selected for which the high-RI
material layers would have a thickness mul-
tiple to A/4. The polymer films are control-
led prior to the high-RI films deposition
thereon.

In preparation of such UOT multilayer
polymer-crystalline structures, it is just the
systems where germanium is used as the
high-RI material that are of the most prac-
tical interest. This follows from the study
results obtained for quarter-wave polymer-
crystalline structures. If, for example,
KRS-5 or LiF is used in combination with
polymer materials, at least 11 to 15 layers
are required to set the cutoff edge, because
the RI difference is rather small. The sup-
pression band optical width in such systems
is rather narrow, therefore, it is difficult to
eliminate the background emission therein.

Let us consider theoretically an UOT
structure of the [(H+C)YL+CJH(HZC) type
where the period is constant and even to
A/2. At C =0, such structures are con-
verted into an usual quarter-wave interfer-
ence system. The spectral characteristic of a
system consisting of alternating high-RI
(H) and low-RI (L) quarter-wave layers is a
series of high reflection (low transmittance)
bands separated by high transparence ones.
The high reflection bands are formed in the
spectral regions where the H and L layers
are A/4, 3\/4, BA/4, etc., thick.

In the spectral characteristic of a UOT
structure, at the same period A/2, the high-
reflection bands become narrower and addi-
tional reflection bands appear [6]. Cer-
tainly, the cutoff edge slope changes as well
as the residual transmission in the high re-
flection bands [1]. In this connection, it is
unclear if a UOT system can be an elemen-
tary filter setting the cutoff edge spectral
position and slope. It is to find what are the
uneven thickness parameter C limits provid-
ing the conservation of the UOT system
function as a cutoff filter and what are the
cutoff edge tuning limits in a PCF where the
same polymer film thickness is used. We
have calculated theoretically the optical char-
acteristics in the 40 to 250 um spectral range
for [(H — C)(L + CI¥(H — C) type structures
where a polymer and germanium are used.
The germanium absorption has been not
taken into account in those calculations.

When developing the calculation algo-
rithm for transmission and absorption spec-
tra of the [(H — CXL + C]¥H - C) type
structures, the recurrent approach [1] was
used to describe the optical characteristics
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of a multilayer system. This technique
makes it possible, by using the appropriate
selected generalized parameters, to impart
to expressions intended for calculation of
transmission and absorption a form inde-
pendent of the number of layers in the coat-
ing, that is, to reduce the expressions for a
multilayer coating to those for one layer.
The method used is based on matrix de-
scription of the thin layer characteristics.
For example, the expression for the trans-
mission spectrum can be transformed iden-
tically in such a manner that it will be not
presented as a dependence of the Fresnel
transmission and reflection coefficients at
the layer boundaries and on the phase on-
coming but as a function of matrix ele-
ments of the matrix mj called the interfer-
ence matrix of k-th layer:

2nn,d i 2nn,d
COS % - nL in——Fk| (1)
k
m., =
k ) . 2mnd, 2nn,d,
—iny sin o cos o

where nj, d, are the k-th layer refractive
index and geometric thickness, respectively;
i, the imaginary unity; A, the wavelength
the calculation is made for.

If the interference matrix of a system

consisting of N layers is interpreted as the
product of interference matrices of individ-

ual layers

al 2
M-l @
k=1

then the transmission of that system will be
described in terms of the matrix compo-

nents by the expression
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Fig. 1. Theoretically calculated transmission
spectra at fixed optical thickness of the
structure period for 3-layer Ge-PE-Ge system
(a) and 7-layer PE-Ge system (b) at the thick-

ness unequality parameter values C =0 (1),
0.1 H (2), 0.2 H (3), 0.3 H (4).

4nqyn,
(Myq + ngMyg)ny + Myy + Maon

(3)

T

where ng is the RI of the last semi-infinite
medium, that is, of the substrate. Thus, to
determine the multilayer system transmis-

Table 1. Parameters of a 3-layer Ge-PE-Ge system depending on the thickness unequality pa-

rameter C
C
Parameter 0 0.1H 0.2 H 0.3 H
Cale. Exper.
Max. transmission, T, ., % 100 100 100 100 94
Cutoff edge
MO.5 T, ,.), um 109 107 104 75 74
AMO.1 T, ,..), um 85.5 83 80 57 57
M09 T, . .), um 121.5 119.5 117 85 84
Cutoff edge slope, ¥ 0.7 0.69 0.68 0.67 0.67
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sion, it is sufficient to find the interference
matrix M for the whole system by multiplying
successively m,; and to calculate T using (3).
Fig. 1 presents the calculation results for
spectral characteristics of 8- and T7-layer
systems. The main parameters thereof are
summarized in Tables 1 and 2, respectively.

In Fig. 1(a), shown are the calculated
transmission characteristics for a 3-layer
germanium-polymer-germanium (Ge-PL-Ge)
system (H — C)(L + C)(H — C) at various C
values. It is seen that increase of that pa-
rameter from 0 to 0.3 H results in that the
high reflection region becomes narrowed
and the residual transmission therein in-
creases by about 3 or 4 %. At the same
time, the long-wavelength transparence re-
gion shows some changes. These changes,
although worsening somewhat the spectral
characteristic parameters as compared to
the quarter-wave system (C=0OH), are not so
significant and thus do not exclude the pos-
sibility to use such systems to set the cutoff
edge of a filter.

Fig. 1(b) presents the calculated trans-
mission characteristics for a 7-layer poly-
ethylene (PE)-germanium (Ge) systems
[(H — C)(L + C)]3(H — C) at various C val-
ues. It follows from the Figure that even
the system where the optical thickness of
high-RI layers is only a half of that of PE
ones (C=0.3 H; H=L=15pum) has a
steep slope of the cutoff edge (see Table 2):

AMO0.1T @
X = 20 Mmax) _ g gg,
MO.9T . y)
where T, .. is the maximum transmission;

AM0.1T,,.) and A(0.9T,, ), the wavelengths
corresponding to the 0.17,, and 0.97,, .
transmission levels. For the 7-layer PE-Ge
structures, as well as for 3-layer ones, in-
crease of the C parameter from 0 to 0.3 H
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Fig. 2. Theoretically calculated transmission
spectra of a 7-layer PE-Ge system at the
thickness unequality parameter values C =0
(1), 0.33 H (2), -0.2 H (3), the PE optical
thickness being fixed.

results in that the high reflection region
becomes narrowed and the residual trans-
mission therein increases somewhat; the sec-
ondary extremes in the transparence region
decrease. The result obtained evidence that,
at any studied C values, the 7-layer inter-
ference structures can be used to set the
cutoff edge in a PCF at a sufficiently steep
slope (Table 2).

The curves of Figs. la and 1b relate to
the systems where the C parameter was var-
ied but the optical thickness of the struc-
ture period remained unchanged. The sim-
ple estimations show that, when changing
both C and the structure period, it is possi-
ble, using one and the same PE film thick-
ness, the spectral position of the filter cut-
off edge can be shifted continuously within
a range of about 0.5),, where Ay = 60 um is
the wavelength for which the system is a
quarter-wave one (C = 0). This is provided
by depositing the Ge layers differing in
thickness.

Table 2. Parameters of a 7-layer PE-Ge system depending on the thickness unequality parameter C

C
Parameter 0 01H | 0.2H 0.3 H 0.33H | 0.2 H
Cale. Exper.
Max. transmission, T', ., % 100 100 100 100 72 100 100
Cutoff edge

MO.5 Ty, Hm 93.5 93 92 75 78 67 116

MO.1 Tppy), pm 89.5 89 87.5 71.5 64.5 64 | 111.5

MO T, . ), Hm 95 94.5 93.5 77 77 69 118.5

Cutoff edge slope, 0.94 0.94 0.93 0.93 0.83 0.93 0.94

Functional materials, 12, 1, 2005 31



A.I.Belyaeva, S.N.Kolomiets / Cutoff interference ...

0.8

0.6

0.4

0.2

0.0 e r...~"..| 1 1 1 1 1

A,um

Fig. 3. Calculated (I) and experimental (2)
transmission characteristics of a 3-layer Ge-
PE-Ge interference structure with C = 0.3 H.

Fig. 2 presents the calculated transmis-
sion spectra for a 7-layer PE-Ge system at
C=0(1), C=0.33 H (2), C=-0.2 H (3),
the PE optical thickness being fixed. It fol-
lows from Fig. 2 and Table 2 that, if the PE
film has the unique thickness of 10 um (op-
tical thickness 15 um), then at C =20,
H = L =15 um, the cutoff edge for the 7-
layer PE-Ge system answers to A = 93.5 um.
For Ge layers of 7.5 um optical thickness
(i.e., C = 0.33 H), the cutoff edge becomes
shifted towards short-wave region
(A = 67 um). If the Ge optical thickness ex-
ceeds the PE one, the cutoff ed ge will
be shifted towards longer wavelengths
(L=116 um at C=-0.2 H). It is to note
that the H layers exceeding in thickness the
L ones to a great extent (C >|-0.2 H|) are
not advisable, since in this case, the secon-
dary extreme in the transparence band of a
short-wave cutoff filter become increased,
so those are to be smoothened. Further-
more, in our example, the increased optical
thickness of Ge layers results in an attenu-
ated transmission due to absorption that
shows germanium in the A < 100 um spec-
tral region. Therefore, it is practically fa-
vorable to use the thinner Ge layers as com-
pared to PE ones. Moreover, in systems
where the high-RI layers are thinner than
the low-RI ones, the depth of secondary ex-
tremes in long-wave region from the 1st high
reflection band decreases, thus facilitating
the further forming of the spectral charac-
teristic of a short-wave cutoff filter.

If the 20 pm thick PE film is used, the
cutoff edge of a short-wave cutoff filter can
be shifted from about 140 um to about
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Fig. 4. Spectral characteristics of 3-layer Ge-
PE-Ge interference structures with C = 0.3 H
(1) and C = 0.5 H (2).

200 um by changing the optical thickness of
Ge layers. At the 15 um thick PE film, the
PE-Ge systems overlapping the 100 to
140 um range are also realizable. Thus,
with PE films of three thickness values only
(10, 15, and 20 um), combining those with
Ge layers, the short-wave cutoff interfer-
ence PCF can be realized with cutoff edges
for any wavelength within the A = 70 to
200 um range.

The experimental studies of interference
PCF with layers of uneven optical thickness
were carried out taking the 3-layer and
7-layer systems as examples. The transmis-
sion spectra of Ge-PE-Ge (H — C)(L + C)(H —
C) systems with the thickness unequality
parameter C = 0.3 H (Fig. 3) show a good
agreement between the experimental results
(curve 2) with calculated data (curve 1).
Such a coincidence in parameters for
3-layer Ge-PE-Ge systems has been obtained
at smaller C values, too. It has been found
in experiment that for those systems, a fur-
ther C increase (C > 0.3 H) makes it possi-
ble in principle to form the high reflection
bands, but the residual transm ission
therein increases. For example, at
C = 0.5 H, the residual transmission in the
first high reflection band at the long-wave-
length side is about 15 % (Fig. 4). Never-
theless, the high reflection band width is
large enough even at such C values, so, by
increasing further the number of layers, the
cutoff edge of a short-wave cutoff PCF
could be formed in such structures, too.

Using thin (5 um) Teflon films in combi-
nation with germanium makes it possible to
form the PCF cutoff edge even at A = 40 um
in the uneven optical thickness structures.
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Fig. 5. Calculated (I) and experimental (2)
transmission characteristics of a 3-layer PE-
Ge system with C = 0.3 H.

It is to note, however, that the presence of
an absorption band at A = 50 um in Teflon
does not allow to increase the number of
this material layers due to a significant in-
crease of the absorption intensity. There-
fore, it is feasible to use the Teflon films as
low-RI layers in cutoff PCF with the cutoff
edge at A > 50 um. For shorter-wave range,
only one Teflon layer (i.e., a Ge-Teflon-Ge
trilayer) is to be used. In this case, the
transmission attenuation due to absorption
at A = 50 um is still insignificant.

The spectral characteristic of the pre-
pared T7-layer [(H - C)(L + C)]3(H — C) PE-
Ge structure with C = 0.3 H is presented in
Fig. 5. The actual structure is seen to differ
quantitatively from the calculated data in
the cutoff edge slope that is lower than the
calculated one (Table 2) as well as in that
the secondary extremes in the transmission
region are deformed in part. These quanti-
tatively differences in the transmission
spectra of the 7-layer PE-Ge systems seem
to be explainable by local inhomogeneities
in the PE film thickness resulting in blur-
ring of the secondary extremes, especially
of the 1st interference maximum adjacent
to the high reflection band that is most
sensitive to the thickness errors.

Nevertheless, the cutoff edge slope val-
ues (y = 0.83) attained in the 7-layer PE-Ge
system (Table 2) are high enough, thus,
such structures are of good prospects in the
cutoff edge setting of a short-wave cutoff
filter. It is to note that the cutoff edge
slope values of about 0.83 have been at-
tained in the spectral region of A =70 to

80 um where the all known filter types are
of low efficiency. As to the relatively far IR
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Fig. 6. Spectral characteristics of non-opti-
mized (1) and optimized (2) 3-layer Ge-PE-Ge
cutoff structures with C = 0.3 H.

region (A > 100 um), the UOT systems allow
to expect even higher cutoff edge slope val-
ues due to the fact that thicker PE films
exhibit lower relative local thickness inho-
mogeneities.

Now let us consider the problem of the sec-
ondary extreme smoothing in the transparence
band of a short-wave PE-Ge cutoff filter. A
specific feature of the [(H — C)L + O)]*H - C)
structures consists in that the extremes are
smoothened in part therein as compared to
the quarter-wave ones [2]. Therefore, the
structures where the low-RI layers exceed
the deposited high-RI ones in the optical
thickness are of a practical interest for the
cutoff edge setting. The studied have shown
that a method similar to that used to opti-
mize the cutoff interference filters with the
quarter-wave layers can be applied to the
UOT systems. To that end, the spectral
characteristic of the prepared system is to
be recorded, the transmission minimum
spectral position is to be determined, and
additional PE interference layers are to be
added. The additional layer optical thick-
ness should be A’/4, where A" is the wave-
length at which the system transmission is
minimum. As an example, Fig. 6 presents
the spectral characteristic (curve 1) of non-
optimized (H-C)L +C)YH —-0) filter
(C = 0.3 H) and that of the optimized sys-
tem (curve 2) made by adding the interfer-
ence PE layer. The optimized system is seen
to exhibit a better performance in the oper-
ating region. The addition of the framing
PE layers results, however, in an increased
residual transmission in the high reflection
band as compared to the systems consisting
of the quarter-wave layers.
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To conclude, the effect of the thickness
unequality parameter C variation from 0 to
0.3 H on the optical properties of PE-Ge
interference structures has been studied
theoretically and in experiment. The smooth
cutoff edge tuning possibility has been
studied for a PE-Ge PCF where the PE
films of one and the same geometrical
thickness are used. The cutoff edge has
been stated to be smoothly tunable within
the spectral range equal to a half of the
wavelength for which the PE film is the
quarter-wave one. In experiment, the cutoff
edge slope x = 0.83 has been attained for a
PCF with uneven optical thickness layers
within the A < 100 um spectral range.
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Binpizaroui iHTepeHn(epeHiiiHl MOoJiMep-KpUCTANIUYHI
0araTomapoBi cHCTEeMH i3 IIJIABHOIO IepeOya0BOI0

TPaHUIlb

A.l1.Bensesa, C.M.Konomieydw

HocaimxeHo MOMKIMUBiCTL IIaBHOI mepebymoBu rpaHulli BigpisanHa iHTepdepeHIifiHOTO
noJsimMep-kpucrajiudoro ¢inprpa. BoHa mnoadarae y BHUKOPUCTAHHI IIepiOAMYHUX CTPYKTYD
HepiBHOI omrmuHOi TOBmMEH, TO6TO cucreM Buxy [(HECWLC1¥(HEC), me H i L — uBepTh-
XBUJIBOBI IlIapy 3 BUCOKUM 1 HM3bKUM IIOKA3HUKOM 3aJIOMJIEeHHsS, C — mapaMeTp HepiBHOTOB-
mIrHHOCTi, B — mine umciao. TeoperuuHo i eKCIEPUMEHTAJIBHO MTOCHIIMKEHO BIJINB 3MiHU
napamerpa HepisHoToBmmHHOCTH C Bim O mo 0.8 H mHa onTuuni Biacrupocti imTepdepen-
HiHUX CTPYKTYP IoJgiermieH-repmaniii. PospobiieHo MeTox 3riajKyBaHHSA BTOPUHHUX €K-
CTPEMYMiB y cucTeMax IIOJieTUJIEeH-TepMaHill HepiBHOI OIITHYHOI TOBIIMHHK JOJABAHHAM JO-

IaTKOBUX iHTepdepeHI[iiHUX IIapiB 3 IoJieTuieHy.
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