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Abstract—A narrowband reflection and/or transmission filter made
of heterostructured multilayer with two different ultrathin metallic
films is proposed. The multilayer structure is a cascaded system that
is formed by using two narrowband reflection-and-transmission filters.
Each individual filter is made of an ultrathin metal film in front of
a planar Fabry-Perot resonator. Using the transfer matrix method
in a stratified system, the optical filtering properties are theoretically
investigated and analyzed. It is found that the reflection peak at the
design wavelength in the original individual filter becomes a dip in the
heterostructured filter. The role played by the stack number of Bragg
reflector in the design of narrowband filter is also clearly elucidated.
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1. INTRODUCTION

It is known that a common dielectric multilayer narrowband
transmission filter or Fabry-Perot filter (FPF) can be designed and
achieved by inserting a defect layer in a Bragg reflector (BR).
The structure of this FPF with a central defect L is denoted as
Air/(HL)N L(HL)™N /Air, in which the number of periods is N, and H
and L are respectively the high- and low-index (ng and ny,) of dielectric
layers with optical thickness being equal to the quarter-wavelength, i.e.,
ngdg = nrdp, = A\o/4, where \g is the design wavelength, and dg, dy,
are the physical thickness of H and L, respectively. The location of
the transmission narrowband is usually designed to be in the vicinity of
center of the high-reflectance band. A narrowband FPF can be used
as a frequency-selective filter which is an important device in signal
processing. It can also work as a demultiplexer for the wavelength
division multiplexing (WDM) systems. The related optical properties
for such a multilayer FPF are well described in an excellent book of
electromagnetic waves [1].

The above-mentioned typical FPF is all-dielectric, i.e., all the
constituent layers are dielectrics. In addition, the total number of
layers in the whole system is generally very large because the number
of periods in the BR should be sufficiently large for the purpose of
producing the so-called high-reflection band, or the photonic bandgap
(PBG). The BR with large number of periods is, in effect, also
referred to as a one-dimensional photonic crystal (PC). Thus, with
a large total number of layers in a typical FPF, it is difficult to
monitor the multilayer coating experimentally. In order to reduce the
number of periods in the constituent BRs, a new design of multilayer
narrowband filter with a small number of periods and an ultrathin
metallic film is proposed and now is feasible [2-8]. For instance, a
filter structure like Air/Cr(LH)™ 2L (HL)™?* H/Sub, that is made of
an ultrathin metallic film, Cr, in front of an FPF, i.e., is depicted
in Fig. 1 [6-8], where the numbers of periods of the BRs are my
and meo. In addition, H and L are again the quarter-wavelength
layers of the high- and low-index materials, and Sub is the substrate.
This structure is a narrowband filter that can be in both reflection
and transmission because it exhibits simultaneous peaks in both the
wavelength-dependent reflectance and transmittance at the design
wavelength. To attain the peaks in the reflectance and transmission,
three specified conditions should be satisfied. First, the thickness
of Cr must be ultrathin and much less than the design wavelength,
ie, d <€ Ag. Second, the complex-valued refractive index of Cr,
ncy = nr — jny, must have the comparable real and imaginary parts,
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i.e., ng ~ ny. Third, the numbers of periods of two BRs will be
limited to my < ms. Although, due to the substantial absorption in
the metal film, neither the reflectance can reach so high as that of in
a PC nor the transmittance is equal to one as in a usual FPF; such
a kind of filter possesses a unique feature of the simultaneous peaks
in the reflectance and the transmittance as well. A filter with such
a property is promising for the optical applications. For example, in
the optical signal processing one can use one channel as a reference
signal and the other as a probing signal. It can also be used as a color
decoration device because the colors in the reflected and transmitted
light are similar.

On the other hand, in order to get a wider photonic bandgap
in a one-dimensional photonic crystal, the heterostructured photonic
crystals have been proposed and investigated recently [9-13]. The
heterostructure formed by cascading two PCs is proven to be able
to enlarge the PBG. With the idea of photonic heterostructure,
in this paper, we try to investigate the filtering properties for a
heterostructured narrowband filter formed by cascading two structures
in Fig. 1 with different metal films such as Cr and Fe. The optical
reflectance, transmittance, and absorptance will be calculated by
making use of the transfer matrix method (TMM) [14]. Discussion on
the filtering properties for such a heterostructured narrowband filter
will be given.

2. BASIC EQUATIONS

The heterostructured narrowband filter to be considered in this paper
is Air/Cr(LH)™2L(HL)™ H Fe(LH)™2L(HL)™2H/Sub, which can
be viewed as a system cascaded by two subsystems shown in
Fig. 1. According to TMM, the transmittance and reflectance can

Sub

CrLH"'LHZLHL"'HLH/
T

»—\:U/ :::?

<—1m mze‘

Figure 1. A structural diagram for the narrowband reflection and
transmission filter, in which an ultra thin metallic film, Cr, is deposited
on an FPF which is made of a low-index layer, 2L, sandwiched by
two Bragg reflectors with numbers of periods denoted by m; and
mg, respectively. Here R and T are the optical reflectance and
transmittance, respectively.
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be determined by the matrix of the entire system given by

_ ( My Mo
M= < My My )

= Dy 'Mcy (M Mpy)™ Myp, (Mg Mp)™ My My (M Mg)™

Mar, (Mg Mp)™ My Dsupb, (1)
where the layer matrix in each layer is given by
M, = D,P,D; ", (2)

with £=Cr, L, H, 2L, and Fe. Then the reflectance R and
transmittance 7" are determined by two matrix elements M;; and Mo
and are expressed as

Moy |?
R= |22 3
Mo, (3)
T Tigub COS O | 1 2 (@)
Nair COS Oair | M1

The absorptance A, which is defined as the fraction of energy dissipated
in the metallic films, is then given by

A=1-R-T. (5)

If the temporal part, exp(jwt), is taken for all fields, then the
translational matrix in Eq. (2) for each layer is expressible as

it 0
&—<O €W>, (6)
where the phase parameter is

2mwd
b¢ = kyzpdp = %ne cos 0y, (7)

where the z-direction is the normal direction of the system. In
addition, the dynamical matrix in each layer is defined by

1 1
Dy = ( ngcosy —nypcosby > ’ (8)
for TE wave, and
([ cosBy cosby
D= (R ), ©

for TM wave, respectively. The incident angle is 0,;;, while the ray
angle in each layer can be determined by the Snell’s law of refraction.
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Before we present the numerical results, let us mention TMM
in dealing with the optical reflection and transmission in a one-
dimensional stratified medium. Eqs. (1)—(9) derived by Yeh [14] have
been widely employed not only for the usual material but also for recent
metamaterials [15]. In fact, there is another elegant version of TMM
called Abeles theory [16,17], which is also familiar in the community.
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Figure 2. The wavelength-dependent reflectance (a), transmittance
(b), and absorptance (c) in the normal incidence. The black curve is

for Filter-1, while the red is for Filter-II (red).
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Both methods, in fact, yield exactly the same results in the reflection
and the transmission as well. Using Abeles theory, the formulation for
the current heterostructured filter is also given in the appendix.

3. NUMERICAL RESULTS AND DISCUSSION

In what follows we shall present the numerical results for the het-
erostructured filter, Air/Cr(LH)™2L(HL)"™ H Fe(LH)™2L(HL)™>
H/Sub. For the convenience of comparison, the filter in Fig. 1 is re-
ferred to as Filter-1, while the heterostructured filter is Filter-II. In this
study, the design resonant wavelength is taken to be A\g = 650 nm. For
the metallic layer Cr, a thickness of d = 5nm and an index of refrac-
tion ngy = 3.67 — j4.365 near Ay are taken. For Fe, we use d = 5nm
and nge = 2.88 — 73.37 near A\g. It should be noted that although the
metallic refractive index is wavelength-dependent, it will be a slowly
varying function of the wavelength in the current range of interest [7, 8].
The index of refraction of a metal has a severe variation only near the
plasma frequency (in the ultraviolet region) according to the Drude
model [17]. In the current visible region, the frequency is much less
than plasma frequency. Thus, it is reasonable to assume that the re-
fractive indices of Cr and Fe are constant. Additionally, the indices of
refraction for quarter-wavelength layers L and H are ny = 1.45 (SiO2)
and ny = 2.17 (TiOg), respectively. The substrate’s refractive index
is of the value of glass, i.e., ngyp = 1.52.

In Fig. 2, we plot, under the normal incidence, (a) the calculated
reflectance, (b) transmittance, and (c) absorptance for the Filter-I
(black) and Filter-II (red). Here we have used m; = 2 and mg = 4. The
effects coming from the heterostructure are seen. The reflectance peak
in Filter-I now becomes a dip for Filter-II at the design wavelength \g,
while the transmittance remains a peak with an enhanced magnitude.
The appearance of dip in R causes to generate double resonant peaks
in the vicinity of the A\g. The behavior in R is reflected in the variation
of A, in which it becomes a peak at the design wavelength. Thus, the
additional metallic film of Fe in Filter-II has strongly influenced the
behavior of the reflection, changing from a narrowband reflection filter
to a narrowband reflection band-rejected filter. In addition, the double
peaks in R could be used as reflective wavelength multiplexer. As for
the transmission, the heterostructure has an effect of amplification in
T, leading to a larger transmittance. This would be beneficial to the
extraction of the designed component of the signal.

The angular dependence of (a) R, (b) T, and (c) A for the
heterostructured Filter-II in the TE-wave are plotted in Fig. 3. It
can be seen that the increase in the incident angle will cause the



Progress In Electromagnetics Research, PIER 96, 2009 335

100 =T T T e e e )
: o -
80 — 30 20° 10° TE er|
9 C N 0° =
S AN AL g
8 60 - — —]
S I -
s F \ I
3 B \ =
g Y \/ =
(o} b |
& b e
20 — =
oBre s w Ko pup P o v ol wrg o
600 620 640 660 680 700
(a)
40 [ e ey gy e e
—_ = TE 5
R 30— = s
© L -
Q
=] [~ sl
E - -
=z 20— —
= C Z
2}
=1 — =
s E ]
= 10— =
o 4 ; i i i L i i T
600 620 640 660 680 700
(b)
100 T L e T S L [ e
80 = —
S F 3
8 60 =5
=1 L -
8 i il
& wEk B s
2 [ 5
Zz [ ei
< & .
Y s RS TIT (TEN SR ST R
600 620 640 660 680 700
Wavelength (nm)
(©)

Figure 3. The calculated TE-wave wavelength-dependent reflectance
(a), transmittance (b), and absorptance (c) for Filter-II at four
different incident angles.

wavelength spectrum to move to the shorter wavelength. That is,
the design resonant wavelength can be tuned by changing the incident
angle. The angle-dependent R, T, and A in Filter-II are similar to
those in Filter-I [8]. In addition to the shifting property, the peak
heights for the double peaks in R are slightly enhanced due to the
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increase in the angle. Conversely, the peak height in T is decreased
with increasing angle. The corresponding results for the TM-wave are
plotted in Fig. 4. Similar shifting behaviors can be seen for the TM-
wave, which are consistent with those in [8].

The recent report on Filter-I has pointed out that the stack
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Figure 4. The calculated TM-wave wavelength-dependent reflectance
(a), transmittance (b), and absorptance (c) for Filter-II at four
different incident angles.
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numbers my and mg in two BRs have strong influence in the peak
height of both R and T [7]. It is our next step to investigate the effects
of the stack numbers mq and ms on R, T and A for the heterostructured
Filter-II. First, taking m; ms = 4, the calculated R, T, and A
for the TE-wave are respectively plotted in Fig. 5. Comparing with
Fig. 2(a) for 0° we see that the double peaks are more asymmetric
about \g = 650 nm. Moreover, the peak height is significantly lowered
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Figure 5. The calculated TE-wave wavelength-dependent reflectance
(a), transmittance (b), and absorptance (c) for Filter-II at m; = mg =
4 at four different incident angles.
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down, such as from ~80% to ~40% for the left peak. The decrease
in R will cause T to be increased, as illustrated in Fig. 5(b). The
corresponding results for the TM are plotted in Fig. 6, in which the
shifting features in R, T, and A are seen again.

If we now take m; = 4 and my = 2, the results are shown
in Fig. 7. It is seen that the double-peak shape in R no longer
exists. There is only one broad peak with position being shifted to
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Figure 6. The calculated TM-wave wavelength-dependent reflectance
(a), transmittance (b), and absorptance (c) for Filter-IT at m; = mq =
4 at four different incident angles.
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Figure 7. The calculated TE-wave wavelength-dependent reflectance
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mgo = 2 at four different incident angles.



340 Liu et al.

20:|||||||||||||||||||‘||||:
BE————l———— 45— ————-TM7 — — —
16 E
@145 777777
<~ nkE
8 E
= Ul =
8 E
88_
< (B =
“.F S
I
O:|||||||||||||||||||\||||:
600 620 640 660 680 700
(a)
/0 [ L L L B I B B B B B
o | | | | .
r [ [ I 1 TM ]
§15—***Hffffhfff—lfff*F***—
~ L | | ' ! ]
8 o 30 200\ | | b
= - 10° o ,
S — /N -+ e
i= C | | [ \ 7
2] - | | | .
=
g s /1 B
= L ! | | i
r \‘ ‘ ! | ]
~ F o 0°! | ]
® F 3001 20° 10 | | ™ .
\660_—*v*%****\v***%**v*#***—_
s \ | \ \ 3
g r ! | ! ! ]
L e
] - ]
e} C I | I I ]
D I SO R
r | | I | ]
o | | | | ]
oCy v v v by v by by by 0 T
600 620 640 660 680 700
Wavelength (nm)

(c)
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Figure 11. The calculated normal-incidence wavelength-dependent
reflectance for Filter-II at five different values in meo with m; = 2. It
is seen the dip in R disappears and the double peaks are merged.

the wavelength smaller than the design wavelength. The peak height is
also strongly lowered down to ~16%. The transmittance peak position,
however, is not changed in this case, and only the peak height is
also significantly decreased. The decrease in both R and T is due
to the strong absorptance, as seen in Fig. 7(c), where A is enhanced
above 70%, especially in the region near \g. The results suggest that
the condition of m; < mg must also be fulfilled in order to achieve
the narrowband filter for the heterostructured one. In addition, the
corresponding results of TM-wave are given in Fig. 8. The conclusive
results at 0° for three different values of m; and mq are illustrated in
Fig. 9.

The condition of m1 < meo is further examined as follows. Taking a
fixed value of m; = 2 and changing mo as 4, 5, 6, and 7, the calculated
R, T, and A are now plotted in Fig. 10. It can be seen that the dip in
R and peak in T are significantly narrowed down when the difference,
meo — myq, is increased. That is, the double peaks in R are even closer
to each other. Thus, an ultra narrowband filter can be expected as mo
increases. There will be the next question coming from the narrowing
effect. Is it possible that the double peaks merge together as a single
peak when we continue to increase the number of my. The answer is
clearly replied in Fig. 11, in which the dip disappears, and the double
peaks are merged as a peak when mo = 22. In this case, a reflection
and transmission filter as in Fig. 1 is recovered again.
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4. CONCLUSION

The optical properties for a heterostructured filter with two metallic
films, Air/Cr(LH)™2L(HL)™H Fe(LH)™2L(HL)™ H/Sub, have
been investigated. Comparing with the single stage Filter-I, the
heterostructure Filter-II has a salient influence in the reflectance,
leading to double peaks and a narrow band-reject filter in the reflection.
The peak height in the transmittance is also enhanced due to the
heterostructure. The effects of the stack numbers m; and my are also
illustrated numerically. The roles played by these two numbers are
elucidated for such a narrowband filter.

In this study, we have investigated the filtering properties operated
in the visible region. It is easy to design this kind of filter to be operated
in the infrared region by selecting the metallic refractive index or by
changing metallic film to other possible materials. This together with
the presence of double peaks in the reflectance in the heterostructured
filter could serves as a useful wavelength multiplexer in the optical
communication. We are going to explore this issue.

APPENDIX A.

According to Abeles theory, the characteristic matrix of the
heterostructured Filter-1I is the resultant of the product of the
individual 2 x 2 matrices, that is,

mi1 Mmi2 m m
M = = Mc, (M M YMor (Mg M M
( Mo Mo > cr (M Mpg) or, (Mg M) H

Mge (MpMp)™ Mo, (MgMp)™ Mpy. (A1)
Then the reflection and transmission coefficients are given by

_ Yoma + YoYsupmaz — mo1 — Ysupman

. , A2
Yomi1 + YoYsupmio + moi + Ysyupmao (42)

_ 2,
Yomi1 + YoYsuemaz + ma1 + Ysupmas

where Yy = 770_1 = v/eo/po and Ysup = nsupr/€0/ 1o are the admittances
for the incident region (air) and substrate, respectively.

In Eq. (A1), the characteristic matrix for Cr or Fe is given by

t (A3)

cos (kohcr re) jsin(kohcr pe)

MCr,Fe = . . Y )
]YCr,Fe s (kOhCr,Fe) Ccos (kOhCr,Fe)

(A4)
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where the admittance is

YCr,Fe = }/OnCr,Fe COos eCr,Fe (TE—W&VG), (A5)
Y.

YbnﬂaZZ‘Jﬂzkg%*(Tmﬁﬂ“Wﬂ@)a (A6)
cos Ocy Fe

respectively, and the optical thickness is hcrre = ncrFed cosOcr Fe
where nc; e is the refractive index; d is the thickness of the metal
film; ko = 27/ is the free-space wavenumber.

As for the quarter-waveH and L layers, their characteristic
matrices are

jsin(konrdr, cosfr)

My = | cos (konrdy cosfr) +
jYp sin (konpdp cosfr) cos (konpdy cosfr)

|, an

jsin(kongdg cosOr)

My = | cos (kongdg cosO) Vi
JYg sin (kongdg cosOy)  cos (kongdy cos )

. s

where npdy, = ngdyg = A\o/4 with g being the design wavelength,
and Yz, Yy are defined as in Egs. (A5) and (A6) with Cr, Fe — L, H,
respectively.
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