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Abstract: We proposed an approach to get multiple and adjustable optical Tamm states
(OTSs) by constructing a structure consisting of a metal layer and one-dimensional photonic
quasicrystals with preassigned bandgaps. In the structure, multiple OTSs excited
simultaneously in each bandgap were observed. We explored the physics mechanism of the
multiple OTSs by analyzing the electric field intensity distribution in the structure. Besides,
the results also show that the thickness of the top layer gives one more degree of freedom in
designing multiple OTSs. Finally, we demonstrated that one additional OTS can be obtained
independently by adding another bandgap to the proposed structure.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Nowadays, photonic quasicrystals (PQCs), which were first introduced by Kohmoto [1], are
an emerging substitute of photonic crystals (PCs) for its complicated spectrum. Hitherto, a
plenty of works concerning PQCs have been performed [2-4]. Compared with periodic
photonic crystals, PQCs exhibit more various spectrum features and better performances in
applications due to their long-range order along with short-range aperiodicity. Traditional
PQCs are regarded as photonic crystals consisting of alternative dielectric layers of different
refractive indexes obeying substitution rules, such as Fibonacci sequence [1], Cantor
sequence [5] and Thue—Morse sequence [6] etc. Recently, researchers reported a new group
of PQCs described by a series of analytical expressions rather than substitution rules. This
novel group of PQCs shows multiple photonic band gaps (PBGs) [7], which can be pre-
designed theoretically and tuned independently by adjusting corresponding structural
parameters. This versatile approach forming multiple PBGs paves a new avenue in designing
optical devices.

Optical Tamm state (OTS) is a lossless optical surface state in analogy to electrical Tamm
state which exists in crystal boundary in solid physics [8]. Recently, researchers investigated
the OTS on the interface between a thin metal film and a traditional distributed Bragg
reflector (DBR) structure [9]. It has been demonstrated that OTS can be formed either on the
interface of two periodical dielectric structures with overlapped bandgaps [10] or in the
boundary between a thin metal layer and a DBR structure [11]. The electric field in the
structures confines at the interface between two different media and decays exponentially
away from the interface in the DBR structure. More importantly, OTS can be excited both in
TM and in TE polarizations, with an in-plane wave vector inside the light cone, even at
normal incidence [12]. So far, extensive researches have been performed on OTS in theory
[13—15] and in experiments [16—19], and many applications have been investigated in perfect
absorbers [14], sensors [16], optical filters [20], and solar cells [21] for its unique spectra
properties and electric field localization at the interface between metal and dielectric media.
However, the deterministic structures with multiple OTSs required cannot be designed
flexibly.
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Here, we proposed a way for production of multiple and adjustable OTSs based on a thin
metal film and a PQC structure. The PQC is composed of two alternative dielectric materials
and the index distribution can be expressed by a superposition of several harmonics with
different frequencies. The simulation results show that the number of the OTS dips can be
pre-designed in theory and the locations of the OTS dips can be adjusted adequately by
changing structure parameters. Therefore, this method could find potential application in
spectrum engineering and integrated optics.

2. Theory model
Firstly, let us consider the PQC structure with adjustable bandgaps. The refractive index

distribution along the z-axis can be depicted by an analytical expression [7]:

n(z)
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where 1, and np are the refractive indices of dielectric media A and B, respectively; sgn (z) =
|z}/z is signum function mathematically; 4;, K; and ¢; are the amplitude, reciprocal vector
(RV), and the initial phase of the i-th harmonic function, respectively. When we restrict our
consideration by the case of two harmonic functions, Eq. (1) can be simplified as n(z) = (ns +
np)/2 + (na - ng)/2 x sgn (4, sin (Kiz + ¢1) + A, sin (Kyz + ¢,)). In our numerical experiment,
we assume ¢; = 0 and 4; = 1, which means each harmonic function contributes equally to the
index distribution. Then K; is the main factor that needs to be taken into account in our
calculation. The central wavelengths of the bandgaps of the PQC can be given by:

~2n(n, +ny)
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where m is an integer representing the order of the bandgap (here we assume m = 1), i is the i-
th bandgap corresponding to the i-th harmonic function.

OTSs can be generated by adding a metal layer on the top of the PQC structure [9,22].
The eigenfrequencies of OTSs must satisfy the phase matching condition [12]:

Il = 1 3)

where rpoc is the reflection coefficient of the light incident from the dielectric medium to the
PQC structure; ry, is the reflection coefficient of the light incident on a metal, given by
Fresnel formula r, = (na - ny) / (na + ny), where ny, is the refractive index of the metal. The
reflection coefficient rpoc can be obtained by the transfer matrix method [23]. Based on the
discussion above, we can design the central frequencies of the bandgaps of the PQC by
choosing K; properly and predict the eigenfrequencies of OTSs in theory. Meanwhile, the
number of OTSs excited simultaneously in respective bandgaps can be tuned flexibly by
inserting different harmonic functions into the analytical expression (Eq. (1)).

3. Results and discussions

In our simulation, we mainly focus on the case of TE polarization, while similar discussions
are also applied to TM polarization. We select GaAs and AlAs as the dielectric layers A and
B with ns = 3.56 and ng = 2.95 [24], because they are usually used as typical DBR material
grown by gas source molecular beam epitaxy [9,19,20]. On the top of the DBR, there is a thin
gold film with a thickness of d,, = 30 nm, where the permittivity of gold in infrared region can
be described by the Drude model [25]. All the proposed structures were grown on a GaAs
substrate. Light is incident from the metal side of the Au-PQC structure, as indicated by the
blue arrows in Figs. 1(c) and 1(d). To get two bandgaps with the central wavelengths locating
at ; = 1000 nm and 4, = 1200 nm, K; = 40.90 um_l and K, = 34.09 um_l can be calculated
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from Eq. (2). The refractive index distribution of the PQC structure following the analytical
expression with a total length of Sum is depicted in the upper parts of Figs. 1(c) and 1(d). The
corresponding Fourier transformation of the PQC structure is shown in the Fig. 1(a) with two
peaks located at K; and K, respectively. In Fig. 1(b), we plot the reflectivity spectra of the
PQC and the Au-PQC structures calculated by the transfer matrix method. As shown in Figs.
1(a) and 1(b), two peaks in the Fourier spectrum and the two bandgaps in the reflectivity
spectrum of the PQC structure show that the bandgaps are indeed adjustable and designable.
The reflectivity spectrum of the Au-PQC structure undergoes two pronounced reflection dips
at 1036.8 nm (dors;) and 1237 nm (Aorsy), which suggests that multiple OTSs are excited
simultaneously in two separated bandgaps in near infrared region. The locations of OTSs are
the same as the results calculated from Eq. (3).
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Fig. 1. (a) Fourier transformation of the index distribution of the PQC structure with K, =
40.90 um™ and K, = 34.09 um™'. (b) Reflectivity map of the PQC and the OTSs, and the
central wavelengths of the bandgaps locate at 1000 nm and 1200 nm. Normalized electric field
intensity (|E| \2) of the proposed structure for (¢) Aorsi = 1036.8 nm and (d) lors> = 1237 nm at
normal incidence.

In order to explore the physics mechanism of the multiple OTSs generated in the proposed
structure, the distributions of the normalized electric field intensity (|E|?) in the metal-PQC
structure at the two wavelengths of 1grs; = 1036.8 nm and Agrs; = 1237 nm were simulated,
which are depicted in Figs. 1(c) and 1(d), respectively. The PQC structure starts at z = 30 nm
(noted by the red line) and the metal layer lies on the top of the PQC structure (in the region 0
<z <30 nm). The difference between these two OTSs is obvious. For the case of Agrsy = 1237
nm, the electric field localizes at the interface between the metal and the dielectric layer A
(GaAs) and decays exponentially along the propagation direction, as shown in Fig. 1(d). The
perturbations with the minimum electrical field around z = 500 nm and z = 1400 nm noted by
green arrows are due to the hetero-structure in the PQC structure, which can be referred to the
refractive index distribution sketched by the upper line. However, as shown in Fig. 1(c) for
the case of Aors; = 1036.8 nm, the electric field confines at the interface of the first hetero-
structure at z = 500 nm rather than the boundary of metal and dielectric layer, though the
electric field intensity localized at the interface of the metal and the dielectric layer is still
considerable. Meanwhile, the electric field intensity also decays exponentially along z-axis
after its confinement at z = 500 nm. In fact, traditional DBR always shows monotonously
exponential decay within its structure. When the defects or hetero-structures are introduced in
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the PQC structure to obtain multiple bandgaps, the electric field perturbations with maxima or
minimum at hetero-structure position arise. Thus, this phenomenon can be contributed to
inherent quasiperiodic characteristics of the PQC [26].
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Fig. 2. Reflectivity spectra of the metal-PQC structure (Au layer thickness of 30 nm) as a
function of the wavelength and the incident angle for (a) Aorsi and (b) Aors2. Reflectivity
spectra of the metal-PQC structure as a function of the wavelength and the thickness of the
gold film for (c) Aorsi and (d) Aors: at normal incidence.

To further understand the dispersion properties of the multiple OTSs in the proposed
metal-PQC structure, we plot the reflectivity spectra concerning different incident angles for
Aotst and Aorsz, as shown in Figs. 2(a) and 2(b), respectively. It is evident that both OTSs
generated in the bandgaps undergo a blue shift. For OTS1 generated in the first bandgap (the
central wavelength of 1000 nm), ors; changes from 1036.8 nm to 1002 nm with increasing
incident angle from 0° to 60°; while for OTS2 generated in the second bandgap (the central
wavelength of 1200 nm), Aors; changes from 1237 nm to 1195 nm with an increase of
incident angle from 0° to 60°. The blue shift of the OTSs is fundamentally due to the increase
of in-plane wave vector with the increment of incident angle. Furthermore, a brief research on
the dispersion property of the gold layer thickness was also conducted. As shown in Figs. 2(c)
and 2(d), when the metal thickness is thin enough, the increase of the metal layer thickness
causes a blue shift of the wavelengths of the OTSs. When the metal thickness increases to d,
= 50 nm or more, the OTSs become weaker and disappear eventually. It is easy to understand
this phenomenon. When the thickness of the gold layer exceeds the penetration depth, the
metal will reflect the incident wave back and OTS will no longer exist.

Furthermore, we investigated the properties of multiple OTSs for TM polarization in the
Au-PQC structure. Usually, the bandgaps become narrower for TM mode than TE mode,
which is especially remarkable in large incidence angles as shown in Fig. 3(a), where the
bandgaps of the PQC structure at a large angle of 80° are plotted. However, this narrower
bandgap does not influence the existence of multiple OTSs. Figure 3(b) shows the
wavelengths of the OTSs of the Au-PQC as a function of incidence angle for TE and TM
modes. With the angle increased from 0° to 80°, both TE (solid line) and TM (dash line)
OTSs undergo blue shift in the same trend. As the incident angle becomes larger, the TM
OTSs shift more than TE OTSs. It is worth noting that when the structure is designed,
Brewster angle has to be considered for TM polarization. To get omnidirectional photonic
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bandgap, the maximum refraction angle must be smaller than the minimum Brewster angle
inside the structure [27]. In our design, the maximum refraction angle Gr.x = sin”! (na/ng) =
19.81° is smaller than the minimum Brewster angle g, = tan"'(ng/ns) = 39.64°, which
means the incidence wave from outside cannot be coupled to Brewster’s window. That is to
say, the Brewster angle will not influence the existence of multiple OTSs for TM polarization.
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Fig. 3. (a) Bandgaps of the PQC structure for TE and TM polarizations at an incident angle of
80°. (b) OTSs of the Au-PQC structure at different incident angle for TE and TM
polarizations.
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Fig. 4. (a) OTSs with respect to the incident wavelength and the thickness of the top layer. The
thickness of the top layer (D) ranges from 0 to 3000 nm. The colored vertical lines indicate
different D, (b) Multiple OTSs for different thickness of the top layer. The colored lines
correspond to the colored vertical lines in (a).

More interestingly, we achieved periodic modification of OTSs in its respective bandgaps
by increasing the thickness of the top dielectric layer 4 (D) in the structure. The calculated
reflectivity spectra are showed in Fig. 4(a). We omitted the y axis from 1050 to 1150 nm for
the convenience of observation and discussion. Apparently, the golden tilted stripes in Fig.
4(a) are non-paralleled with each other. In this case, the top layer can be considered as a
Fabry-Perot cavity between the metal layer and the PQC structure, and the slope can be

calculated as dA/dDy,, =(2n,) /N from the resonant condition of the Fabry-Perot cavity, where

N is a natural number indicating the N-th strip. With the increase in thickness of the top layer,
multiple OTSs may appear in each bandgap, and their wavelengths may be calculated by the
resonant condition of the Fabry-Perot cavity. We can investigate this kind of multiple OTSs
by adding perpendiculars representing different Dy, in Fig. 4(a). The different vertical lines
converge with the strips in one or more points, indicating single OTS or multiple OTSs
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excited in one bandgap. In Fig. 4(b), we demonstrate the multiple OTSs with respect to the
different Dy, in Fig. 4(a), where the blue line represents D, = 140 nm and the green line
represents Dy, = 2595 nm. As shown in Fig. 4(b), the two reflection dips 4; = 1033 nm and
A2 = 1196 nm appear in two bandgaps of the PQC for Dy,,; = 140 nm; while the four reflection
dips are located at A;; = 987 nm, 4, = 1030 nm and 4; = 1175 nm, A5, = 1233 nm for Dy, =
2595 nm, respectively. The tunable property of the OTSs in the proposed structure gives us
more choices when designing devices and facilities.

We demonstrated our proposal by adding another bandgap in the reflectivity map, as
shown in Fig. 5. Here, we set three bandgaps with the central wavelengths as 1000 nm, 1200
nm and 1400 nm, respectively. The corresponding K; can be derived from Eq. (2): K; = 40.90
pum ™', K, = 34.09 pm™' and K3 = 29.22 um™, and the distribution of refractive index of the 3-
bandgap PQC structure is plotted in Fig. 5(a). As shown in Fig. 5(b), one can see that the
pronounced OTS can be obtained in each bandgap, and the wavelengths of these three OTSs
are located at Agrs; = 1036.8 nm, Aorsy = 1237 nm and Aorg; = 1426 nm, respectively. It
means that the former two OTSs (OTS1 and OTS2) remain unchanged with another OTS in
the structure. This result reveals that all the OTSs designed by the analytical expressions can
be tuned independently. Additionally, it declares that our method is sufficiently accurate and
indeed feasible in designing devices with multiple OTSs.
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Fig. 5. A three-bandgap structure derived from Eq. (1) with K, = 40.90 um™, K, = 34.09 um™
and K3 = 29.22 um™. (a) Index distribution. (b) Three OTSs generated in the Au-PQC
structure.

In fact, we may also construct PQC stacks by selecting dielectric materials such as
TiO,/SiO, of lower refractive index in place of GaAs/AlAs. In that case, we may obtain
multiple bandgaps with the same central wavelengths only by decreasing the reciprocal
vectors according to Eq. (2). The corresponding OTSs still exist in the bandgaps, and the
basic properties of OTSs remain unchanged. Due to higher refractive index of GaAs and
AlAs, the central wavelengths of bandgaps are more sensitive to the fabrication error. For
dual-bandgap PQC, the central wavelengths of each bandgap and the wavelengths of OTSs
show about 5% shift when the uniform fabrication error is 5%. Thus, the shift of OTS
wavelength is about 12 nm per nanometer fabrication error for GaAs/AlAs PQC, while the
value is about 6.4 nm for TiO,/SiO, PQC. Therefore, the fabrication tolerance is better with
lower dielectric materials.

4. Conclusion

In summary, we demonstrated multiple optical Tamm states in photonic quasicrystals with
adjustable bandgaps, which can be pre-designed theoretically. The multiple OTSs can be
tuned flexibly by adjusting the parameters of the proposed analytical expression. Also, we
explored the dispersion relations of the incident angle and the thickness of the metal film,
both of which can cause a shift on the OTSs. Furthermore, we studied the impact of the top
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layer thickness, which introduces another variable for multiple OTSs. Finally, we verified our
assumption by manifesting a three-OTS structure. The wavelengths of OTSs keep unchanged
regardless of the insertion of another OTS. The proposed structure has a potential application
in multichannel filter and it is a promising candidate for a precision optical comb because of
its designable bandgaps and reflection dips.
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