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A broadband Tamm plasmon polariton localized at the interface between the Bragg mirror and a thin metallic
layer has been theoretically and experimentally investigated. The possibility of a localized state formation has been
demonstrated and energy coefficients at the Tamm plasmon polariton wavelength have been predicted in the
framework of the coupled mode theory. The metallic layer material and thickness corresponding to the maximum
coupling between the incident radiation and the Tamm plasmon polariton has been determined. Experimental
reflectance and transmittance spectra of the structure consisting of the Bragg mirror and chromium layers of
different thicknesses have been measured. The analysis of the energy spectra shows the existence of the wavelength
range with the near-unity absorption coefficient inside the Bragg mirror bandgap. The use of chromium as a metal
results in the broadband Tamm plasmon polariton excitation. It is demonstrated that the experimental data is in a

good agreement with the calculation.

https://doi.org/10.1364/JOSAB.36.002299

© 2019 Optical Society of America

1. INTRODUCTION

In recent years, a special type of a surface standing wave known
as Tamm plasmon polariton (TPP) has been intensively inves-
tigated. Such a state is formed at the interface between a Bragg
mirror (BM) and a conducting medium with € < 0 [1] and is
an optical analog of Tamm electronic states from solid-state
physics [2]. The TPP can be experimentally observed as a nar-
row peak in the transmission, refraction, and absorption energy
spectra of a structure [3,4].

Not only metallic layers, but also metal-dielectric nanocom-
posites can be used as negative permittivity materials with the
resonant dispersion € < 0. In particular, in [5] the possibility
of TPP formation at the interface between the BM and a nano-
composite representing a transparent matrix with uniformly dis-
persed silver nanoparticles was demonstrated for the first time.
The formation of the TPP in the case of BM conjugation with a
layer of strongly anisotropic nanocomposite is studied in [6]. In
[7], a mechanism of formation of two TPPs at the interface be-
tween the superlattice and a nanocomposite consisting of spheri-
cal nanoparticles with the dielectric core and metallic shell was
proposed. The possibility of TPP formation in porous and gyro-
idal plasmonic materials was discussed in [8,9]. Later in [10-12],
the possibility of the TPP localization at the interface between a
BM and an epsilon near-zero nanocomposite was shown.

0740-3224/19/082299-07 Journal © 2019 Optical Society of America

The TPP properties opened the opportunity of using these
states for designing new devices, including absorbers [13—16],
switches [17], organic solar cells [18], thermal emitters [19],
sensors [20,21], and control of spontaneous emission [22].
The amplification of the local intensity of the field by means
of excitation of TPP can be used in nonlinear optics problems
studied in [23-26]. Hybridization of TPP with other types of
localized modes can be used in lasers [27,28], single-phonon
sources [29], and for electro-optical tuning of Tamm plasmon
exciton polaritons [30]. Zhang e al [31] experimentally
demonstrated a white organic light-emitting diode based on
the hybrid state formed by the interaction of the TPP and a
microcavity mode. The white light is obtained via overlapping
the visible spectral range by the hybrid state. Thus, such a
device can only be created under interaction of broadband
modes. In this case, the TPP spectral line can be broadened
by choosing the parameters of a structure [31] or a metallic
layer material [32]. In this study, we demonstrate the formation
of broadband TPPs localized at the BM/thin metallic layer in-
terface and investigate the dependence of the TPP wavelength
on thicknesses of the metallic layer and first BM layer. We dem-
onstrate that absorption at the TPP wavelength attains 95%,
which allows the proposed model to be used as a broadband

absorber.
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2. RESULTS AND DISCUSSION
A. Theoretical Model

The model considered in this study is a one-dimensional multi-
layer structure composed of a finite dielectric distributed Bragg
mirror covered by a thin metallic layer of thickness &, (Fig. 1).
The BM unit cell is formed of two types of alternating dielectric
layers with high (H) and low (L) refractive indices 7y, 7 and
thicknesses dyy, d1, respectively. The one-unit cell on the top of
the BM can be truncated continuously to provide smooth tran-
sition from HLH... to HLH... configuration. Below, we
assume the BM to be placed in air environment with refractive
index 7y, = 1.

For certainty, we investigate porous quartz (SiO,) with re-
fractive indices of 7, = 1.22 and ny; = 1.45 as a BM material.
The layer thicknesses are d; = 150 nm and dy = 127 nm,
respectively. The number of layers is N = 101.

We investigate a TPP localized at the interface between the
BM and thin metallic layer. This localized state has a finite
quality factor so the energy of the TPP can dissipate with am-
plitude relaxation rate y. Three possible channels of a dissipa-
tion of energy can be considered: the transmission through the
Bragg mirror, the transmission through the metallic layer, and
the dissipation within the metallic layer. The relaxation rates
can be denoted as yp,, 7m> and 74, respectively, which are equal
to the ratios of leakage power and the energy stored in the
TPP. Therefore, the relative values of the relaxation rates are
proportional to the power of relaxation in each channel and

can be simplified as [19]
YmVdYbm = Tm:Am:Tbm’ (1)

where 7', and T, are the transmittance of the metal layer and
the BM, respectively, and A,,, is the absorption coefficient of the
metal layer.

According to the temporal coupled mode theory [33-35],
the reflectance, absorptance, and transmittance of the structure
are determined using the expressions
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Fig. 1. Schematic of the structure consisting of a Bragg mirror and a
hi allic 1 2 and 2 he leak: i

thin metallic layer. |5, _|* and |s3, _|* are the leakage powers in trans-
mission and reflection channels of the structure, respectively, s, |? is
the leakage power in the absorption channel of the metallic layer.
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where @, is the TPP frequency, @ is the incident wave fre-
quency, and |s;, |* and |s;_|? are the normalized leakage powers
in the channels (Fig. 1). Let us consider the incident wave
irradiates the metallic side of the structure. In case of the res-
onant TPP excitation (w = ) the relaxation via the radiation
through the BM vanishes: the light passing is prohibited by the
photonic bandgap. Hence T4, = 0 and y,,,, = 0.

The critical coupling conditions has the form

Vbm = 0; Tm = Am' (5)

The equality of the relaxation rates of the first and second chan-
nel leads to the full absorption of the radiation incident onto
the metallic layer (77 = 0,R = 0,4 = 1 [Egs. (2)—(4)]) by the
structure.

For the metal layer at the resonance wavelength, its trans-
mittance and absorptance depend on the thickness. This means
that the energy relaxation rates in the excitation scheme
through the metal Eq. (5) are connected parametrically through
the thickness of the metal layer:

An(T ) # const. (6)

The critical coupling conditions can be found graphically. To
qualitatively estimate the transmittance, reflectance, and ab-
sorptance of the metallic layer, we use the theory of stratified
conducting media [36]. We consider a plane-parallel metallic
layer with the refractive index 7, = Rn + i3n, which is placed
between two dielectric media with refractive indices 7; = ny,
and 73 = 1. According to the Fresnel formula for light incident
normally onto the interface between media 1 and 2, the
amplitude of the reflected and transmitted wave is

Ym = yd<=>Tbm =0;

ny —ny 2”1
My = —7T > tip = . 7
ny + 7y

The expression for the amplitude at the interface between me-
dia 2 and 3 is determined the same way and the resulting am-
plitude of the wave reflected and transmitted from the metallic
layer can be written as

_rp+ raze?’ tiatye?

12

L4 e S T (8)
2r
= —nh.,,
ﬂ A() 727

where Ay is the wavelength and 4, is the metallic layer
thickness. In this case the reflectance, transmittance, and
absorptance of the metallic layer are determined as

2
72|t
R, = |r, Tm=M,

1

A,=1-R,-T,.

9)
Refractive indices of Ag [37], W [38], Mo [38], Zn [39], Al
[40], Ti [39], V [39], and Cr [41] were determined at a wave-
length of 734.3 nm, which corresponds to the center of the
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Fig. 2. Dependence of absorptance of the metallic film on its trans-
mittance for different film materials. The A,,(7,,) curves are across the
critical coupling condition curve (black line). The cross points re-
present the critical coupling conditions for TPP resonance for different
materials of the metal layer. The wavelength is 4 = 734.3 nm.

bandgap of the BM. It can be seen from Fig. 2 that in the
scheme of TPP excitation through the Ag layer, the critical cou-
pling conditions [Eq. (5)] are established at lower transmittan-
ces and absorptances, i.e., at lower energy relaxation rates, the
sum of which determines the resonance spectral linewidth.

It also can be seen from the figure that when the BM con-
jugate with W, Zn, Al, and Mo films, the critical coupling con-
ditions are achieved at high transmittance and absorptance
values. As a result, the spectral linewidth corresponding to
the TPP increases [32]. The maximum width of the spectral
line of TPP is achieved when the BM is conjugated with films
of V, Cr, and Ti. In this case, a broadband TPP is localized at
the interface between the BM and the metal film.

Thus, the coupled mode theory can predict the energy
coefficients at the TPP frequencies and the width of the spectral
line.

The TPP position will be determined by the phase matching
condition [1]:

|rm|€i(pm|rbm|€i¢bm =1, (10)

where @, 7, and @y, 7y, are the phases and amplitudes of
waves reflected from the metallic layer and BM, respectively.
This is equivalent to the conditions for amplitudes,

7l [7bm| = 1,
and phases,
P + Pom = 2””) (11)

where =0, 1, 2....

The phase of reflection from the metallic layer is defined as
the argument of the complex reflection amplicude
@ = arg(r,,) = arctan 3(r,,)/NR(r,). Then, the @, value
depends on the dielectric permittivity € = e + iJe and
the thickness of the metal layer. The Cole—Cole diagram
method [42] is convenient to visualize the ¢,, value. It can
be plotted in coordinates of the real and imaginary parts of
dielectric permittivity [Figs. 3(a) and 3(b)]. The phase ¢,
was calculated in ranges of -60 to 20 for Je and of 0 to
40 for Je for thicknesses of metal of 10 and 50 nm.
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Fig. 3. Dependence of the reflected wave phase on the real and
imaginary parts of the metallic layer permittivity at thicknesses of
(@) 50 and (b) 10 nm at the wavelength corresponding to the BM
bandgap center (A = 734.3 nm). The regions with the constant phase
of reflection from the metallic layer are shown by the continuous-tone
filling. Lines show the phases of reflection from silver, aluminum, and
chromium for wavelengths inside the BM bandgap. (c) Plot of phase
matching condition Eq. (11) at a metallic layer thickness of
dy, =10 nm. (d) Transmission and absorption spectra of the
chromium layer of different thicknesses.

It can be seen from Figs. 3(a) and 3(b) that the decrease in
the metallic layer thickness from 50 to 10 nm strongly changes
the phase of the reflected wave. In particular, the phase varia-
tions for silver, aluminum, and chromium are Ag,, ~ 40°,
Agp ~ 20°, and A, & 4°, respectively. Thus, the TPP wave-
length variation upon variation in the metallic layer thickness
will be minimum when chromium is used.

To determine the phase ¢y, = arg(ry,,) of reflection from a
multilayer structure, we write the amplitude of reflection coef-

ficient [43]:

_ CUy,
AUy~ Uy

where Uy =sin[(N + 1)KA]/sin[KA]  and K =
(1/A) arccos[(A + D)/2] is the Bloch wavenumber, N is
the number of periods, A = dy +d;, A, B, C, and D are
the elements of the 2 x 2 matrix, which relates the amplitudes
of plane waves in layer 1 of the unit cell to the analogous am-
plitudes for the equivalent layer in the next BM unit cell [43].

The phase matching condition [Eq. (11)] and, conse-
quently, the TPP formation, will be implemented at the points
of intersection of the curves corresponding to the phase varia-
tion upon reflection from the BM and metallic layer ¢, =
27 - Py [Fig. 3(c)]. It can be seen that inside the BM bandgap
the phase matching condition is fulfilled for the aluminum and
chromium layers only in the case of the LHL BM configura-
tion. It should be noted that the TPP position in the case of
chromium nearly coincides with the bandgap center. In the case
of a silver layer deposited onto the LHL structure, the TPP
merges with the short-wavelength BM edge mode. The shift
of the localized state wavelength toward the bandgap center be-
comes possible only at the additional reflected wave phase in-
cursion. This can be obtained by changing the BM fist layer

(12)

7 bm
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thickness. Then, the phase matching condition takes the form

P+ Pom + Ppre = 270 (13)

The possibility of TPP formation upon variation in the BM
first layer thickness is considered in more detail in the next sec-
tion. The analysis of phase diagrams showed that to form a
broadband TPP in a specified structure, it is reasonable to
use chromium as a metallic layer material. Let us determine
at which chromium layer thicknesses the condition for the
critical coupling of the incident light with the TPP is valid.

Using Eqs. (7)—(9), we solve critical coupling conditions
[Eq. (5)] graphically. To do this, we superpose the energy trans-
mittance and absorptance spectra of the chromium layer
depending on its thickness and the incident radiation wave-
length [Fig. 3(d)]. The critical coupling is shown by the line
of intersection of the absorptance and transmittance surfaces.
This method allows us to build structures with the required
parameters ensuring the critical coupling of the TPP with
the incident light. It can be seen in Fig. 3(d) that the critical
coupling corresponds to the relatively high transmittance and
absorptance (7" &~ 0.5, A ~ 0.5), which alters relaxation rates
[Eq. (1)]. This allows us to obtain a broadband state, since
the sum of relaxation rates determines the resonance contour
width [Egs. (2)—(4)]. The numerical calculation shows that
critical coupling conditions [Eq. (5)] are valid at chromium
layer thicknesses of about 6 nm. Deposition of such a thin met-
allic layer onto the BM will lead to the formation of a broad-
band TPP, at the wavelength of which the radiation will be
completely absorbed by the structure in accordance with the
above-described theory.

B. Numerical Calculation of Optical Properties of the
Structure

To confirm the above-described theory, we calculated the trans-
mission of a plane light wave propagating in the z direction
(Fig. 1). To do this, we used the transfer matrix method [44].

The reflectance spectra of the BM combined with the chro-
mium layer at different thicknesses of the layer adjacent to the
metal are presented in Fig. 4.

It is worth noting that at the HLH configuration the reflec-
tance inside the bandgap is maximum. In this case, condition
[Eq. (11)] is not fulfilled and the TPP does not form. A smooth
decrease in the H layer thickness leads to the additional phase
incursion of incident wave [Eq. (13)], shift of the reflectance
maximum to the short-wavelength bandgap edge, and TPP
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Fig. 4. Dependence of the reflectance spectrum of the structure on
the thickness of the first period at the smooth transition from the HLH
to LHL configuration and back with deposited Cr layer d, = 6 nm.
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Fig. 5. Reflectance spectra of (a) the LHL and (b) HLH structures
with the silver (4 A = 50 nm), aluminum (day =5 nm), and
chromium (d¢, = 6 nm).

formation at its long-wavelength boundary. When the thick-
ness dyy takes the zero value, the Bragg reflector begins with
the layer with the low refractive index. In this case, the reflec-
tion is minimum inside the BM bandgap. This indicates the
critical coupling of the incident radiation with the TPP
[Eq. (5)] and validity of the phase matching condition
[Eq. (11)].

The calculated reflectance spectra for the HLH and LHL
configurations for different metallic layer materials are shown
in Fig. 5. The layer thicknesses are fixed so that critical coupling
conditions [Eq. (5)] are valid. The validity of the phase match-
ing condition [Eq. (13)] for the deposited silver and aluminum
layers is obtained by selecting the BM first layer thickness
(a’ﬁmAg = 270 nm, dp,, = 240 nm). Then, the TPP wave-
length will coincide with the bandgap center. According to
the numerical calculation of the reflectance spectra, the use
of aluminum and silver as metallic layer materials deposited
onto the LHL configuration of the structure [Fig. 5(a)], leads
to an increase in the TPP quality factor (Q) factor, which is
observed as the resonance curve narrowing. When the critical
coupling condition is valid, for the chromium layer deposited
onto the BM, the TPP makes it possible to completely suppress
reflection and maximize absorption.

Thus, the calculated data are in good agreement with the
analytical results [Fig. 3(c)].

C. Measured Energy Characteristics of the Structure

The Bragg mirror layers with the above-described characteris-
tics are formed by electrochemical etching of single-crystal sil-
icon wafers in the ethanol solution of hydrofluoric acid (HF)
with different concentrations (from 5% to 37%) [45]. The HF
concentration in the electrolyte solution is checked by titration.

A silicon wafer, which serves as an anode, was placed into a
polytetrafluoroethylene electrochemical cell. The silicon wafer
backside is tightly pressed against the copper plate and the front
side is in the electrolyte solution. The working surface area, i.c.,
the area of contact between silicon and the electrolyte solution
was 1.76 cm?. A cathode was a platinum wire spiral. The spiral
cathode ensures the most uniform current density distribution
over the working area of the cell. To maintain the uniform acid
concentration over the entire cell volume during etching, the
Biosan OS-20 orbital mixer with the tunable rate of rotation
was used. For better mixing, the vertical motion of the solution
was created by blades placed in the cell.

A current with the modulated amplitude is applied to the
electrochemical cell. The pore diameter monotonically depends
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Fig. 6. (a) Scanning electron microscope image of the fabricated
sample, reflectance spectra of the (b) LHL and (c) HLH structures
at different chromium layer thicknesses.

on the etching current density and alternating large and small
current pulses supplied to the cell ensure the formation of se-
quential layers with different porosities. To reduce the absorp-
tance of the structure, porous silicon is thermally oxidized to
porous quartz. The spectra were measured at normal incidence
using a halogen light bulb as a light source and an Avesta
ASP100M spectrometer as a detector.

The scanning electron microscope image of the fabricated
sample is shown in Fig. 6(a). The reflectance spectra of the
structures at different chromium layer thicknesses are presented
in Figs. 6(b) and 6(c).

It can be seen that in the HLH configuration, the TPP does
not form regardless of the chromium layer thickness. The in-
crease in the d¢, value leads to the bandgap narrowing and a
decrease in the reflectance at its wavelengths. In the LHL struc-
ture, the situation is different. The gradual growth of the chro-
mium layer thickness leads to the formation of the frequency
range with the near-zero reflectance at the long-wavelength
edge of the initial photonic bandgap. In the experiment, we
failed to completely suppress reflection; it remained at a level
of 5%. Nevertheless, the analytical, numerical, and experimen-
tal data are in good agreement.

This frequency range corresponds to the TPP localized at
the Bragg reflector/chromium layer interface. It is worth noting
that the TPP manifests itself in the reflectance spectra of only
the samples with the chromium layer thicker than 4 nm. The
use of thinner layers does not allow the desired reflectivity of
the metallic mirror and, consequently, the localized state
formation, to be obtained.

The measured transmittance spectra of the LHL and HLH
structures at different chromium layer thicknesses are shown in
Fig. 7. One can see that the passbands form neither in the LHL
structure bandgap nor in the HLH one. Based on the energy
conservation law (A + R+ T = 1), we can conclude that
95% of the incident light at the TPP wavelength is only ab-
sorbed in the LHL structure. This means, in fact, the validity
of conditions [Egs. (5) and (11)].

The transition from one configuration to the other makes it
possible to change the reflection regime and ensure the broad-
band absorption. However, in contrast to the calculation
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Fig. 7. Measured transmittance spectra of (a) the LHL and
(b) HLH structures at different chromium layer thicknesses.

model, the TPP frequency does not lie at the bandgap center
buct is shifted to the long-wavelength edge (Fig. 6). The fact is
that during deposition of chromium onto the BM, chromium
particles inevitably hit pores of the BM first layer. As a result, a
thin nanocomposite layer with the porous quartz matrix and
chromium nanoparticles dispersed in it forms. The occurrence
of the nanocomposite layer [46—48] causes the additional phase
@nc of the incident wave and, consequently, to the TPP fre-
quency shift to the long-wavelength region.

To check the effect of this factor, we numerically calculated
the reflectance spectra of the structure with regard to the for-
mation of the nanocomposite layer at the interface between
chromium and the BM (Fig. 8). The effective permittivity
of the nanocomposite is determined by the Maxwell-Garnet
formula [49] widely used in studying matrix media [50], when
a small volume fraction of isolated metal inclusions is dispersed
in the matrix material.

Analysis of the results obtained showed that the account for
the nanocomposite layer formation at the metallic layer/BM
interface makes it possible to obtain the best agreement with
the experimental data. This indicates that the effective medium
and its parameters were chosen correctly. Thus, the minimum
reflection is observed at a wavelength of 4 = 753.7 nm. In this
case the quality factor of the broadband TPP is Q = 5. It
should be noted that this result has a good agreement with re-
sults of coupled mode theory (Fig. 2) since the broadest line-
width of TPP was obtained.

Experiment
Slmu\ahun with NC

9
8
§
0.8 — tion without NC ‘é '
2
3
<

Reflectance

450 550 650 750 850 950
A (hm)

Fig. 8. Experimental and calculated reflectance spectra of the LHL
structure with regard to the formation of the nanocomposite layer with
a thickness of 4y = 20 nm at the interface between the chromium
and Bragg mirror. The nanocomposite filling factor is /= 30%. The
chromium layer thickness is ¢, = 6 nm. The insert shows the calcu-
lated and experimental absorption spectra of the structure within the

BM bandgap.
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Fig. 9. Local field intensity distribution at the TPP wavelength and
near to it normalized to the input intensity (red line) and spatial dis-
tribution of the refractive index of the PC layers (green line).

Experimental and calculated absorption spectra of the struc-
ture are shown in the inset of Fig. 8. Experimental absorption
was determined by energy conservation law. The difference be-
tween the experimental data and the numerical calculation is
due to the complexity of measuring the transmission and re-
flection spectra from the same point of the sample. It is impor-
tant to note that the integrated absorptance of the structure in
the range from 670 to 780 nm (inside the bandgap) is 81%,
which is twice the absorptance of the chromium film in the
same spectral range. Thus, excitation of broadband TPP is
an effective technique to increase absorption in a certain
spectral range.

The spatial distributions of the local field intensity at the
TPP wavelength and near it are presented in Fig. 9. It is im-
portant to note that in the studied structure the field is better
localized below the TPP wavelength. The shift of the maximal
local field intensity from the TPP wavelength can be explained
by the temporal coupled mode theory. According to this theory,
the intensity of the localized field can be defined as (sce
Section 2.A)

2 2},m |-Y 1+ |2

= oo + Gt 1
From this equation it follows that the maximal field intensity at
the TPP wavelength is observed in the case when @ = wj and y
does not depend on the frequency. Otherwise, the frequency @
of maximal localization is determined by the calculation of the
derivative 0|4| /0w with y (@), ypm (@), 74(®). The frequency
@ is determined by 0|A4|/dw = 0 or

2
T () - @-anr) -
—ym<—2(a)—a)0)+22yiz%)zo. (15)

The BM has a finite length and the yp, # 0. Moreover,
0Yym/0w in the photonic bandgap is larger than oy, /dw
and dy4/0w. At a result, we have

0
® = g +y—ba;’12yi. (16)
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According to Eq. (1) ypy, is proportional to the BM transmit-
tance. Define yy,, as

_ 2
Ybm = €Xp I:C <w AZ))Br) - 1] , (17)

where wg, is the frequency of the center of the BM bandgap, C
is the constant, and Aw is the half-width of the photonic
bandgap. For example, at the frequency @ = wp, transmittance
in the center of the BM bandgap is zero as a consequence
7bm = 0. Offset from wpg, leads to increasing the transmittance
and yp,,. From Egs. (16) and (17) it follows that

2c
W0 — WBYbm A2 Z Vi
2C
L= Vomag 2 Vi

where 0 < 74, 253" 7; < 1. In our case wy < wy,, and for

, (18)

=

different }’bmAz—aC,zZ}’i in the range 0-1 the frequency o is
greater than @;. As a result, the maximum field intensity is
observed at frequencies higher than the TPP frequency (or
shorter wavelengths). This result has a good agreement with
simulation by the transfer matrix method (see Fig. 9). Note
also that the light field at the 4 =715 nm is localized in

the region comparable with the wavelength.

3. CONCLUSIONS
We have predicted and observed the broadband Tamm plas-

mon polariton localized at the interface between the Bragg mir-
ror and a thin metallic layer. The possibility of the localized
state formation was predicted analytically and implemented ex-
perimentally. It was shown that the properties of the Tamm
plasmon polariton can be predicted by the coupled mode
theory and Cole—Cole phase diagrams. It is shown that the
variation of the metal film material permits control of the width
of the resonance line of the Tamm plasmon polariton.
Moreover, it was found that the plasmonic materials can be
grouped by the values of the relaxation rates in the conditions
of the critical coupling of the Tamm plasmon polariton with
the incident field. In particular, it was shown that the use of a
metal film of chromium allows obtaining the maximum widch
of the spectral line. The described qualitative analytical ap-
proaches can be used to form the TPP structures with specified
parameters, which is of great importance for application in
plasmonics and optoelectronics.
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