http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Transverse localization of Tamm plasmon in metal-DBR structure with disordered layer

Deng-Ju He(fi] & 2%), Wei-Li Zhang(ikf5 /), Rui Ma(X i), Shan-Shan Wang(-E3H), Xiao-Min Wu(Z/Mi), Yun-Jiang
Rao(¥ = iT)

Citation:Chin. Phys. B . 2018, 27(8): 087301. doi: 10.1088/1674-1056/27/8/087301

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Image charge effect on the light emission of rutile TiO,(110) induced by a scanning tunneling
microscope

Chaoyu Guo(5£557), Xiangzhi Meng (i ## &), Qin Wang(+/4), Ying Jiang (VL)
Chin. Phys. B . 2018, 27(7): 077301. doi: 10.1088/1674-1056/27/7/077301

Conductivity and band alignment of LaCrO3/SrTiOz (111) heterostructure

Yan-Peng Hong(%t 1), Xin-Xin Wang(FJikik), Guo-Liang Qu(iiF K), Cheng-Jian Li(Jj #&$1), Hong-Xia Xue(E%4LES),
Ke-Jian Liu(x]EHE), Yong-Chun Li(Z57k#5), Chang-Min Xiong(fig & [X), Rui-Fen Dou(5E%ii45), Lin He(fi/ #k), Jia-Cai Nie(%%
El))

Chin. Phys. B . 2018, 27(4): 047301. doi: 10.1088/1674-1056/27/4/047301

Electronic states and spin-filter effect in three-dimensional topological insulator
Bi,Sez nanoribbons

Genhua Liu(xIJ#2 %), Pingguo Xiao(#4~F ), Piaorong Xu(f&5i2¢), Huiying Zhou(Jf £3%), Guanghui Zhou(JE %)
Chin. Phys. B . 2018, 27(1): 017304. doi: 10.1088/1674-1056/27/1/017304

Flexible electrically pumped random lasing from ZnO nanowires based on
metal-insulator-semiconductor structure

Miao-Ling Que(l##>#), Xian-Di Wang( T 5tith), Yi-Yao Peng(GZkEE), Cao-Feng Pan (i &)
Chin. Phys. B . 2017, 26(6): 067301. doi: 10.1088/1674-1056/26/6/067301

Two-dimensional topological insulators with large bulk energy gap

Z Q Yang(#'14i), Jin-Feng Jia(% 4:%), Dong Qian(:4)
Chin. Phys. B . 2016, 25(11): 117312. doi: 10.1088/1674-1056/25/11/117312


http://cpb.iphy.ac.cn/EN/abstract/abstract72498.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract72371.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72371.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71864.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71305.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71305.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70156.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70156.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract68524.shtml

Chin. Phys. B Vol. 27, No. 8 (2018) 087301

SPECIAL TOPIC — Nanophotonics
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Transverse localization of the optical Tamm plasmon (OTP) is studied in a metal-distributed Bragg reflector (DBR)
structure with a one-dimensional disordered layer embedded at the interface between the metal and the DBR. The embed-
ded disordered layer induces multiple scattering and interference of light, forming the light localization in the transverse
direction. This together with the formation of Tamm plasmonic modes at the metal-DBR interface (i.e., the confinement of
light in the longitudinal direction), gives birth to the so called transverse-localized Tamm plasmon. It is shown that for both
transverse electric (TE) and transverse magnetic (TM) polarized light injection, the excited transverse-localized Tamm plas-
mon broadens and splits the dispersion curve due to spatial incoherence in the transverse direction, thus proving the stronger
light confinement especially in the TE polarized injection. By adding the gain medium, specific random lasing modes are
observed. The proposed study could be an efficient way of trapping and locally enhancing light on a subwavelength scale,
which is useful in applications of random lasers, optical sensing, and imaging.

Keywords: optical Tamm plasmon, light localization, random laser, distributed Bragg reflector
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1. Introduction

Light localization has been extensively investigated in re-
cent years since its potential applications in many fields, such
as photonic integrations, optical manipulation, optical sens-
ing, novel light source designing, light harvesting, etc.!'~%] It
is known that light localization in a structured optical medium
resembles that of electrons in solids,!!*! causing the propaga-
tion of photons to be completely suppressed on account of the
interference effect of multiple scattering waves in the scatter-
ing medium.!"~! Usually, light localization can be obtained
in many optical structures, such as microcavities, photonic
crystals with defects, surface plasmon devices, and disordered
nanostructures.[*° A relatively hot research branch of the
light localization is the transverse localization, proposed first
by Raedt et al. in 1989. 181 Tn 2007, Schwartz er al. observed the
transverse localization experimentally for the first time by us-
ing two-dimensional (2D) photonic crystals.[?! Since then, the
observation of the transverse localization has been reported se-
quentially in optical fiber,!”! disordered optical waveguide, ']
triangular optical lattices, 'l and so on.

Optical Tamm plasmon (OTP) is defined as a confined
optical mode localized at the crystal surface, which was pro-
posed at the beginning of the 21st century and opened up an
attractive research subject.['?! The OTP can confine light at
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interface between two different DBRs or interface between a
metal film and a DBR.[!3-17] Compared with normal surface
plasmon, OTP can be excited by both transverse electric (TE)
and transverse magnetic (TM) polarized light with a much nar-
rower resonance peak,!!*!7l and it provides comparable or
even stronger field enhancement. In addition, the OTP can find
various applications, such as in high-performance low-cost

hot-electron photodetection, '8!

[19]

wavelength selective thermal

emitters, compact lasers, bistable switch, photovoltaic de-

5.120-301 However, the confine-

vices, filters, and optical sensor:
ment of OTP in the direction parallel to the interface between
the metal and the DBR, i.e., the so-called transverse localiza-
tion of OTP, is less studied currently.

Here, an OTP structure is presented by introducing a dis-
ordered layer at the interface of a metal-DBR structure, and
transverse light localization at the interface (i.e., transverse
localized Tamm plasmon) is demonstrated theoretically. Due
to scattering of the disordered layer, several localized modes
could be formed, showing spatially incoherent characteristics
in the transverse direction. On the other hand, field distribution
of the localized modes is also well confined in the longitudinal
direction through the formation of OTP, providing consider-
ably stronger intensity enhancement than the scenario of reg-
ular OTP. Besides, eigen wavelengths of the localized modes
are also tailored by the dispersion relation of Tamm plasmon,
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thus broadening the bandwidth and inducing partially-random
resonances. The proposed way of forming transverse OTP pro-
vides a novel way to trap light and form a spatially dependent
mode of light-matter interaction, which is significant for real-
izing the optical control devices and random lasers in applica-

tions of imaging, sensing, and light harvesting.

2. Numerical results and analysis

Schematic diagram of the proposed structure is given in
Fig. 1(a). In the order from top to bottom, the three sec-
tions are the metal layer, the disordered layer, which can pro-
vide light scattering,?' and the DBR. In the simulation, a
TiO,/S10;, periodically alternate-layered Bragg mirror is cov-
ered by an Ag film. Transverse disorder is introduced into the
structure by replacing the homogeneous top TiO; layer with a
one-dimensional (1D) disordered layer with alternate TiO,/air
sections on a sub-wavelength scale in the y direction (we did
not introduce the transverse disorder into the Ag film to avoid
exciting the surface plasmon) as indicated in the subplot of
Fig. 1(a). The width of the random layer is chosen randomly
between 100 nm and 800 nm, whose scale is comparable to
the wavelength, and can influence scattering and interference
efficiently. In our study, the period of the DBR is 10, and
thickness of the TiO,/SiO; layer is A /4n;» (A = 550 nm,
n1o = 1.47 and 2.10, which correspond to the refractive in-

dices of the SiO; and the TiO;, respectively). Thickness of
the metal layer is 30 nm. The results are analyzed numerically
through the finite element method. %!

First, we consider the case where there is no disordered
layer in the top dielectric layer (case 1). The reflection spec-
trum of the homogeneous Tamm plasmon is given in Fig. 1(b),
and the well-known dip that corresponds to the formation of
OTP is observed at 608 nm within the bandgap of the DBR
mirror.['>717-20] The dip wavelength as a function of the in-
jection angle is shown in Fig. 1(c), reflecting the nondegener-
acy of dispersion characteristics of the TE- and TM-polarized
modes when the injection angle is nonzero. Second, we con-
sider the case that the Ag film is removed and the top dielec-
tric layer is disordered (case 2). Reflection spectra in Figs. 1(d)
and 1(e) indicate that the disordered layer will cause the reflec-
tivity to fluctuate within the DBR’s bandgap. Besides, the TM
mode is much more influenced by the introduced randomness.
This is because the continuous condition of the x-direction
electric field between different sections of the random layer
is supposed to induce stronger scattering of light than that of
the x-directional magnetic field. In the successive study, the
whole structure, i.e., both the metal layer and the disordered
layer (case 3), will be discussed in detail. As the structure
is aperiodic, perfect matching layer boundary conditions are

used in the simulation.
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Fig. 1. (color online) (a) Schematic diagram, (b) reflection spectrum of case 1 at zero injection angle, (c) dispersion curves of case 1, (d) TE-polarized

reflection spectra of case 2, and (e) TM-polarized reflection spectra of case 2.

Dispersion characteristics of the transverse-localized
OTP are discussed through reflection spectra of different in-
jection angles as given by Fig. 2. In Figs. 2(a) and 2(b), the
TM polarized mode is considered. It is observed that dip/dips
appears/appear within the DBR bandgap, which corresponds
to the formation of OTP, i.e., incident waves at eigen wave-
lengths can resonate with the OTP and enter into the structure.
In addition, the homogeneous OTP will be redistributed in the
transverse direction due to the random scattering of light in the
disordered layer. Thus, bandwidths of these dips are broad-

ened and even split, which is obvious for an injection angle
between 2° and 50°, reflecting the spatial incoherence of light
localization in the transverse direction.

Figure 2(b) shows the reflectivity versus injection angle
and wavelength. The blue region corresponds to the dip(s)
in the reflection spectrum, and its variation reflects dispersion
characteristics of the structure. We can see that the localized
modes still obey the dispersion relationship defined by the ho-
mogeneous OTP, indicating that these localized modes are me-

diated by the excitation of OTP. For example, only those that
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are close to eigen wavelengths of the OTP can be supported
by the proposed structure, i.e., the so-called transverse local-
ization of OTP. For the TE-polarized injection, splitting of the
reflection dips is more obvious (see Figs. 2(c) and 2(d)). This
reflects the stronger transverse localization of OTP, which is
consistent with the results of Fig. 1(e).

To observe the photon localization phenomenon, electric
field distributions in the neighborhood of dip wavelength for

cases 1, 2, and 3 are given in Figs. 3(a)-3(c), respectively. In
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case 1, the electric field is mainly confined near the metal-
DBR interface (for z = —30 nm), i.e., the so-called homoge-
neous OTP. In case 2, the electric field is distributed in almost
the whole structure, with weak and random fluctuations of in-
tensity. In case 3, a few peaks of the electric field are ob-
served near the metal-DBR interface, and appear randomly in
the transverse direction (i.e., the y direction), indicating that
the laser beam is localized at the random layer position, which
is called transverse localization of light.
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Fig. 2. (color online) (a) TM-polarized spectra, (b) TM-polarized reflectivity versus injection angle and wavelength, (c) TE-polarized spectra, and (d)

TE-polarized reflectivity versus injection angle and wavelength.
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Fig. 3. (color online) Electric field distributions. (a) Case 1 for injection angle 0 and injection wavelength 609 nm; (b) case 2 for injection
angle 0 and injection wavelength 644 nm, (c) case 3 for injection angle 0 and injection wavelength 599 nm.

The plots of normalized electric field distribution |E /Ey|
(where E is the electric field intensity and Ey is the elec-
tric field intensity of the incident light) versus the transverse
location and the injection wavelength for a fixed value of z
(z = 62.738 nm) are shown in Fig. 4, and Figs. 4(a) and 4(b)
correspond to the TM and TE polarization respectively. As
is well known, the multiple scattering of light inside the ran-
dom system results in light localization for some specified
wavelengths and the formation of bright spots.[!!33-341 In our
case, several bright spots relate to localized modes appear-
ing randomly in the y direction and varying with wavelength.
Besides, the field enhancement of the TE-polarized mode is
stronger than that of the TM-polarized mode, and light spots

concentrate more at some positions in Fig. 4(b), indicating that
the localization of light is more likely to occur when the TE-
polarized light is injected. Meanwhile, wavelengths of the lo-
calized modes are also tailored by conditions of forming OTP,
and they only show partial randomness.

Besides using the proposed structure (case 3), we also
calculate the wavelength shift of the reflection dip at 594 nm
when increasing the refractive index of the air gap. The sensi-
tivity (the minimum detection limit of this sensing structure) is
found to be ~ 100 nm per refractive index unit, which is better
than the reported result in Ref. [35] in which an OTP structure

is used without random layers.
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Fig. 4. (color online) Plots of normalized electric field distribution versus transverse location and wavelength, and panels (a) and (b)
correspond to the injection angle of 0° for TM and TE polarizations, respectively.
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Fig. 5. (color online) Lasing spectra of four different monitoring positions: (a) P1 (10182.4 nm, 126.276 nm, 0 nm), (b) P2 (12958.2 nm,
126.276 nm, 0 nm), (c) P3 (3251.88 nm, 126.276 nm, 0 nm), and (d) P4 (3063.57 nm, 126.276 nm, 0 nm). The red and blue curves correspond
to the cases with and without the consideration of gain, and the intensity of blue curve is enlarged 5 times just for being seen clearly. The unit

a.u. is short for arbitrary units.
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Fig. 6. (color online) Far-field intensity pattern without and with consideration of gain in the random layer of case 3, and air in the random

layer is replaced by a medium whose refractive index is 1.31 in the case without consideration of gain (® is azimuth angle)
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Strong scattering and amplification are necessary condi-
tions for random lasing. In the successive study, the air gap
in the random layer is replaced by a gain medium, which is
the amplification mechanism introduced into case 3. To sim-
ulate this, dipoles’ sources are used in the center of each gain
medium to mimic spontaneous light emission, and the gain
medium is defined by the well-known Lorentz model with a
central wavelength of 550 nm and bandwidth of 64.2 nm.[3¢]
Figure 5 gives the spectra at four different random monitor-
ing points, P1-P4, with (the red curves) and without (the blue
curves) consideration of the gain medium. It is obvious that
the random laser modes will be emitted selectively when gain
is considered, and part of the resonance modes of the structure
will be selected by the gain profile and become dominant. ]
For example, a few modes near the peak of the gain profile
(around 550 nm) increase their intensity many times, which is
a typical characteristic of lasing. Moreover, the laser spectrum
varies notably for different monitor positions, indicating spa-
tial incoherence and strong localization of the lasing system.

Finally, far-field intensity patterns with and without con-
sideration of gain in the random layer of case 3 are given
in Fig. 6. As is well known, the far-field radiation reflects
the superposition of all the localized modes in the proposed
structure. It is observed that the far-field pattern shows angle-
dependent luminescence that grossly obeys the dispersion re-
lationship of the TP, while the bright spots show partial ran-
When
gain is added, only a few lasing modes are selectively emitted,

domness due to the scattering of the random layer.

which is a typical characteristic of TP tailored random lasing.

3. Conclusions

In this work, we propose a scheme to realize strong con-
finement of light in a Tamm plasmonic structure embedded in
a disordered layer. Through the combined effect of light con-
finement at the metal-DBR interface and random light scat-
tering and interference in the disordered layer, the transverse
localization of Tamm plasmon is obtained. The new formed
Tamm plasmon shows stronger light confinement with an in-
homogeneous distribution of eigen modes as well as broad-
ened and split dispersion curves. When gain is introduced
into the structure, a random laser can be emitted, showing a
partially random emission pattern that is tailored by the dis-
persion relationship of the TP. The proposed device could be
useful for light trapping and enhancement in applications of
random lasers, optical sensing, and imaging. The unique ad-
vantage of this work in sensing applications is that the trans-
verse localization of OTP has a sharper dip as well as a larger

quality factor than that of surface plasma (SP), and different
localization modes correspond to different dips, which can be
used to realize position-dependent sensing.
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