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In this paper, meta-surface with electromagnetically induced-reflection-like (EIR-like) dispersion is introduced
to enhance the optical Tamm state (OTS) and related lasing effect. Numerical analysis and full-wave simulation
confirm that this structure-induced EIR-like dispersion of meta-surface gives rise to the Q-factor of OTS.
Consequently, enhanced lasing effect also is investigated when a four-level two-electron atomic system is
introduced. The results show that the lasing threshold can almost be reduced to half, with the enhancement
of max emission intensity in the mean time. These features make the meta-surface-enhanced OTS structure

promising for reducing the lasing threshold, enhancing the fluorescence, and so on.
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1. INTRODUCTION

Recent investigations have shown that there are optical Tamm
states (OTSs) existing at the interface of a metal-photonic crys-
tal (M-PC) hetero-structure [1,2]. Unlike conventional surface
plasmon polaritons (SPPs) on a metal surface, OTSs can be
excited directly by normally incident propagating waves for
both TE and TM polarizations. Owing to strong electromag-
netic localization around the interface, potential applications of
OTSs have been proposed in recent years, such as polariton
lasers [3], enhancement of Faraday rotation [4], and various
nonlinear effects [5,6].

To understand more explicitly the propagating behavior of
EM waves in the M-PC hetero-structures, OTSs also can also
analogous with the tunneling modes in a pair of slabs: one is an
epsilon-negative (ENG) layer and the other a mu-negative
(MNG) one. In 2003, Alt and Engheta pointed out that
[7] under the matching condition EM waves tend to tunnel
through the hetero-structure made of ENG and MNG, despite
their evanescent nature in the individual ENG or MNG layer.
The whole structure hereby becomes transparent at the tunnel-
ing frequency, with a strong localized EM field at the interface
of the hetero-structure.

In optical frequency range, a metal slab or metallic meta-
surface, used to form the OTSs in metal-PC or meta-surface-
PC (MS-PC) hetero-structure, can be regarded as a type of
epsilon-negative material below its plasma frequency, while
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PC, taking advantage of its stop band properties, is thought
to be equivalent to an SNG, particularly a MNG, effective
material under some well-engineered geometric and electro-
magnetic parameters. Under the matching condition, a light
tunneling effect can occur within the hetero-structure consisting
of metal (or metallic meta-surface) and photonic crystal, which is
also understood as the OTS.

For better modulation of the electromagnetic (EM) tunnel-
ing effect of OTSs, some metallic structures, such as micro-
disks [8] or meta-atoms with electromagnetically induced-re-
flection-like (EIR-like) properties [9], are patterned on the thin
metal layer of the hetero-structure. From our point of view,
both of these two methods reconfigure the EM response of
the patterned metallic layer, namely, the meta-surface, into a
highly dispersive one. Intriguingly, these methods provide extra
and wide freedom of tuning the EM wave propagating behavior
within the hetero-structure, such as transmission, Q-factor, and
even the local density of optical states (LDOS) that dominates
the related nonlinear or plasmon lasing phenomena.

As is known, types of meta-surfaces exhibiting amazing
power to control the light flow have been proposed recently.
These include manipulating the light polarization [10], pre-
senting photonic spin hall effect [11], achieving three-
dimensional optical holography [12], and so on. However, here
we mainly focus on their highly dispersive property originating
from some quantum-like interference effects. For instance,
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various quantum optical phenomena, including EIR and
related electromagnetically induced transparency (EIT), are
mimicked in the classical systems based on “meta-atom” or
“meta-molecular” [13—16]. In 2008, a plasmonic analogy of
EIT was proposed by Zhang and co-workers [14], etc., exhib-
iting typical EIT-like properties, for instance, slow light, steep
phase dispersion, and spatial localization of light. Soon after,
some theoretical and experimental works in different systems
also were carried out to demonstrate the EIT-like effect by
Tassin et al. [15]. Compared to cold atomic gas, usually in
terms of three-level quantum optical systems, this sort of
solid-state-based configuration is more stable, low cost, and
easily integrated. Specially, instead of an EIT-like transmission
window, similar EIT-like reflectance spectra also can be ob-
tained in complementary planar metamaterials, which is the
so-called electromagnetically induced-reflection [16]. Because
of the coupling between different “meta-atoms” etched on a
thin metal film, tiny “hot-spots” with highly localized electro-
magnetic (EM) fields can be created. It also has been found that
these complementary planar metamaterials possessing narrow
reflectance peaks are crucial for the application of plasmonic
sensing. However, the EM confinement for these structures
is determined only by the in-plane coupling between adjacent
“dark” and “bright” meta-atoms. To enhance the EM localiza-
tion further, confinement along the propagating direction of
EM waves also may be involved.

In this paper, enhanced OTSs and the related lasing effect in a
meta-surface-PC (MS-PC) hetero-structure are investigated in-
tensively. The meta-surface is consisting of periodically patterned
“meta-molecules” on the thin metal layer. By adjusting the cou-
pling between bright and dark “meta-atoms” in a unit cell, EIR-
like dispersion can be achieved, which makes the properties of
hetero-structure more tunable. After that, one-dimensional PCs
composed of TiO, /SiO, are also designed properly to satisfy the
matching condition of OTS in the MS-PC hetero-structure.
First, analysis based on the transfer matrix method (TMM) is
performed to verify the Q-factor enhancement effect occurring
in an ENG-MNG hetero-structure. It is clear that by engineer-
ing the dispersion of ENG metamaterials, for instance, employ-
ing a structure-induced EIR-like dispersion, Q-factor for the
hetero-structure is boosted efficiently; that is, the patterned
meta-atoms dramatically modify the dispersion of metal layer
that is regarded as the ENG materials in optics, resulting in
the Q-factor enhancement. Compared with traditional methods
that change mainly the MNG part of the hetero-structure,
i.e., the PCs, no extra device volume would be added. Next, by
embedding gain materials into the hotspots, stronger light am-
plification and lower lasing threshold are observed clearly. In our
case, a detailed four-level, two-electron atomic system is also
hired to describe the gain materials, which makes our results
closer to those in a realistic lasing system. Full-wave EM simu-
lations based on finite-difference time-domain (FDTD) are car-
ried out to verify the enhanced OTSs and related lasing effect.
The results show that the lasing threshold almost can be reduced
to half, with the enhancement of max emission intensity in the
mean time. Thus, we demonstrate that our structure of a MS-
PC hetero-structure is promising to further lower the threshold
of plasmonic lasers.
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2. NUMERICAL ANALYSIS
A. Analytic Method

First, we briefly analyze the tunneling conditions when an
electromagnetic wave propagates in an ENG and MNG hetero-
structure. The ENG and MNG hetero-structures are formed
by two layers of electromagnetic materials. Their corresponding
permittivity, permeability, and thickness are €, y;, 4, and &,
Uy, and d;, as shown in Fig. 1.

A Drude model is used to describe the permittivity and
permeability of the ENG and MNG [17] hetero-structures:

a? 1
T ) e
2
a
Hy = . (1b)

o T B

where 4; = 80 nm, 4, =80 nm, a, = a, = 6x 10" Hz,
Pe =Py =5x 102 Hz, and y, = &, = 3.

Meanwhile, the permittivity and the permeability of the left
environment area are supposed to be &, and y;,, while those for
the right one are &, and py,.

The transmission spectrum can be plotted out by the TMM
[18]. The tunneling conditions in the ENG and MNG hetero-
structure can be described as follows [7]:

el(@)d,+ed, _ —
d\+d, =éf =0 (2)
wd sy (w)dy

diid, = Het =0

In Fig. 2, itis obvious that a transmission peak (black dashed
line) appears at /= 477.3 THz for the hetero-structure con-
sisting of ENG and MNG metamaterials whose dispersion
adopts a form of Drude model.

To present the above electromagnetic tunneling phenome-
non in the visible light range, two kinds of SNG with Drude-
like dispersion have to be realized. Relatively, it is easy to realize
ENG in optical frequency range. In nature, a variety of metals,
below their plasma oscillation frequency, have a negative dielec-
tric response with Drude-like dispersion, which makes them
effective ENG metamaterials. Nevertheless, it is not convenient
to achieve MNG with Drude-like dispersion in an optical band.
Although different types of optical magnetic metamaterials
have been proposed, such as the split ring resonator and the
fishnet structure, their dispersion of permeability is always
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Fig. 1. Schematic of an ENG and MNG hetero-structure.
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Fig. 2. Transmission spectra of the ENG and MNG hetero-
structure whose ENG part adopts a Drude model (black dashed line),
EIR-Drude model with different x values (blue dotted and red solid
line), respectively.

in the form of a Lorentz model. As a result, the frequency
range of negative permeability is so narrow that it is difficult
to match up with the ENG metamaterials and realize the
electromagnetic tunneling. It is also found that a well-
engineered, one-dimensional PC with a specific band gap could
be regarded as a MNG metamaterial with Drude-like
dispersion [19]. Therefore, the electromagnetic tunneling
phenomenon, namely, the OTS, can be realized optically by
using the metal-PC hetero-structure.

Observing the above tunneling conditions carefully, one can
understand intuitively that previous adjustment of the OTS
transmission properties is achieved mainly by modifying the
magnetic part of the above condition, in particular, the
Ho(w)- Practical means include changing the refractive index
of the material, the period length, and the period number of
the one-dimensional PC. Unfortunately, the value range of
the material refractive index in nature is restricted, while the
increased number of periods will certainly expand the device
volume. Therefore, to some degree, these traditional modulat-
ing methods still have some limitations.

Instead of changing the dispersion of one-dimensional PC
Ha(w)» We found that the transmission properties of OTS can also
be fine-tuned by properly varying the dispersion of the metal
layer &;,). It is found that, by patterning on some well-designed
artificial structures, the thin metallic layer turns out to be a
meta-surface with szructure-induced dispersion. Now, the per-
mittivity of ENG can be redesigned by adding an EIR-like
dispersion into Eq. (1a), which makes it become [14]

_ o
& =1-Griga T (@) (3a)
){(0)) — _ h(w-wy+iy,)
(w-wg+iy,) (@-wo+iy,)-K*
2
a
Hy = 5 (3b)
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where @y is the resonant angular frequency of the radiative and

dark resonators; ¥, and y, are the damping factors of the two

resonators; k indicates the coupling between the two resonators;
and 4 is a geometric parameter indicating the strength of the

radiative element couples with the incident electromagnetic
wave. Other parameters are

a. = a, = 6x 10" Hz B. =P, =5x10" Hz

U =6 =3 Y. =5x 10" Hz; 7, = 1x 108 Hz;
k= 6x 10 Hz; 4, = 80 nm, d, = 80 nm,
h=1x10" Hz

When an EIR-like dispersion is superimposed to the original
Drude model, the transmission spectrum for different x values
(blue dotted and red solid line) also can be replotted by TMM
in Fig. 2. In the following paragraph, we named this composite
dispersion as the EIR-Drude model. It shows obviously that
the Q-factor of the OTS mode is enhanced greatly while
the transmission is unchanged. In the meantime, the Q-factor
is enhanced along with the decrease of meta-atoms’ coupling
strength k value in permittivity of ENG. This result implies
that the transmission properties, in particular the Q-factor
of the ENG-MNG hetero-structure, can be well engineered
by introducing EIR-like dispersion into the original ENG

metamaterials.

B. Parameter Retrieval of Meta-Surface with EIR-like
Dispersion Method

Above we have verified analytically that the employed EIR-like
dispersion can give rise to the Q-factor of the tunneling mode
effectively. Next, we would like to discuss the realization of
ENG with extra EIR-like dispersion by full-wave simulations
of a feasible meta-surface structure, shown in Fig. 3(a).

By a parameter retrieval method, we can obtain the effective
permittivity and permeability of the meta-surface from its re-
flection and transmission coefficients [18]. Two horizontal
and one vertical air slots, regarded as the dark and bright
meta-atoms, are etched on the thin metal layer to mimic the
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Fig. 3. (a) Schematic of a meta-surface with EIR-like dispersion:
top (left panel) and side views (right one). (b) The real parts of per-
mittivity of the Drude dispersion (black dashed line), the EIR-Drude
dispersion (blue dashed line), and the retrieved parameters from the
simulation on a meta-surface with EIR-like dispersion (red solid line).
(c) The real parts of permittivity for a meta-surface with EIR-like
dispersion under different g,. (d) The real parts of permittivity for
an EIR-Drude model under different coupling strength .
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EIR-like phenomenon [16]. The structural parameters are
designed as /; = 100 nm, w; = 30 nm, g, = 60 nm, /, =
128 nm, w, = 50 nm, g, =20 nm, 7 = 30 nm, and s =
400 nm. From the simulated reflection and transmission
coefficients, we can obtain the effective permittivity of the
meta-surface, depicted as the red solid line in Fig. 3(b). For
comparison, the dispersive effective permittivity of bulky silver
described by the Drude model and that of the above mentioned
EIR-Drude model are both shown in Fig. 3(b) as the black
dashed line and the blue dotted one, respectively. It is clear
that the retrieved dispersion of a realistic meta-surface possess-
ing an EIR-like spectrum agrees well with the analytical
EIR-Drude model.

To reveal further the relationship between the well-designed
meta-surface and the EIR-Drude model, comparisons under a
set of parameters are carried out. In more specific terms, the
dispersions of the realistic meta-surface structures with various
2, the distance between two horizontal slots and a vertical one,
are figured out as shown in Fig. 3(c). This changing of g, can be
understood as the tuning of the coupling between two horizon-
tal slots and a vertical one, namely, the coupling between dark
and bright meta-atoms. One can find that this kind of change
in a real structure has almost the same impact as that in the
EIR-Drude model when varying the coupling parameters «,
which narrows the spectrum width notably. As shown in
Fig. 3(d), it is clear that tuning the coupling parameters
makes the dispersion of an EIR-Drude model changing
with the same trends as in Fig. 3(c). Here, g, varies from
20 to 40 nm, while x varies from 3 x 10" to 2 x 10'% Hz,
accordingly, under the condition that /=5 x 104 Hz,
Y. =3x 10'3 Hz, and 7, =1x 108 Hz.

Therefore, based on the analysis above, if one redesigns the
dispersion characteristics of €, (w) by etching an air slot on the
thin metal layer to introduce extra EIR-like dispersion, one can
further modify or enhance the spectral properties of OTSs, in-
cluding reflection and Q-factor. Moreover, this enhancement is
not at the cost of extra device volume. According to Ref. [9], EM
waves are highly localized in the air slot with a maximum E-field
strength about two orders higher than conventional OTS
hetero-structures, by introducing extra like-EIR dispersion.
More importantly, EM fields are found highly localized in
the air slot, giving rise to the interaction between light and active
materials. Thus, this feature is expected to be applied in the
enhancement of lasing behavior.

It should be noticed that, as the EM fields are highly local-
ized around the EIR-like meta-molecule, the adjacent dielectric
environment should be taken into account when a parameter
retrieval method is performed. For instance, we hire a TiO,
layer with its thickness of & as a substrate and plot the reflection
coefficients in Fig. 4(a).

One can find that the EIR-like spectrum obviously shifts to
lower frequency along with the increased substrate thickness 4.
However, the shifting rate gradually decreases around the lower
frequency range. These features imply that, as the EM field is
strongly localized around an EIR-like meta-molecule, it cannot
influence a substrate that is thick enough. To present it more
clearly, we show the EM field distributions for EIR-like
meta-molecules with a different substrate thickness 4, in
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Fig. 4. (a) Reflection spectra and (b) the related EM field distribu-
tions of the EIR-like meta-molecules with different substrate thickness
d. The frequencies of these distributions are chosen at the center
frequencies of the EIR-like reflection window.

Fig. 4(b). The planes shown in Fig. 4(b) are cut along the
dotted line and perpendicular to the x-axis shown in Fig. 3(a).
It is clear that when the substrate thickness exceeds 90 nm,
the EM field distributions of the local modes are almost un-
changed. This explains the reason why the shifting rate of
the EIR-like spectrum tends to decrease around the lower fre-
quency range. In addition, the center frequency between the
two dips of the EIR-like reflection spectra can be regarded
as the @, frequency defined in Eq. (3). At this frequency,
the steep dispersion and related slow light effect give rise to

the Q-factor enhancement of the OTS.

C. Simulation on Enhanced Lasing Enhancement

For the validation of lasing enhancement effect, a meta-surface-
PC hetero-structure MS(CD)j is proposed, by coating an MS
layer on a PC consisting of alternating SiO, (layer C) and TiO,
(layer D) layers, as shown in Fig. 5(a). The refractive indices
and thicknesses of TiO, and SiO, layers are n. = 1.46,
np = 2.16, d, = 260 nm, and 4p = 153 nm, respectively.
For comparison, an initial configuration of metal-PC hetero-
structure, M(CD)g, is also designed, with a 30 nm thick
silver film deposited on PCs. Here, the metal layer is supposed
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Fig. 5. (a) Schematic of the MS-PC hetero-structure. The geometry
parameters are /; = 100 nm, /, = 128 nm, w; = 30 nm, w, =
50 nm, g, =60 nm, g, =70 nm and dc =260 nm, dp=
153 nm, P = 400 nm, and r = 30 nm. The periods in both the x
and the y directions are P = 400 nm. The thickness of the silver film
on the PC substrate is # = 30 nm. (b) Front view of the meta-surface
with EIR-like dispersion. (c) Reflection spectra for M(CD)4 (black
dotted line) and MS(CD); structures (red solid line).

to be Ag, with Drude-like dispersion [20]. As for the MS-PC
hetero-structure, its concrete parameters are /; = 100 nm,
/, =128 nm, w; =30 nm, w, =50 nm, g; =60 nm,
2, =70nm and d, =260 nm, dp=153 nm, P =
400 nm, and # = 30 nm, as shown in Fig. 5(a). Here, the in-
creased g, gives rise to the narrowing of an EIR-like spectrum
and the related EM confinement of Tamm interface mode.

Three-dimensional FDTD simulations are performed in a
Cartesian x-y-z coordinate system, with a TM-polarized wave
(magnetic field H polarized along the y direction) normally in-
cident from the right side of our structure. Thus, the reflection
spectra of M(CD)g and MS(CD)g hetero-structures are fig-
ured out in Fig. 5(c), showing clearly the enhanced OTS whose
reflection and Q-factor are both optimized. Reflection dips be-
longing to OTS emerge for both two hetero-structures in the
vicinity of 200 THz. Meanwhile, the corresponding Q-factor
of MS(CD)y is much larger than that of the A/ (CD); structure
by a factor of around 4 times.

As follows, gain medium is introduced to verify the en-
hancement effect of the MS-PC hetero-structure. For clear
comparison, the following two cases are considered. In case
1, a complete thin metal layer is adopted to form the
M(CD)g structure, and the nearest dielectric layer D, TiO,
layer is replaced by the gain materials. (It should be noticed
that the thickness of the gain layer is changed accordingly to
maintain the original optical path.) In case 2, the original
structure of photonic crystal (CD)¢ keeps unchanged, yet some
gain media are embedded into the slots of an EIR-like meta-
surface structure. Here, a four-level two-electron atomic system
is employed to describe the time evolution of the population
density of gain material [21,22], with rate equations written as
follows:
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P (4a)

_ gl 4
dt T3 11 hwe dt ( b)
AN, N, N, 1 . dP.
_ == — . F. e’ 4
dt T2 Tio + ha)e df ( C)
ANy _ N5 Ni_ 1 . dP, d)

At 13 Ty hw, =~ dt’
where E represents the total electric field and P, and P, are the
net macroscopic polarizations resulting from the transition be-
tween state 0 to state 3, and from state 2 to state 1, respectively.
Ny to N; are the population density of molecules from energy
level 0 to 3, accordingly. 7., represents the lifetime of the tran-
sition between energy level x and y. The detailed gain material
parameters used in our simulations are (1) @, = 1.26 x 101
and @, = 5.03x 10", with damping coefficients y, =
vy = 1.0x 1013 (2) lifetimes: 7,; = 739 = 3.0 x 1070 s,
T3 =750 = 1.0 x 10 5; and (3) the initial population
density: Ny = 5.0 x 10 m™.
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Fig. 6. (a) Emission spectra under different pump amplitudes in
case 2. (b) The peak values of the simulated emission spectra as a func-
tion of the pump amplitudes. Black and red lines represent for case 1
and 2, respectively. Inset: details of (b).



Research Article

When the above two structures with gain medium are
pumped optically using an 800 nm picosecond-pulsed light,
the emission spectra under different pump amplitudes are
figured out as shown in Fig. 6(a).

It is clear that steep and narrow emitting spectra are ob-
served, indicating the lasing effect at 1550 nm. By taking
the peak values from spectra in Fig. 6(a), the max emission in-
tensity as a function of the amplitude of the pump also is plot-
ted in Fig. 6(b). Black and red lines represent the results for
case 1 (M-PC with adjacent gain layer) and case 2 (MS-PC with
embed gain medium in slots), respectively. For these two cases,
the max emission intensity has the same trend. It is nearly zero
below a certain threshold value; then it rises as the pump am-
plitude increases. Nevertheless, the threshold values and the
max emission intensity in these two cases differ with each other
obviously. The estimated threshold values for cases 1 and 2 are
about 0.75x 107 V/m and 0.43 x 10° V/m, respectively,
showing clearly the threshold lowering effect. In the meantime,
the enhancement of lasing action is exhibited clearly as the
increase of pump amplitude.

3. CONCLUSION

In summary, the enhancement of the OTS and related lasing
effect is investigated by introducing meta-surface with EIR-like
dispersion. Numerical analysis and full-wave-simulation-based
parameter retrieval method confirm that the structure-induced
EIR-like dispersion gives rise to the Q-factor of OTS. As a re-
sult, an enhanced lasing effect also is verified when introducing
a four-level two-electron atomic system. These features make
our MS-PC structure promising to reduce the lasing threshold,
enhance the fluorescence, and so on. Furthermore, this method
only hires some surface etching procedures on the structure,
which makes the fabrication much easier.
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