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and surface plasmon polariton on a one-dimensional metal grating

in coupling with a light emitter
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The authors demonstrate the differentiation between the contributions of localized surface plasmon
(LSP) and surface plasmon polariton (SPP) couplings with an emitting dipole to emission
enhancement in a metallic grating structure. Because of the relatively higher loss and in-plane
radiation of the SPP modes, the LSP modes dominate the enhancement effect. However, because the
LSP resonance energy is sensitive to the metal/dielectric interface geometry, it may be difficult to
precisely implement a particular geometry and achieve the emission enhancement of a desired
emission wavelength based on the LSP coupling. On the other hand, because the SPP feature can be
controlled by the period of a grating structure, the implementation of the SPP coupling for emission
enhancement in a practical device can be more feasible. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2906363]

The coupling of surface plasmons (SPs), including sur-
face plasmon polariton (SPP) and localized surface plasmon
(LSP), with light emitters/absorbers for enhancing emission/
absorption efficiency has been widely studied. - Among
those studies, the coupling between a SP and an InGaN/GaN
quantum well is quite attractive because it has the potential
for increasing the efficiency of a light-emitting diode."" In
such a coupling process, dipole energy in a quantum well is
transferred into a SP mode. If the SP mode can radiate effec-
tively, light emission can be enhanced; otherwise, SP dissi-
pation leads to emission quenching. In this regard, a metallic
grating structure is useful for phase matching a SP mode and
a radiation mode.'"'> However, in a metallic grating struc-
ture, besides SPPs of propagating nature can be excited, LSP
modes can exist in individual grooves. The LSPs can also
couple with the dipoles in the quantum well for either en-
hancing or quenching emission. Therefore, for enhancing the
emission of a device, it is important to differentiate the cou-
pling of a dipole with SPP from that with LSP in a metallic
grating structure.

In this letter, we report the numerical study results of
differentiating the SPP coupling with an emitting dipole from
the LSP coupling. We are particularly interested in the con-
tributions of SPP and LSP couplings to the emission en-
hancement factor and the enhancement spectral ranges. We
use the boundary integral-equation method" to numerically
simulate the coupling between a dipole and all possible SP
modes on a nearby Ag grating structure. We can observe
the individual contributions of SPP and LSP to emission
enhancement.

Figure 1 shows the spectra of the enhancement factor of
bottom emission caused by the coupling of a dipole with a
LSP in three cases of different groove shapes described by
a super-Gaussian function. The three geometries of the
Ag/GaN interface are shown in the insert for the cases
of A-C. The x-axis-oriented emitting dipole, denoted by an
arrow and labeled by J,, is located 10 nm right below the
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bottom of the groove with the coordinate at (x,y)=(0,
—20 nm). Except the geometry of the semiconductor groove,
the half-space Ag and the half-space GaN (with the refractive
index set at 2.5) are divided by a plane interface at y=0. The
groove and the dipole are infinitely extended along the z axis
to form the two-dimensional problem. The permittivity of Ag
is assumed to follow the Drude model'* with the angular
plasma frequency set at @,=1.19X10' rad s~ and damping
constant set at y=1.33X 10" rads™!, leading to the SPP
resonance energy of 2.92 eV (425 nm in wavelength) at the
plane Ag/GaN interface. With the half space of Ag, the bot-
tom emission (along the —y direction) represents the total
detectable power radiated from the dipole. The enhancement
factor of bottom emission is defined as the total downward
(—y direction) power flow across the surface of y=—60 nm
divided by the similar total power flow when the Ag/GaN
interface in the insert of Fig. 1 is replaced by a plane surface
between air and GaN at y=0. This factor represents the in-
crease of detectable power when the dipole is coupled with
SPs induced on the Ag/GaN interface. In Fig. 1, one can see
the strong dependence of the enhancement factor spectrum
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FIG. 1. (Color online) Spectra of the enhancement factor of bottom
emission in three cases of different groove geometries. The Ag/GaN inter-
face geometries are shown in the insert for the cases of A—C. The
x-axis-oriented dipole, denoted by an arrow and labeled by J,, is located at
(x,y)=(0,-20 nm).
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FIG. 2. (Color online) Spectra of the enhancement factor of radiation rate
(a) and bottom emission (b) of four cases, including the single groove (de-
noted by SG) of case C in Fig. 1, the periodical arrangement of the groove
to form the grating structures of periods a=80 nm (a80), 100 nm (a100),
and 120 nm (a120). The grating structure is depicted in the insert of Fig.
2(a).
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on the groove geometry. The resonance energies of the LSPs
in the groove shapes of A—C range from 420 to 470 up to
525 nm in wavelength, as depicted by the major peaks of the
three curves in Fig. 1. The minor peaks of cases B and C
around 430 nm are attributed to the resonant SPP mode on
the flat Ag/GaN interface. For case A, this SPP feature
shows itself as a shoulder of the dominating LSP resonance
feature.

Figure 2(a) shows the spectra of the enhancement factor
of radiation rate in four cases, including the single groove
(denoted by SG) of case C in Fig. 1 and the periodical ar-
rangement of the groove to form the grating structures of
periods @=80 nm (a80), 100 nm (al100), and 120 nm
(a120). The grating structure is depicted in the insert of Fig.
2(a), in which a dipole is located under one of the grooves,
still 10 nm below the groove bottom. The enhancement fac-
tor of radiation rate is defined as the total outgoing power
from a square of 2.5 nm in dimension centered at the dipole
position divided by the similar power when the grating struc-
ture is replaced by a plane air/GaN interface at y=0. In Fig.
2(a), the curve of SG is similar to that of case C in Fig. 1,
with the peaks around 525 and 430 nm corresponding to the
induced LSP in the groove and the plane-interface-induced
SPP resonance, respectively. Among the three grating struc-
tures, the aforementioned two peaks of the SG structure at
430 and 525 nm can also be observed, as expected. Besides,
additional peaks due to the coupling of SPP with the dipole
can be seen with the peaks around 590 nm for the case of
a=100 nm and around 680 nm for the case of a=120 nm.
The SPP-coupling peak for the case of a=80 nm merges into
the LSP feature around 525 nm such that this peak shows a
higher intensity. These peaks correspond to the dispersion
curve interceptions with the light line (see Fig. 4 below).

Figure 2(b) shows the spectra of the enhancement
factor of bottom emission for the same cases in Fig. 2(a).
The difference between the bottom emission in Fig. 2(b)
and the (total) radiation rate in Fig. 2(a) is mainly caused
by the metal dissipation loss and in-plane (y=0) light
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FIG. 3. (Color online) Distribution of
the absolute value of H, field for the
SP modes in the grating structure of
a=80 nm at 430 nm (a) and 525 nm
(b), and in that of a=100 nm at
525 nm (c) and 590 nm (d). The in-
serts of Figs. 3(a)-3(d) show the field
distributions of the SG structure at the
same wavelengths.
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FIG. 4. (Color online) Dispersion
curves of the grating structures with
a=80 nm (a) and 100 nm (b).
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propagation.' In Fig. 2(b), because of the high dissipation
loss at the SPP resonance, the peaks of all cases around
430 nm are suppressed. With this suppression, the minor
peaks around 405 nm become visible. This minor peak exists
in all cases implying that it is generated by an individual
groove. It can be attributed to a higher-order LSP mode in
the groove. In Fig. 2(b), one can also observe the suppres-
sions of the SPP peaks in the grating structures when com-
pared with Fig. 2(a). The metal dissipation and in-plane light
propagation result in a broad spectral hump for bottom emis-
sion enhancement [instead of the sharp peaks in Fig. 2(a)] in
the SPP coupling with the dipole when the grating periods
are 100 and 120 nm.'? Such a suppression in the case of a80
leads to the decreased peak intensity around 525 nm, when
compared with its counterpart in Fig. 2(a). Because the SPP
feature, except that around 430 nm, shifts with the grating
period, we can differentiate the contribution of SPP coupling-
induced emission enhancement from that of LSP. From the
results in Figs. 2(a) and 2(b), one can realize that the contri-
bution of LSP coupling can be more significant than that of
SPP coupling if the dipole emission wavelength matches the
LSP resonance.

To further understand the coupling between the dipole
and the SP modes, we plot the distribution of the absolute
value of H. field in Figs. 3(a)-3(d) for the SP modes in the
grating structure of a=80 nm at 430 nm (a) and 525 nm (b),
and in that of a=100 nm at 525 nm (c) and 590 nm (d). The
inserts of Figs. 3(a)-3(d) show the field distributions of the
SG structure at the same wavelengths. The SP field in Fig.
3(a) is localized, even though it corresponds to the resonant
SPP on the plane Ag/GaN interface, because the dissipation
loss of SPP at the resonance energy is high such that its
propagation distance is limited. The insert (also the resonant
SPP mode) means to show the slight change of field distri-
bution, particularly outside the central groove, when the pe-
riodical structure is formed. The field distribution in Fig. 3(b)
consists of the SPP and LSP components in this grating
structure. The insert in this figure shows the field of only the
LSP in the SG structure. In Fig. 3(b), an extended distribu-
tion of SPP superimposed with the bright local field of LSP
can be seen. From the total field distribution, one can specu-
late that the two SP modes are mutually coherent and con-
structively interfered when they couple simultaneously with
the same dipole. In Fig. 3(c), one can see the field distribu-
tion of the LSP mode in the grating structure, which is dif-
ferent from that of the resonant SPP mode of limited propa-
gation distance [see Fig. 3(a)] and is slightly more extended
than the LSP mode in the SG structure. Then, in Fig. 3(d),
we can observe a typical SPP modal field distribution which
extends over several periods along the y direction. Here, the
insert shows that no LSP or SPP modes are excited.
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Figures 4(a) and 4(b) show the dispersion curves of the
grating structures with =80 and 100 nm, respectively,
based on the reflection calculation of incident plane wave
using the plane-wave-assisted boundary integral-equation
method."* The dark stripes indicate the dispersion curves of
various SP modes. It is noted that the dispersion curve of the
resonant SPP mode around 430 nm, which is hardly excited
due to the higher-order diffraction of the grating structure,
cannot be clearly seen in Figs. 4(a) and 4(b). In Fig. 4(a),
besides the mixed LSP/SPP modes around 525 nm, the
aforementioned higher-order LSP mode round 405 nm can
be clearly observed. In Fig. 4(b), the SPP (around 590 nm)
and LSP (around 525 nm) modes are separated that is con-
sistent with the results in Fig. 2(a).

In summary, we have demonstrated the different contri-
butions of LSP and SPP couplings with a dipole to emission
enhancement. Because of the relatively higher loss and in-
plane radiation of the SPP modes, the LSP modes could
dominate the enhancement effect. However, because the LSP
resonance energy is sensitive to the groove geometry, it
might be difficult to precisely implement a designed groove
geometry and control the enhancement factor for a given
emission wavelength.
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