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The authors report the observation of a polarization-dependent surface plasmon (SP) feature on a
one-dimensional Ag-grating structure through the SP coupling with an InGaN/GaN
dual-quantum-well structure closely below the metal grating. Polarized photon output is observed
because only the momentum matching condition of the SP mode propagating in the direction
perpendicular to the grating grooves can be reached through the diffraction of the fabricated grating
and, thus, the SP radiation efficiency is significantly enhanced only in this polarization. The
dispersion curve of the observed SP mode shows a group velocity of 2.4 X 10 m/s, which manifests
the SP characteristics in the air/Ag/GaN grating structure. © 2008 American Institute of Physics.

[DOL: 10.1063/1.2829794]

Due to the existence of a strong local field, the coupling
of surface plasmon (SP) on a metal structure with a light
emitter can enhance its emission efficiency. Such a coupling
behavior for emission enhancement has also been observed
in an InGaN/GaN quantum well (QW) structure.”™ In such a
coupling process, energy in the excited carriers in the QW is
first transferred into the SP modes on a metal structure
nearby. The SP modes can radiate effectively if the momen-
tum mismatch between SPs and photons can be compen-
sated. Such a compensation scheme can be obtained from a
metal grating structure or a rough metal surface. For a certain
SP mode, a metal grating of an appropriate period for mo-
mentum matching can significantly enhance the SP radiation
efficiency. Such momentum matching can be satisfied only
for the SP component propagating in the direction perpen-
dicular to the grating grooves. Therefore, the SP-QW cou-
pling process in a light-emitting diode with a one-
dimensional (1D) metal grating structure can lead to
polarized output,lo which is useful for backlighting applica-
tions of liquid-crystal display.

In this letter, we report the observation of polarization-
dependent SP-QW coupling behavior in an InGaN/GaN QW
structure with a 1D Ag grating. In the recorded PL intensity
distribution in the energy-in-plane-wavevector (E-k,) space,
which includes both the diffraction/interference fringes of
the grating and the SP features, the SP feature is identified
from the polarization-dependent measurement, the calibrated
SP group velocity, and the shift of SP dispersion curve in
changing grating period. The used InGaN/GaN QW epitax-
ial sample includes two QWs for individually emitting blue
and green lights. The growth of the two QWs extends the
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emission coverage for easier identification of SP dispersion
curve. The two QWs and the 2 um undoped GaN lower-
cladding layer are grown on c-plane sapphire substrate with
metal-organic chemical vapor deposition. The widths of the
barrier between the blue QW (deeper) and green QW and the
cap layer above the green QW, both undoped GaN, are 10
and 15 nm, respectively. Therefore, the 3 nm green and blue
QWs are 15 and 28 nm below the Ag/GaN interface, respec-
tively. The 1D Ag grating patterns were defined by electron-
beam lithography. A Ag layer of 50 nm in thickness was
deposited on the epitaxial sample by electron-gun evapora-
tion. A lift-off procedure was performed for forming the grat-
ing grooves. The periods of Ag gratings are varied from
300 to 450 nm with a step size of 50 nm (four samples in
total). The duty cycle of the gratings was fixed at 50%. In
other words, on each sample, one-half of semiconductor sur-
face is exposed to air. Figure 1 shows a plan-view scanning
electron microscopy (SEM) image of a Ag grating with
400 nm in period. The coordinate system is also defined in
this figure.

In photoluminescence (PL) measurement, PL is excited
by a 406 nm InGaN laser diode from the bottom side (sap-
phire side). The angle-dependent PL intensity is recorded
also from the bottom side. The excitation laser is focused
with a convex lens of 100 mm in focal length and incident
onto the sample in the y-z plane through a fused-silica hemi-
spherical lens of 4 mm in diameter. The hemispherical lens
provides the function of solid immersion."" It is attached to
the bottom side of the sample for increasing excitation inten-
sity and PL photon collection efficiency in the PL measure-
ment. Index-matching oil is introduced to the interface be-
tween the hemispherical lens and the sapphire substrate to
reduce the totally internal reflection from the air gap. The use
of the hemispherical lens also increases the measurement
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FIG. 1. (Color online) SEM image of a Ag grating with 400 nm in period.

range of k, by a factor of n.y, where ng; is the effective
refractive index of the combination of the hemispherical lens
and the sapphire substrate. Because the thickness of the sap-
phire substrate (<150 wm after thinning) is much smaller
than the diameter of the hemispherical lens, n.y can be rea-
sonably approximated by the refractive index of the hemi-
spherical lens. PL photons are collected by a detection unit,
consisting of a variable iris, a focal lens, and an optical fiber,
from the bottom side of the sample through the hemispheri-
cal lens. The detection unit is mounted on a computer-
controlled motorized rotary stage. It is rotated around the
grating sample in the x-z plane.

Figure 2 shows the x-z polarized (p-polarized) PL inten-
sity distributions in the E-k, space when the Ag grating pe-
riods are 300 nm (a), 350 nm (b), 400 nm (c), and 450 nm
(d). Here, k, is related to the measurement angle 6 through
the relation

k,(N,0) =27 sin 0 n(N)/\. (1)

Here, 6 is the rotation angle of the detection unit from the z
axis. In these figures, one can see two bright bands from the
blue- and green-emitting QWs. The (red) dashed lines la-
beled “SP” show the dispersion relation of the SP mode,
which is to be discussed later. Other dashed lines labeled
A-C represent the cutoff point of the —1 diffraction order of
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TABLE 1. Grating diffraction effects in various samples of different grating
periods.

Labeled features in Figs. 2 and 3 Descriptions

Interference between the —1st and +1st
Fringe 1 diffraction components
Interference between the Oth and —1st
diffraction components
Interference between the Oth and +2nd
diffraction components
Interference between the —1th and +2nd
diffraction components

Cutoff of the —1st diffraction

Fringes 2, 3, 6, 8, and 11
Fringes 4, 9, and 10

Fringes 5 and 7
Lines A-E

the grating (see Table I). In the PL intensity distributions, one
can clearly see various fine fringe patterns at different E-k,
coordinates, as labeled with various numbers. The common
large-period fringe in all figures of Fig. 2 originates from the
Fabry-Pérot effect of the sample, i.e., the oscillation between
the metal/semiconductor and semiconductor/sapphire inter-
faces. The diffraction effects of the metal grating are sum-
marized in Table I, including the origins of those fine fringes
(labels 1-9) and the lines for the cutoff of a diffraction order
(labels A—C). Those fine fringes come from the interference
of various grating diffraction orders. However, they are not
of our major concern in this study. In each part of Fig. 2, the
vertical arrow around 1.7 wm™ in k, /27 indicates an almost
vertical dark band, which corresponds to the Brewster’s
angle effect at the GaN/sapphire interface in the p-polarized
case. Other dark bands are caused by measurement instabil-
1ty.

In Fig. 2, the dashed lines labeled SP connect the bright
spots in the blue and green bands of the PL intensity distri-
butions. They correspond to a section of the dispersion curve
of a SP mode propagating in the air/Ag/GaN grating
structure.'>"* Since the expected SP resonance energy of the
grating structure is significantly higher than the energy range
in Fig. 2, it is reasonable to fit the dispersion relation with a
linear curve. The SP resonance energy is estimated to be
larger than 3.4 eV based on a coupled-wave-method calcula-
tion. The SP group velocity can be estimated from the fitted
SP dispersion curve to give about 1 eV um or 2.42
X 10® m/s within the emission energy range of the dual
QWs. This group velocity is quite consistent with that of

FIG. 2. (Color online) Distributions of
the p-polarized PL intensity in the
E-k, space when the metal grating pe-
riods are 300 nm (a), 350 nm (b),
400 nm (c), and 450 nm (d).
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FIG. 3. (Color online) Distributions of the s-polarized PL intensity in the
E-k, space when the metal grating periods are 350 nm (a) and 450 nm (b).

around 2.61X 108 m/s from a numerical study. The large
group velocity represents a SP feature in the air/Ag/GaN
grating structure. The observed dispersion curve belongs to
the negative k, range and is right shifted to the positive side
through the metal grating coupling. Therefore, the
relative positions in the k, axis of the four SP lines in Figs.
2(a)-2(d) are related to their individual grating periods. The
differences between the interception points in the k, (divided
by 27) axis of the four SP lines in Fig. 2 are 0.46, 0.34, and
0.25 um~'. They are close to the differences of the inverse
grating period between two successive periods as
1/0.3-1/0.35=0.476 um=!,  1/0.35-1/0.4=0.357 um™!,
and 1/0.4-1/0.45=0.278 um™!, respectively. The general
consistency of those numbers strongly supports the observa-
tion of a propagating SP mode in the air/Ag/GaN grating
structure.

The other result supporting the observation of the SP
mode is given in Fig. 3, in which the y-polarized
(s-polarized) bottom-side PL intensity distributions in the
E-k, space of the samples with the grating periods of 350 nm
(a) and 450 nm (b) are shown. In these figures, the large-
period Fabry-Pérot fringes, a few fine fringes caused by the
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interference of grating diffraction orders (labels 10 and 11),
and two dashed lines (labeled with D and E) for showing the
cutoff of grating diffraction can be seen. Their grating dif-
fraction information is also shown in Table I. The key point
in Fig. 3 and the similar data (in the cases of 300 and 400 nm
grating periods) is the absence of the corresponding SP dis-
persion curve. We also performed the polarization-dependent
PL measurement by rotating the grating sample by 90° with
respect to the z axis. In this situation, no SP feature was
observed for both p- and s-polarized measurements. This re-
sult is attributed to the lack of momentum compensation
from the 1D grating in this orientation.

In summary, we have reported the observation of a
polarization-dependent SP feature on a 1D Ag grating struc-
ture through the SP coupling with an InGaN/GaN dual-QW
structure below the metal grating. The angle- and
polarization-dependent PL measurements demonstrated the
polarized SP characteristics in such a 1D air/Ag/GaN grating
structure. The SP group velocity was estimated to be around
242X 10% m/s.
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