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ABSTRACT: In this study, we observed that the photolumines-
cence (PL) intensity of ZnO/Ag nanogratings was significantly
enhanced compared with that of a planar counterpart under
illumination of both transverse magnetic (TM) and transverse
electric (TE)-mode light. In the TM mode, angle-resolved
reflectance spectra exhibited dispersive dips, indicating cavity
resonance as well as grating-coupled surface plasmon polariton
(SPP) excitation. In the TE mode, cavity resonance only was
allowed, and broad dips appeared in the reflectance spectra. Strong
optical field confinement in the ZnO layers, with the help of SPP and
cavity modes, facilitated polarization-insensitive PL enhancement. Optical simulation results were in good agreement with the
experimental results, supporting the suggested scenario.
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■ INTRODUCTION

A grating is an optical component commonly used to
manipulate light propagation based on diffraction phenomena.
Additionally, metallic gratings can exhibit anomalous reflection
spectra, due to excitation of surface plasmon polariton
(SPP).1−9 SPPs originate from the oscillatory motion of free
carriers in metals, and generate propagating electromagnetic
fields concentrated at the metal−dielectric interface. SPPs have
a larger momentum than photons with identical energy; hence,
coupling with the radiative electromagnetic field is possible with
the help of the reciprocal lattice vector from periodic structures
(i.e., gratings).1−19 SPPs are associated with fascinating physical
phenomena, including extraordinary optical transmission8,9 and
enhanced light absorption/emission.10−19 Thus, extensive
research has been devoted to understanding the nature of
SPPs and the fabrication of novel periodic nanostructures for
exploiting the beneficial roles of SPPs.
Semiconductor−metal grating structures exhibit interesting

optical properties: tunable spectral response and high
responsivity,10 improved light emission,11−17 and broadband
enhanced optical reflectance.18,19 ZnO is a key material in
various applications due to its wide band gap energy, large
refractive index, and material compatibility. Thus, the
application of ZnO includes photodetectors,10 fluorescent
biosensors,14,15 light-emitting diodes,16,17 and back reflectors
for thin-film solar cells.18,19 In all these studies, the plasmonic
effects in the ZnO/metal structures play major roles in
improvement of the device performance. The SPP effects
enable strong confinement of optical field at sub-wavelength

regime but they are allowed only with a wave vector oriented
parallel to the grating vector of a one-dimensional (1D)
grating.14 Such polarization dependence would limit the
performance of the grating-based optoelectronic devices.
Additional mechanism, enabling less polarization dependence,
would be desirable for further improvement of the device
performance and the tunability of the spectral response.
In this study, we fabricated ZnO/Ag nanogratings and

investigated their optical characteristics, in particular, their
dependence on the incident light polarization. Angle-resolved
optical reflectance spectra of the grating exhibited clear
dispersive dips only when the electric field of the incident
light was parallel to the grating groove, i.e., transverse magnetic
(TM) mode. For transverse electric (TE)-mode light polar-
ization, the reflection spectra displayed broad dips with little
angle dependence. The photoluminescence (PL) spectra of the
grating were much enhanced compared with those of its planar
counterpart, under both TM and TE modes. Optical
simulations of the gratings suggest that not only SPP effects,
but also cavity resonance, contributed to the optical field
distribution in the grating and enabled polarization-insensitive
PL enhancement.
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■ EXPERIMENTAL SECTION
1D Si nanograting structures (period: 500 nm; depth: 70 nm; area:
100 × 100μm2) were fabricated by electron-beam lithography
(JBX6000FS/E, JEOL) and dry etching (ICP 380, Oxford System)
(see Supporting Information Figure S1). ZnO (120 nm)/Ag (80 nm)
thin films were deposited on the Si nanograting by RF sputtering, as
schematically illustrated in Figure 1. Detailed thin film deposition

conditions can be found in our earlier publication.11 An angle-resolved
micro-spectrophotometer was used to obtain the polarization-depend-
ent reflection spectra of the grating sample. The tungsten-halogen
lamp input light source produced a ∼50-μm-diameter beam spot size
on the sample surface. The angle of incidence (α in Figure 1) was
varied from 15−60°. The incident light was linearly polarized: the
electric field was parallel to either the x-axis (TM mode) or the y-axis
(TE mode). The reflected light was collected by a microscope
objective and directed to a UV/VIS spectrometer (spectral range:
400−1100 nm) via an optical fiber. For micro-PL measurements, the
sample was excited by a He−Cd laser (wavelength: 325 nm). The 1
mW laser beam was focused to a spot size ∼2 μm in diameter, using a
40× microscope objective (0.5 NA). The signal was dispersed with a
spectrometer (Jobin−Yvon TRIAX 320), and luminescence spectra
were obtained by a thermoelectrically cooled back-illuminated charge-
coupled device (CCD).

■ RESULTS AND DISCUSSION
Figure 2a and b shows the angle-resolved reflectance (R)
spectra of the ZnO/Ag nanograting as a function of photon
energy and incident angle (α). The TM-mode reflectance
spectra have several reflectance dips showing clear incident
angle dependence. The overall reflectance of the TE mode was
smaller than that of the TM mode and had broad minima at ∼2
eV and α ≤ 30°. The notable dispersive dip feature from the

TM mode was similar to signature SPP excitation observed in
previous studies.11−19 Periodic metallic structures can allow
multi-mode SPP excitation, whose energy is determined by the
periodicity and dielectric functions of the constituent materials.
In a periodic structure, SPPs can be excited by incident

photons, while the momentum mismatch is compensated
according to the relationship kSPP = kZnO sin β ± (2π/D)m,
where kSPP is a wave vector of the SPP at the ZnO/Ag interface,
kZnO is a wave vector of the photon in the ZnO layer, β is the
incident angle of the photon with respect to the surface normal
of the Ag layer (Figure 1), D is the period of the grating, and m
is an integer.11−18 The symbol in Figure 2a represents the
energy of the photon that allows grating-coupled SPP excitation
at each incident angle (see supporting information Figure S2).
Most of the symbols are located in the region with lower
reflectance, assuring that part of the incoming photon energy is
transferred to the SPPs propagating along the ZnO/Ag
interface. Some deviations may be attributed to the detailed
geometric parameters of the grating (width and height of the
grooves)7 and the finite thickness of the ZnO layer.18

Reflectance spectra and electric field distributions in the
nanogratings were obtained by finite-difference time-domain
(FDTD) simulations (Lumerical FDTD Solutions 7.0.1).
Details of the calculations were similar to those used in our
earlier study.11 As shown in Figure 3, the calculated TM mode

reflectance spectra of the ZnO/Ag grating showed three
distinct dips (1.8, 2.4, and 2.5 eV), similar to the experimental
results (Figure 2a). To clarify the origin, simulations were also
performed for ZnO/PEC (perfect electric conductor) nano-
grating, which exhibited two dips at 1.75 and 2.55 eV in the TM
mode. A PEC does not allow excitation of SPPs; thus, another
mechanism must be responsible for the two dips. Metallic
gratings can exhibit intriguing optical reflectance spectra.
Intensive investigations have revealed that such anomalies
originate from standing wave generation in the grooves, as well
as the propagating SPPs.3−6,16−19 This suggests that not only
SPP excitation, but also the cavity mode, could contribute to
the TM mode reflectance dips of the ZnO/Ag sample.
Figure 3 also shows the TE-mode reflectance spectra of the

ZnO/Ag nanograting, which has a notable dip at 2.0 eV.
Zuniga-Segundo and Mata-Mendez discussed field enhance-
ment and reflectance dips of conducting grooves using modal
theory.5 Wirgin and Maradudin claimed significant field
enhancement in a conducting lamellar grating; however,
resonant dips in the far-field reflectance were not observed.6

Metallic grooves were studied in these earlier works, but ZnO

Figure 1. Schematic diagram and a cross-sectional scanning electron
microscopy (SEM) image of the ZnO/Ag nanograting structure. The
scale bar in the SEM image is 300 nm. The red arrow and shaded
plane indicate the incident light and incident plane, respectively. α and
β correspond to the angles of incident light and refracted light at the
air/ZnO surface, respectively.

Figure 2. Angle-resolved reflectance spectra of the ZnO/Ag
nanograting under illumination of (a) TM-mode and (b) TE-mode
polarized light. Blue lines with filled circles in (a) represent the energy
of the photon allowing grating-coupled SPP excitation at each incident
angle (see Supporting Information Figure S2).

Figure 3. Simulated optical reflectance spectra of ZnO/metal
nanogratings. Red and blue lines correspond to the TM and TE
mode spectra of the ZnO/Ag nanograting, respectively. Magenta line
indicates TM mode reflectance of a ZnO/PEC (perfect electric
conductor) nanograting for comparison.
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thin films filled the grooves in our ZnO/Ag nanograting. Thus,
the field enhancement in the grooves can induce strong
absorption in the ZnO layer, resulting in reflectance dips. The
TE mode reflectance near 2.0 eV was lower than that for other
photon energies, as shown in Figure 2b. Such agreement
between the calculation and experimental results indicates
cavity resonance in the TE mode at 2 eV. The width and depth
of the groove may be irregular in the fabricated sample, which
can induce much broader features in the experimental spectra,
compared with the simulation data.
Optical diffraction effects should also be considered for our

ZnO/Ag nanogratings, to understand the reflectance spectra.
Calculations showed that even the lowest-order diffraction is
allowed only in the case for photon energies exceeding 2.75 eV,
and α ≥ 60° (see Supporting Information Figure S3).
Therefore, the measured optical reflectance spectra in Figure
2a and b were not much affected by diffraction. The regime
influenced by diffraction was very limited, due to the relatively
short grating period and the large refractive index of ZnO in the
visible range.
Figure 4a−f shows electric field intensity distributions in the

ZnO/Ag gratings at photon energies corresponding to the
reflectance dips of the simulation data (Figure 3). In Figure
4a−c, significant field confinement at the ZnO/Ag interface
appears, indicating SPP excitation. A strong electric field
confined in the groove filled with the ZnO layer is also
observed, in particular in Figure 4a. Such strong field formation,
caused by cavity resonance, can enhance the absorption in the
ZnO layer, resulting in the reflectance dips, as discussed above.
This suggests that these TM mode reflectance dips >2.0 eV
were produced by hybrid-mode (cavity resonance and SPP)
formation.9 In the TE mode, notable field enhancement in the
ZnO layer is observed at 2.05 eV (Figure 4d). This clearly
shows that the cavity resonance was the origin of the 2.0 eV dip
in the TE mode reflectance spectra (Figure 3). When the Ag
layer in the nanograting was replaced with a PEC layer, strong
field in the ZnO layer is observed at photon energies of 1.75
and 2.55 eV (Figure 4e and f). Such field enhancement is
originated from the cavity resonance without doubt. Therefore,
similarity in the field distribution in the ZnO/Ag (Figure 4a−c)
and ZnO/PEC (Figure 4e−f) structures assures the cavity
resonance in the ZnO/Ag nanogratings.
Figure 5 shows the micro-PL spectra of the ZnO/Ag

nanograting and a planar ZnO/Ag thin film: both of the
nanograting and the planar samples have identical thickness of
the ZnO (120 nm) and Ag (80 nm) layers. The PL spectra of
the planar sample consist of a peak at ∼3.2 eV, originating from
the near-band-edge transitions, and a broad peak in the visible
range due to defect electronic states inside the bandgap region.
The overall PL intensity of the nanogratings increases

significantly for both the TM and TE modes, compared with
that of the planar counterpart. The grating-coupled SPPs
propagate along the ZnO/Ag interface. Photons radiated from
the SPPs, as well as from the directly incident light, can
generate electron−hole pairs in the ZnO layer. Subsequent
recombination results in light emission from the nanograting.
Such a scenario can well explain the TM-mode PL enhance-
ment, as reported by our research group earlier.11 Strong-field
build-up in the ZnO layer was also observed in the TE mode,
which can be attributed to cavity resonance (Figure 4d).
Consequently, the large electric field intensity helps increase of
the PL intensity. Thus, both the cavity resonance and SPP
excitation can raise the PL intensity in the TM mode. In the TE
mode, cavity resonance enhances the PL intensity. Such
enhancement can raise the visible-range light emission, because
the energies are less than 3 eV, as discussed above. Thus, the
band-to-band emission is enhanced, mainly due to the volume
increase in the ZnO layer in the grating structure. We should
note that the SPP-mediated enhancement is possible only in
the TM mode using a 1D grating.14−18 In our ZnO/Ag
nanograting, combination of the SPP effects and cavity
resonance enables enhanced light emission. It should be
noted that the semiconductor/metal grating structures show
angle-dependent PL spectra determined by the dispersion
relations of SPP and guided modes.16,17 Therefore, such
directional and enhanced emission properties can be optimized
for specific intended applications.

Figure 4. Electric field intensity distributions in the ZnO/Ag and ZnO/PEC nanogratings for several photon energies. The scale bar is 100 nm. (a−
c) TM mode for ZnO/Ag, (d) TE mode for ZnO/Ag, and (e−f) TM mode ZnO/PEC.

Figure 5. PL spectra of the ZnO/Ag nanograting (lines with filled
symbols − red for TM mode and blue for TE mode) and a planar
ZnO/Ag thin film (line with “gray” filled symbols). The thickness of
the ZnO and Ag layers are identical in both of the nanograting and the
planar sample. PL enhancement indicates the ratio of the PL intensity
of the nanograting to that of the planar thin film (open symbols − red
for TM mode and blue for TE mode).

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5014024 | ACS Appl. Mater. Interfaces 2014, 6, 8602−86058604



■ CONCLUSION
ZnO/Ag nanograting structures, fabricated by e-beam lithog-
raphy and dry etching, exhibited much enhanced PL intensity
under both TM- and TE-mode light: 400% larger than that of
the planar sample. In contrast, the angle-resolved optical
reflectance spectra showed distinct behaviors that depended on
the incident light polarization. In the TM mode, dispersive dips
were clearly observed. The field distribution maps, obtained by
FDTD simulations, confirmed SPP excitation and the cavity
mode inside the grating groove at corresponding reflectance
dips. In the TE mode, a very broad dip with little angle
dependence was observed. The simulation showed that such a
dip should have originated from cavity resonance. The cavity
resonance, as well as SPP excitation, enhanced the electric field
intensity in the ZnO layer, enabling polarization-insensitive PL
intensity enhancement.
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