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Band-edge emission enhancement in sputtered ZnO thin films with ultraviolet surface lattice resonances

Metallic nanostructures acting as optical nanoantennas can significantly enhance the photoluminescence (PL) of nearby emitters. Albeit luminescence enhancement factors of several orders of magnitude have been reported for quantum dots or molecules, in the case of bulk emitters the magnitude of the plasmonic enhancement is strongly hindered by the weak spatial overlap between the active medium and the electromagnetic modes of the nanoantenna. Here, we propose a solidstate ultraviolet emitter based on a thin film of zinc oxide (ZnO) coupled to an array of aluminum (Al) nanoparticles. The Al nanorod array is designed to sustain surface lattice resonances (SLRs) in the near ultraviolet, which are hybrid modes exhibiting a Fano-like lineshape with narrowed linewidth relatively to the non-hybridized plasmonic modes. By changing both the period of the array and the dimensions of the nanorods, the generated SLR is tuned either to the near band-edge (NBE) emission of the ZnO or to the excitation wavelength. We experimentally demonstrate that the NBE emission can be increased up to a factor of 3 compared to bare ZnO. The underlying PL enhancement mechanisms are experimentally investigated and compared with numerical simulations. We also demonstrate that SLRs are more efficient for ZnO luminescence enhancement compared to localized surface plasmon resonances.

I. INTRODUCTION

Ultra-compact ultraviolet (UV) light sources are building blocks for key developments in information technologies and biomedical sector. This includes, for instance, laser therapy [START_REF] Eversole | Femtosecond Plasmonic Laser Nanosurgery (fs-PLN) mediated by molecularly targeted gold nanospheres at ultra-low pulse fluences[END_REF] , photocatalysis [START_REF] Mascaretti | Hot electron and thermal effects in plasmonic photocatalysis[END_REF] , low threshold solid-state laser sources [START_REF] Zhang | A room temperature low-threshold ultraviolet plasmonic nanolaser[END_REF] , or high density optical storage [START_REF] Zijlstra | Five-dimensional optical recording mediated by surface plasmons in gold nanorods[END_REF] . Due to its direct wide bandgap (3.37 eV) and large exciton binding energy (60 meV) [START_REF] Chen | Plasma assisted molecular beam epitaxy of ZnO on c-plane sapphire: Growth and characterization[END_REF] , zinc oxide (ZnO) is a very promising candidate for use in the aforementioned sectors. However, issues linked to the intrinsic properties of ZnO hamper significantly the development to the targeted devices, particularly if they are meant to operate at the nanoscale. First, the surface recombination at the interface of ZnO results in a shortened carrier lifetime, as the surface recombination through surface/interface states is a very lossy mechanism for photogenerated carriers [START_REF] Fang | Surface defects control for ZnO nanorods synthesized by quenching and their anti-recombination in photocatalysis[END_REF] . This effect becomes much stronger as the geometrical dimensions of the device are reduced, due to the increase of the surface to volume aspect ratio. Second, due to their high refractive index, ZnO structures or thin films induce strong light-trapping, an effect which is not necessarily desired. Third, when used as a gain medium, a ZnO cavity cannot be downsized below half of the wavelength in the considered medium.

A way to circumvent these issues is to use optical nanoantennas to enhance light-matter interaction at the nanoscale and improve light extraction [START_REF] Novotny | Antennas for light[END_REF] . Optical antennas can be created using metallic nanostructures sustaining localized surface plasmon resonances (LSPRs) [START_REF] Zayats | Near-field photonics: surface plasmon polaritons and localized surface plasmons[END_REF] . Such resonances are able to confine the electromagnetic energy into deep subwavelength volumes. For that reason, coupling a semiconductor material with a nanostructured metal is a very promising strategy to enhance and/or control the optical properties of the semiconductor at the nanoscale [START_REF] Jiang | Metal/Semiconductor Hybrid Nanostructures for Plasmon-Enhanced Applications[END_REF][START_REF] Gwo | Semiconductor plasmonic nanolasers: current status and perspectives[END_REF] and to knock down the physical barriers mentioned above. For wide bandgap semiconductors, a) Electronic mail: jerome.martin@utt.fr the metal must sustain good plasmonic properties in the ultraviolet. In that spectral range, one of the best plasmonic materials is aluminum [START_REF] Langhammer | Localized Surface Plasmon Resonances in Aluminum Nanodisks[END_REF][START_REF] Knight | Aluminum for plasmonics[END_REF][START_REF] Gérard | Aluminium plasmonics[END_REF][START_REF] Martin | Fabrication of aluminium nanostructures for plasmonics[END_REF] . In contrast with noble metals, aluminum exhibits plasmonic properties in the ultraviolet region, down to a wavelength of 80 nm, while keeping relatively low losses. Moreover Al is cheap, widely available, and compatible with CMOS technology [START_REF] Olson | Vivid, full-color aluminum plasmonic pixels[END_REF] . Furthermore, contrary to silver, which also exhibits good optical properties in the near-UV, aluminum is more stable over time, as its oxidation is self-limiting after the formation of a native oxide layer [START_REF] Zhang | Long-term stability of plasmonic resonances sustained by evaporated aluminum nanostructures[END_REF] .

In this context, the fabrication of a plasmon-assisted laser with a ZnO nanowire implemented on a single-crystalline aluminum nanometric thin film has been reported [START_REF] Chou | High-Operation-Temperature Plasmonic Nanolasers on Single-Crystalline Aluminum[END_REF] . The optical field confinement at the ZnO/Al interface dramatically increases the probability of interaction between the surface plasmon and the gain material, resulting in an enhanced Purcell factor and stimulated excitonic emission. In another study, the ratio between near band-edge emission and defects-related emission from ZnO microrods decorated with Al nanoparticles has been dramatically increased thanks to the resonant coupling with surface plasmons [START_REF] Lu | Direct resonant coupling of al surface plasmon for ultraviolet photoluminescence enhancement of zno microrods[END_REF] . Other studies involve ZnO micro-or nanostructures coupled with Al nanostructures [START_REF] Norek | Plasmonic enhancement of UV emission from ZnO thin films induced by Al nano-concave arrays[END_REF][START_REF] Liu | Self-Assembled Al Nanostructure/ZnO Quantum Dot Heterostructures for High Responsivity and Fast UV Photodetector[END_REF][START_REF] Lu | Plasmon-Enhanced Whispering Gallery Mode Lasing from Hexagonal Al/ZnO Microcavity[END_REF][START_REF] Wu | Enhanced near band edge emission of ZnO via surface plasmon resonance of aluminum nanoparticles[END_REF] or thin films [START_REF] Zhang | A room temperature low-threshold ultraviolet plasmonic nanolaser[END_REF] . Using ZnO thin films instead of nanostructured ZnO is an alternative worth considering. For instance, Jiang et al. reported that an Al metamolecule can selectively enhance the spontaneous emission rate related to the band-gap transition or the defect transition of a ZnO thin film. [START_REF] Jiang | Tailoring ZnO Spontaneous Emission with Plasmonic Radiative Local Density of States Using Cathodoluminescence Microscopy[END_REF] However, the use of a large volume of active material dramatically decreases the spatial overlap between the emitters and the localized electromagnetic field associated with the plasmonic resonances, yielding to small luminescence enhancement factors.

A solution to this problem is to hybridize the strongly localized plasmonic modes with delocalized photonic modes. Such delocalized photonic modes can be obtained when the nanoparticles are organized into a periodic array exhibiting grazing diffraction orders, or Rayleigh anomalies [START_REF] Zou | Silver nanoparticle array structures that produce remarkably narrow plasmon lineshapes[END_REF][START_REF] Félidj | Grating-induced plasmon mode in gold nanoparticle arrays[END_REF][START_REF] Auguié | Collective resonances in gold nanoparticle arrays[END_REF][START_REF] Vecchi | Surface modes in plasmonic crystals induced by diffractive coupling of nanoantennas[END_REF] . The resulting hybrid modes are known as surface lattice reso-This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. nances (SLRs) or lattice modes [START_REF] Khlopin | Lattice modes and plasmonic linewidth engineering in gold and aluminum nanoparticle arrays[END_REF][START_REF] Babicheva | Collective effects and coupling phenomena in resonant optical metasurfaces: introduction[END_REF] and manifest themselves as sharp resonances in the extinction spectrum. The electric field intensity associated with the SLR is much more delocalized in the plane of the array than the electric field associated with the plasmonic resonance, a situation much more favorable for solid-state lighting, fluorescence enhancement [START_REF] Vecchi | Shaping the Fluorescent Emission by Lattice Resonances in Plasmonic Crystals of Nanoantennas[END_REF][START_REF] Murai | Photoluminescence from an emitter layer sandwiched between the stack of metasurfaces[END_REF] or infrared plasmonics [START_REF] Gao | Aluminum for Near Infrared Plasmonics: Amplified Up-Conversion Photoluminescence from Core-Shell Nanoparticles on Periodic Lattices[END_REF] .
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In this work, we investigate the photoluminescence (PL) properties of a sputtered ZnO thin film combined with an Al nanorod array. The latter exhibits both a narrow plasmonic lattice mode in the UV near the ZnO bandgap, and a plasmonic resonance in the visible centered on the defect emission wavelength of the ZnO. We study both the near band-edge (NBE) emission and the emission from defects in the hybrid structures using spatially-resolved micro-PL. When the optical excitation is polarized along the short axes of the nanorods, NBE emission is increased by a factor up to 3 compared to bare ZnO. This effect is attributed to light absorption enhancement allowed by the lattice mode when it matches the excitation wavelength. If the lattice mode is tuned to the NBE emission wavelength, the PL emission is significantly red-shifted and the enhancement is much more localized around the lattice mode wavelength. In this configuration, the lattice mode represents a new decay channel for the excitonic emission. With an excitation polarized along the long axes of nanorods, assuming the lattice mode is not excited, we are able to isolate This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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the effect due to the coupling between the ZnO defect emission with the plasmonic mode in the visible. Moreover, Finite Difference Time Domain (FDTD) calculations combined with absorption measurements are used to ascertain the coupling mechanisms. All the measurements and calculations are also done on reference sample consisting in Al nanorod arrays sustaining non-hybridized LSPRs.

II. METHODS

A. Fabrication

First, ZnO films were deposited onto quartz coverslips by RF magnetron sputtering. A ZnO target with 50 mm diameter was used as the material source. The plasma was activated by a 13.56 MHz RF power of 200 W at pressure of 1.0 × 10 -2 Torr and flow of argon and oxygen respectively set to 20 and 5 sccm. The growth rate was approximately 1 nm/min and the targeted thickness of ZnO set to 40 nm. In a second step, the obtained thin films were subjected to rapid annealing at 1000 • C in ambient air during 5 minutes. This step was mandatory to obtain a steady PL signal (see results in next part) from the thin layer of ZnO. Rapid Thermal Annealing (RTA) of sputtered ZnO films drastically improves their crystal quality and consequently their luminescence properties. [START_REF] Suvorova | Structural and optical properties of ZnO thin films by RF magnetron sputtering with rapid thermal annealing[END_REF] The third and last step was the fabrication of Al nanostructures on the top of the ZnO layer, using electron-beam lithography followed by lift-off procedure.

Fig. 1a provides schematic views of the four samples. They consist of square arrays of Al nanoparticles lithographed on a thin ZnO layer. Two geometries were investigated: rods (stuctures A-C) and cylinders (structure D). This choice was made in order to investigate the effect of polarized illumination on the system, as a single Al nanorod sustains both ultraviolet and visible plasmonic resonances on its short and long axes, respectively [START_REF] Zhang | Influence of order-to-disorder transitions on the optical properties of the aluminum plasmonic metasurface[END_REF] . The surface topography of the samples was characterized using Atomic Force Microscopy (AFM) as depicted in Fig. 1b. Regular Al arrays were obtained in spite of the relatively high RMS roughness of the underlying ZnO (in the range 6.25 -8.37 nm). Also, dark-field optical microscopy images are provided in Fig. 1c, showing the four arrays.

B. Numerical simulations

Electromagnetic simulations were performed using a commercial software (Lumerical FDTD Solutions). A constant mesh size of 3 nm was set to define precisely the Al nanostructures, while a non-uniform mesh was used outside. A 3 nm layer of Al 2 O 3 was added around the structure to take account of the native oxide layer of aluminum. We used periodic boundary conditions along the x and y axis, and perfectly absorbing layers (PMLs) along the z axis of the computation box. The refractive indices of Al and Al 2 O 3 were taken directly from the software's library of materials. ZnO was modeled as a non-absorbing material with a real refractive index n = 2.

C. Optical characterization

Extinction measurements were performed using a homemade extinction setup. The sample is illuminated by linearly polarized light from a Laser-Driven Light Source (Energetiq). The transmitted light is collected by a NA=0.47 objective lens (LMU-40x-NUV from Thorlabs) and then injected into optical fiber, playing the role of confocal hole, in order to set the size of collection area to 40 µm 2 .

The PL measurements were carried out using a confocal micro-PL bench equipped with a linearly polarized He-Cd laser source emitting at 325 nm. The collection area was roughly equal to 1 µm 2 . Using motorized translation stages coupled to the sample holder, PL mapping with 5 µm spatial resolution has been conducted as shown in Fig. 1e, where the luminescence intensity of the ZnO at 378 nm is plotted on a 400 x 100 µm 2 area containing 4 different Al nanostructure arrays. The ZnO PL enhancement from the 4 lithographed areas is clearly visible on the maps, as well on the corresponding spectra given in figure 1(f). Please note that the presented spectra are restricted to the NBE emission wavelength range. However, there is another emission band located in the visible range and associated with defects in the crystal. This band will be discussed in section III B 3. The geometrical parameters of the arrays and their subsequent plasmonic properties are discussed in the following part.

III. RESULTS

A. Calculated and experimental extinction spectra

The plasmonic properties of the Al nanostructure arrays have been designed to coincide with the excitation laser source (325 nm) or the NBE emission wavelength (380 nm) and the defect emission (500-600 nm) wavelengths range of ZnO. Four arrays have been fabricated, labeled A, B, C and D, whose optical properties and geometric parameters are given in Table I. Figure 2 shows, for each array, a schematic illustra- tion of the Al array (first row), the calculated (second row) and experimental (third row) extinction spectra, and the normalized electric field modulus maps at the wavelengths of interest (fourth row). All spectra have been calculated and measured under both unpolarized and linearly polarized white light illumination, the polarization being aligned along the short or long axis of the nanorods. The linewidth narrowing experienced by the LSPR in the near ultraviolet when coupled to the (±1, 0) Rayleigh anomaly becomes obvious by comparing the spectra of sample A (no SLR) with samples B and C (SLR).

The existence of SLRs sustained by samples B and C is ascertained by the electric field modulus maps at 382 and 326 nm respectively: the vertical fringes are associated with a stationary wave corresponding to the interference of the (±1, 0) Rayleigh anomalies [START_REF] Khlopin | Lattice modes and plasmonic linewidth engineering in gold and aluminum nanoparticle arrays[END_REF] . Note that all nanorod samples also sustain a broad LSPR centered in the visible. Finally, sample D consists of a nanocylinder array exhibiting a single LSPR mode centered at λ = 326 nm. It will be used as a reference sample with no polarization dependence. In the following, we turn our attention to the capability of the hybrid structures to affect the photoluminescence from the ZnO thin layer beneath the Al arrays.

B. Photoluminescence enhancement

A metallic nanostructure acting as an optical antenna can alter PL emission in several ways [START_REF] Giannini | Plasmonic nanoantennas: Fundamentals and their use in controlling the radiative properties of nanoemitters[END_REF][START_REF] Goffard | Plasmonic engineering of spontaneous emission from silicon nanocrystals[END_REF] , as sketched in Fig. 3. First, it can increase the local electric field intensity at the pump wavelength (excitation enhancement, see the left part of Fig. 3). Then, it can open new decay channels for the nearby emitters, improving the emission rate (Purcell effect, This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. right panel in Fig. 3). If these new channels are radiative channels, then the emission can be enhanced, whereas it will be quenched by non-radiative decay channels. Finally, the antenna can redirect and/or beam the emission, sending more light towards the detector. In the following, we analyze the PL emission from our four structures, using their different properties to disentangle these three effects.
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SLR vs. LSPR for emission rate enhancement

We first focus on the PL measured on structures A and B. Both of them sustain a plasmonic resonance at λ = 382 nm, very close to the NBE emission of ZnO, except that structure A does not sustain a lattice mode whereas structure B does. The polarization direction of the impinging light is set along the short axis of the nanorods. Both extinction and PL enhancement obtained from the two arrays are plotted as a function of the wavelength in Fig. 4(a,b). The PL enhancement has been calculated as the ratio between the PL measured on the hybrid area containing the Al nanostructures and the PL measured on the bare ZnO next to the structure. The PL enhancement from the ZnO coupled to SLR reaches a maximum value of 3.2 and lies within a narrow range of wavelengths highly correlated with the narrow extinction signature of the SLR. Structure A exhibits a lower PL enhancement, with a peak enhancement of 2.2, and is distributed over a larger range of wavelengths, linked to the corresponding LSPR extinction signature. We therefore conclude that SLR are more efficient than LSPR in enhancing ZnO photoluminescence in a relatively narrow spectral region centered around the NBE emission of the ZnO.

To unveil the underlying mechanisms of the PL enhance- ment, the peak wavelength of the NBE emission has been mapped as depicted in Fig. 4c. The emission peak for structure B is clearly red-shifted compared to all other arrays and to bare ZnO. This effect was actually already visible in Fig. 1e. We emphasize that this spectral shift has been systematically observed in our experiments, and does not depend on the numerical aperture of the collecting objective lens. We attribute this effect to luminescence spectral shaping [START_REF] Vecchi | Shaping the Fluorescent Emission by Lattice Resonances in Plasmonic Crystals of Nanoantennas[END_REF] , where the PL emission in the vicinity of plasmonic arrays is strongly altered. The photonic, delocalized nature of SLR, together with the enhanced electric field between the nanostructures, allow a large coupling efficiency between the luminescent layer and the electromagnetic mode. Consequently, the photogenerated excitons preferentially decays radiatively into SLR modes, exhibiting an enhanced luminescence. As the SLR spectral position (λ = 382 nm) is slightly shifted with respect to the NBE (λ = 378 nm), the hybrid emitter exhibits a spectrally shifted emission at λ = 380 nm, corresponding to a trade-off between both wavelengths.

Finally, we want to emphasize that the two Al arrays discussed here both exhibit a non-zero absorption at 325 nm, the wavelength of the excitation source. Therefore, even if not optimized, the absorption of the excitation light is also enhanced in the vicinity of Al arrays. This will be discussed in the following part. This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.

PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0073588 FIG. 5. Normalized extinction and PL enhancement spectra measured from structures C (a,c) and D (b,d) plotted as a function of the wavelength for two polarization states of the impinging laser beam (as indicated by the black arrows in the top right insets). Left insets: PL maps measured from the corresponding array. Note that in c, the extinction maximum appears for wavelengths longer than the plotted range.

Absorption enhancement and polarization dependence

We now study the PL as a function of the linear polarization state of the impinging laser beam (aligned either along the short or the long axis of the Al nanorods). Moreover, the Al arrays studied in this part are tuned to the excitation wavelength, λ = 325 nm. Results are shown in Fig. 5, where PL enhancement and extinction spectra are plotted for structures C and D. It is worth recalling that array C sustains both a SLR at 326 nm (short axis, excitation source matching) and a LSPR located in the visible range (long axis, close to the ZnO defects emission) and that array D sustains only a LSPR at 326 nm (nanocylinder), being used as the reference sample with no polarization dependence. The latter is therefore tuned at the excitation wavelength whatever the polarization illumination, which explain why the PL enhancement shown in Fig. 5b,d does not depend on the polarization of the impinging laser beam. Polarization dependence is however very pronounced on structure C as shown in Fig. 5c. The enhanced local electromagnetic near-field associated with surface plasmon resonances is known to enhance light absorption by emitters, locally increasing the pump intensity. Because the electron/hole pair generation rate is proportional to this pump intensity, the local concentration of the photogenerated carriers is therefore increased. Here, the local pump intensity is higher when the laser source is polarized along the short axis of the nanorods, explaining the observed polarization dependence. This demonstrates that the PL intensity from ZnO can be controlled by the polarization state of the illumination source. Our results are summarized in Fig. 6, which shows the PL enhancement factors for the four structures in the 360-420 nm region as a function of the emission wavelength. Fig. 6 directly evidences the aforementioned mechanisms: structure C, which supports resonances matching both emission and excitation, enhance the PL emission over a larger spectral range than the other structures. The emitted PL, which corresponds to the integral of this spectrum, is hence larger -although the maximum enhancement factor is similar for structures B-D. Moreover, for structures resonating at the NBE wavelength (structure A and B), a SLR yields larger ZnO PL than LSPRs. The PL shaping observed in Fig. 1e is also obvious in Fig. 6 by comparing the PL enhancement spectrum from structure B with the other structures.

Comparison between NBE and defects-related luminescence

Finally, we study the effect of the plasmonic arrays on the luminescence of the ZnO defects lying in the visible range. This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. Results are shown in Fig. 7a, where maps of the visible PL (500-600 nm) are presented for two polarization states of the incident laser. It appears that all the arrays sustaining a LSPR in the visible region (structures A, B and C) give rise to luminescence enhancement (mean value, factor 1.5) from the defects band of the ZnO layer. In contrast, nanocylinders (structure D) do not lead to significant enhancement of the visible PL. We therefore attribute these results to the overlap between the broad LSPR sustained by Al arrays in the visible and the defect emission band. Focusing on the emission from defects, the polarization of the source does not affect the PL enhancement except for structure C. Hence, we present in Fig. 7b the spectra corresponding to structure C (SLR at 325 nm) for both polarizations. We observe that the enhancement of the visible emission is higher when the SLR at 325 nm is excited, leading to absorption enhancement. Fig. 7 also evidences that PL enhancement is less pronounced for defect-related emission compared to NBE. This is confirmed by the study of the influence of the excitation power on the photoluminescence of the hybrid structures, as shown in Fig. 8. The PL at 380 nm (a) and 550 nm (b) versus pump power is plotted for bare ZnO and for the hybrid emitters. The linear aspect of the obtained curves indicates that we are operating in the weak excitation regime, where the PL intensity is proportional to the excitation rate [START_REF] Goffard | Plasmonic engineering of spontaneous emission from silicon nanocrystals[END_REF] . From Fig. 8a, the slopes corresponding to ZnO coupled to Al arrays are greater than slope corresponding to bare ZnO. This indicates that the excitation rate is enhanced for hybrid structures. As expected, the highest enhancement factor is reached for array C (green curves), which SLR is tuned to the excitation wave- length. Regarding the PL from the the defects band plotted in figure 8(b), no significant improvement has been observed.
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IV. CONCLUSIONS

In summary, we have studied the optical properties of a ZnO thin layer coupled with Al nanorod arrays. The latter sustain SLRs or LSPRs in the near ultraviolet whether tuned to the excitation source or the ZnO NBE emission wavelengths, This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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and LSPRs tuned to the ZnO defect-related band emission wavelength range. An enhancement of the NBE emission of ZnO up to 3 is demonstrated when coupled with Al arrays. The enhancement mechanisms of NBE emission can be ascribed to (1) the resonant coupling between excitons of ZnO and SLRs and (2) absorption enhancement of ZnO when the SLRs are tuned to the excitation wavelength. When tuned to the NBE emission wavelength, SLRs appear to be more effective to enhance the PL of ZnO compared to LSPRs. We attribute this result to the delocalized and photonic nature of SLRs, allowing for a large spatial overlap of the plasmonic electric field and the semiconductor layer. Due to the intrinsic nanorod anisotropy, we also demonstrate that NBE emission enhancement strongly depends on the polarization direction of the laser source when SLRs are tuned at excitation wavelength. Finally, the visible PL from ZnO is also characterized and we showed that it can also be enhanced due to the resonant coupling of the Al nanorods LSPRs and the defect-related emission wavelength from ZnO.

  FIG. 1. (a) Schematic illustration of the four different Al nanostructure arrays, denoted A, B, C and D. The ZnO layer appears in yellow and the quartz substrate in light blue. The geometrical parameters of the arrays are given in Table I. (b) Corresponding AFM images. (c) Dark field Optical microscopy images corresponding to structures A, B, C, and D (from left to right). (d) Maps of PL intensity at 378 nm over the same area. (e) Corresponding PL spectra. The color of each spectrum corresponds to the color of the box in (d). The reference spectrum corresponds to the average between several measurements on unpatterned areas.

  FIG.2. Calculated (a) and experimental (b) extinction spectra for both linear polarizations. The dashed lines correspond to the calculated and measured spectra under unpolarized light. (c) Normalized electric field modulus maps at the corresponding resonant wavelengths.

FIG. 3 .

 3 FIG. 3. Schematic representation of resonant coupling between SLR and LSPR of Al arrays and the NBE and defects-related optical transitions of ZnO, and the excitation wavelength.

FIG. 4 .

 4 FIG. 4. (a) Measured extinction spectrum and PL enhancement factors from array A. Inset: PL intensity map measured from the array. Note that the extinction spectrum has been normalized with respect to its maximum value. (b) Same for array B. (c) Map of the spectral PL peak position extracted from the PL measurements.

  FIG.6. PL enhancement factors in the near ultraviolet region plotted as a function of the emission wavelength. The vertical dashed line indicates the ZnO bandgap wavelength. The excitation is linearly polarized and, for structures A-C, is along the short axis of the nanorods.

FIG. 7 .FIG. 8 .

 78 FIG. 7. (a) Spectrum of annealed ZnO plotted over the UV and visible regions. The small feature around λ = 800 nm is an experimental artefact (luminescence from the objective). Inset: Maps of PL intensity in the visible range (500 -600 nm) for the two polarization states of the excitation. The imaged arrays correspond to structures A, B, C, and D (from left to right) from Table I. (b) Zoom in the defect emission spectral range.
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